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Abstract  

Non-Hodgkin lymphoma (NHL) comprises a very heterogenous group of 

lymphoproliferative malignancies, which represents the most common hematological 

malignancy worldwide, corresponding to approximately 6% of cancer diagnoses and 3% of 

cancer deaths. Despite the improvement in patient’s outcome over the past few years, a 

significant percentage of patients are refractory ab initio or ultimately relapse, which are 

associated with a poor outcome. Clinical scoring systems, such as International Prognostic 

Index (IPI) and Follicular Lymphoma International Prognostic Index (FLIPI), were developed 

to help in risk-stratifying patients and assist in the selection of therapeutic strategies. 

However, we still observed an unpredictability in the patient’s outcome within each 

individual risk groups. In fact, the scoring systems only consider clinicopathological 

parameters, overlooking factors inherent to the molecular heterogeneity of NHL patients, 

leading to the critical need of identifying additional molecular prognostic biomarkers 

associated with tumor behavior. Moreover, actually NHL staging and prognosis still rely on 

the determination of bone marrow involvement (BMI) by BM aspiration, biopsy and 

immunophenotyping. However, not only these procedures are considered invasive, but 

also, they do not necessarily reflect the microenvironment of the BM. Therefore, there is a 

need to introduce new approaches and improve the current methods to stablish BMI, in 

order to simplify patient’s management. Thus, the introduction of liquid biopsies emerges 

as an interesting alternative, constituting a noninvasive, easy-to-obtain, and reproducible 

approach to dynamically monitoring patients to assess prognosis, response to treatment, 

guide treatment and detect early recurrence, since they can mirror tumor behavior. 

Furthermore, the clinical application of this type of biopsy will allow a more precise medicine. 

Over the years new insights into the etiology and the molecular background of the 

different entities comprising NHL are being unveiled. Currently, it is stablished that 

noncoding RNAs (ncRNAs), such as microRNAs (miRNAs) and long noncoding RNAs 

(lncRNAs), play a central role in the molecular events of normal B cell development and 

their deregulation are involved in lymphoma onset and progression. Moreover, studies have 

demonstrated that lncRNAs act as miRNA sponges creating competitive endogenous RNA 

(ceRNA) networks to regulate mRNA expression, and its deregulation is associated with 

lymphoma development. The ability of miRNAs and lncRNAs to modulate biological 

pathways that are deregulated in lymphoma, associated with their intrinsic stability in both 

tissue and biofluids, make them exceptional potential biomarkers for NHL, with diagnostic 

and prognostic relevance to use in a liquid biopsy approach.  

Therefore, this study aimed to identify novel circulating prognostic biomarkers 

based on miRNA/lncRNA- associated ceRNA network in NHL patients. In addition, we 



Abstract 

xxxiv 

also aimed to identify circulating biomarkers of BMI in NHL patients. Thus, hsa-miR-150-

5p, hsa-miR335-5p, hsa-miR20a-5p and hsa-miR181a-5p, were selected through 

literature review based on their involvement in cell proliferation, apoptosis, B cell 

differentiation, and previously demonstrated deregulation in cancer. Following, a 

bioinformatic analysis was performed to construct ceRNA networks for hsa-miR-150-5p, 

hsa-miR335-5p, hsa-miR20a-5p and hsa-miR181a-5p, which lead to the identification of 

the lncRNAs MALAT1, NEAT1, SNHG16 and SNHG6 as ceRNA pairs, respectively. 

Then, the prognostic value of the miRNA/lncRNA pairs levels was assessed in plasma 

samples and BM aspirates samples of a cohort of NHL patients. The results demonstrated 

that low levels of hsa-miR-150-5p, hsa-miR335-5p and hsa-miR-181a-5p (p= 0.015, p= 

0.034 and p= 0.0126, respectively) and high levels of hsa-miR-20a-5p (p= 0.003) were 

significantly associated with more aggressive disease. On the other hand, higher plasma 

levels of MALAT1, NEAT1, SNHG16 and SNHG6 were associated with more aggressive 

disease (p= 0.035, p= 0.018, p= 0.031 and p< 0.001 respectively). Moreover, we 

observed an statistically significant association between miRNA and lncRNA levels and 

clinicopathologic characteristics associated with more advanced disease, such as III/IV 

stages (hsa-miR-150-5p: p= 0.015; hsa-miR-335-5p: p= 0.010; hsa-miR-181a-5p: p= 

0.043; hsa-miR-20a-5p: p= 0.016; MALAT1: p= 0.018; NEAT1: p=0.018; SNHG16: p= 

0.035 and SNGH6: p= 0.023), and higher IPI and FLIPI scores (hsa-miR-150-5p: p= 0.043 

and p= 0.034; hsa-miR-335-5p: p= 0.012; hsa-miR-181a-5p: p= 0.040 and p= 0.044; hsa-

miR-20a-5p: p= 0.033 and p= 0.019; MALAT1: p= 0.034 and p= 0.025; NEAT1: p= 0.032; 

SNHG16: p= 0.032; SNHG6: p= 0.031 and p= 0.029).  

The overall survival and progression-free survival analysis indicated that hsa-miR-

150-5p/MALAT1 (p< 0.001), hsa-miR-335-5p/NEAT1 (p< 0.001), hsa-miR-20a-

5p/SNHG16 (p< 0.001) and hsa-miR-181a-5p/SNHG6 pairs (p= 0.037 and p= 0.008) 

plasma levels were remarkably associated with NHL patients’ prognosis, being 

independent prognostic factors in a multivariate Cox analysis (hsa-miR-150-5p/MALAT1: 

OS: p= 0.020 and p= 0.026; PFS: p= 0.027 and p= 0.021; hsa-miR-335-5p/NEAT1: OS: 

p= 0.037 and p= 0.002; PFS: p= 0.009 and p= 0.040; hsa-miR-20a-5p/SNHG16: OS: 

p=0.034 and p=0.007; PFS: p=0.002 and p=0.030; hsa-miR-181a-5p/SNHG6: OS: 

p=0.035 and p=0.047; PFS: p=0.029 and p=0.032). In fact, low levels of hsa-miR-150-5p, 

hsa-miR-335-5p, hsa-miR-181a-5p and high levels of hsa-miR-20a-5p combined with 

high levels of the respective lncRNA pair were associated with poor prognosis of NHL 

patients. More importantly, the models incorporating the ceRNA network expression 

analysis improved the predictive capacity compared to the model which only considered 

the clinicopathological variables (hsa-miR-150-5p/MALAT1: c index of 0.728 for OS and 

0.780 for PFS, hsa-miR-335-5p/NEAT1: c index of 0.740 for OS and 0.803 for PFS; hsa-
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miR-20a-5p/SNHG16: c index of 0.689 for OS and 0.810 for PFS; hsa-miR-181a-

5p/SNHG6: c index of 0.703 for OS and 0.709 for PFS). Additionally, when comparing 

the expression levels of expression of each transcript between plasma and BM aspirates, 

we observed an overlap between the gene expression of both sample types, suggesting 

that the gene‐expression profile in the BM could be reflected by PB analysis. In fact, when 

analyzing expression profiles of each miRNA/lncRNA pair in BM aspirate samples we 

observed an association between the high-risk expression profiles with higher risk of 

more aggressive disease (hsa-miR-150-5p/MALAT1: OR=3.33 95% CI 1.17-9.51, 

p=0.022; hsa-miR-335-5p/NEAT1: OR= 3.69 95% CI 1.27-10.73, p=0.014; hsa-miR-20a-

5p/SNHG16: OR=2.71 95% CI 1.02-7.22, p= 0.043; hsa-miR-181a-5p/SNHG6: OR=2.98 

95% CI 1.09-8.16, p=0.031). Moreover, our results demonstrated that the determination 

of ceRNA pair expression levels can be used as potential biomarkers of presence of BM 

involvement in NHL patients. Specifically, we found that patients with risk expression 

profiles of hsa-miR-150-5p/MALAT1, hsa-miR-20a-5p/SNHG16 and hsa-miR-181a-

5p/SNHG6 present a higher risk of positive bone marrow involvement (hsa-miR-150-

5p/MALAT1: OR= 2.42 95% CI 1.03-5.68, p=0.040; hsa-miR-20a-5p/SNHG16: OR= 2.91 

95% CI 1.14-7.46, p=0.023; hsa-miR-181a-5p/SNHG6: OR= 3.28 95% CI 1.35-8.02, 

p=0.010).   

Overall, the analysis of ceRNA network expression levels may be a useful and 

accurate prognostic biomarker for NHL patients in order to implement a more personalized 

management of these patients. Moreover, integration of regulatory layers, such as ceRNA 

network can significantly improve the specificity and sensitivity of liquid biopsy-based 

prognosis and can help improve the clustering of samples into biologically meaningful 

groups, providing a better understanding of prognostic and predictive phenotypes, 

ultimately leading to a better patient follow-up. 
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Resumo 

O linfoma não-Hodgkin (LNH) é constituído por um grupo heterogéneo de 

neoplasias linfoproliferativas, e representa a neoplasia hematológica mais comum em todo 

o mundo, correspondendo a aproximadamente 6% dos diagnósticos de cancro e a 3% das 

mortes por cancro. Nos últimos anos verificou-se uma melhoria no outcome clínico dos 

doentes diagnosticados com LNH, essencialmente devido à introdução do Rituximab no 

regime terapêutico destes doentes. Contudo, uma percentagem significativa dos doentes 

é refratária ab initio ou recidiva, apresentando taxas de sobrevivência a 2 anos de apenas 

20-40%. Tendo em conta a variabilidade dos outcomes clínicos destes doentes, foram 

desenvolvidas escalas de prognóstico, como o International Prognostic Index (IPI) e 

Follicular Lymphoma International Prognostic Index (FLIPI), de forma a estratificar os 

doentes de acordo com o risco de ocorrência de recidiva e prever a resposta do doente ao 

tratamento. No entanto, dentro de cada grupo de risco ainda se verifica uma grande 

variabilidade de outcomes clínicos, indicador da heterogeneidade molecular inerente de 

cada doente. De facto, as escalas de prognóstico são calculadas tendo em conta apenas 

parâmetros clinico-patológicos, demonstrando a necessidade de identificação de novos 

biomarcadores moleculares, que sejam úteis como fatores preditivos do prognóstico destes 

doentes. Adicionalmente, o estabelecimento do estadiamento e prognóstico destes 

doentes ainda depende da determinação do envolvimento da medula óssea, por biópsia 

óssea com agulha e a aspiração medular. No entanto, não só estes procedimentos são 

considerados invasivos, como não refletem necessariamente a condição geral da medula 

óssea. Desta forma, é essencial desenvolver novas metodologias e aprimorar os métodos 

de análise atuais, a fim de melhorar e simplificar o acompanhamento do doente. Neste 

contexto, a introdução de biópsias líquidas surge como uma alternativa interessante às 

metodologias atuais, constituindo uma abordagem não invasiva, de fácil obtenção e 

reprodutível de monotorização dinâmica dos doentes, para avaliar o prognóstico, a 

resposta ao tratamento, orientar o tratamento e detetar precocemente a recidiva, uma vez 

que parece espelhar a dinâmica do comportamento do tumor. Além disso, a aplicação 

clínica deste tipo de biópsia permitirá caminhar em direção a uma medicina de precisão. 

Os recentes desenvolvimentos sobre a etiologia do LNH têm permitido identificar 

novos intervenientes no processo de linfomagénese, estabelecendo os RNAs não 

codificantes (ncRNAs), como microRNAs (miRNAs) e RNAs não codificantes longos 

(lncRNAs) como importantes modeladores deste processo. Os miRNAs e lncRNAs 

desempenham um papel central na regulação do desenvolvimento normal das células B, 

como a sua desregulação está envolvida no desenvolvimento e progressão do LNH. 

Adicionalmente, estudos demonstraram que os lncRNAs atuam como esponjas de 
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miRNAs, criando redes de RNA endógeno competitivo (ceRNA) que regulam a expressão 

dos mRNA alvos, sendo que a desregulação destas redes ceRNA tem sido recentemente 

associada ao desenvolvimento de linfoma. Desta forma, tendo em conta a função 

reguladora dos miRNAs e lncRNAs de diversas vias de sinalização, assim como a sua 

estabilidade em circulação, torna-os potenciais biomarcadores de diagnóstico e 

prognóstico num contexto de biópsia líquida. 

Deste modo, o presente estudo teve como principal objetivo a definição de um perfil 

ceRNA de miRNA/lncRNA circulante como biomarcadores de prognóstico de doentes 

diagnosticados com LNH. Adicionalmente, pretendemos identificar biomarcadores 

circulantes do envolvimento da medula óssea. Desta forma, através de uma revisão da 

literatura os miRNAs hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p e hsa-miR-181a-

5p foram selecionados tendo em conta o seu envolvimento na proliferação celular, 

apoptose, diferenciação de células B e previamente demonstrados desregulados em 

cancro. Foi realizada uma análise bioinformática para estabelecer redes de ceRNA para os 

miRNAs hsa-miR-150-5p, hsa-miR335-5p, hsa-miR20a-5p e hsa-miR181a-5p, resultando 

na identificação dos lncRNAs MALAT1, NEAT1, SNHG16 e SNHG6, respetivamente. 

Posteriormente, os níveis de expressão dos respetivos ceRNAs foram analisados em 

amostras de plasma e amostras de aspirados de BM numa coorte de doentes com LNH. 

Os resultados demonstraram que baixos níveis plasmáticos de hsa-miR-150-5p, hsa-

miR335-5p e hsa-miR-181a-5p 5p (p= 0,015, p= 0,034 e p= 0,0126, respetivamente) e altos 

níveis de hsa-miR-20a-5p (p= 0,003) estão significativamente associados a doença mais 

agressiva. Por outro lado, níveis plasmáticos mais elevados dos lncRNAs MALAT1, 

NEAT1, SNHG16 e SNHG6 estão associados a doença mais agressiva (p= 0,035, p= 

0,018, p= 0,031 e p< 0,001 respetivamente). Adicionalmente, observámos uma associação 

estatisticamente significativa entre os níveis de miRNA e lncRNA e características clínico-

patológicas associadas a doença mais avançada, como estadios III/IV (hsa-miR-150-5p: 

p= 0,015; hsa-miR-335-5p: p= 0,010; hsa-miR-181a-5p: p= 0,043; hsa-miR-20a-5p: p= 

0,016; MALAT1: p= 0,018; NEAT1: p= 0,018; SNHG16: p= 0,035 e SNGH6: p= 0,023), e 

scores mais elevados de IPI e FLIPI (hsa-miR-150-5p: p= 0,043 e p= 0,034; hsa-miR-335-

5p: p= 0,012; hsa-miR-181a-5p: p= 0,040 e p= 0,044; hsa-miR-20a-5p: p= 0,033 e p= 0,019; 

MALAT1: p= 0,034 e p= 0,025; NEAT1: p= 0,032; SNHG16: p= 0,032; SNHG6: p= 0,031 e 

p= 0,029).  

A análise da sobrevivência global e da sobrevivência livre de progressão indicou 

que os níveis plasmáticos dos ceRNAs miR-150-5p/MALAT1 (p< 0,001), hsa-miR-335-

5p/NEAT1 (p< 0,001), hsa-miR-20a-5p/SNHG16 (p< 0,001) e hsa-miR-181a-5p/SNHG6 

(p= 0,037 e p= 0,008) estão significativamente associados ao prognóstico dos doentes com 

LNH, constituindo fatores prognóstico independentes (hsa-miR-150-5p/MALAT1: OS: p= 
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0,020 e p= 0,026; PFS: p= 0,027 e p= 0,021; hsa-miR-335-5p/NEAT1: OS: p= 0,037 e p= 

0,002; PFS: p= 0,009 e p= 0,040; hsa-miR-20a-5p/SNHG16: OS: p= 0,034 e p= 0,007; PFS: 

p= 0,002 e p= 0,030; hsa-miR-181a-5p/SNHG6: OS: p= 0,035 e p=0,047; PFS: p=0,029 e 

p=0,032). Especificamente, os resultados demonstraram que indivíduos com baixos níveis 

de hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-181a-5p e altos níveis de hsa-miR-20a-5p, 

associados a altos níveis do respetivo lncRNA alvo apresentam menor sobrevivência global 

e menor sobrevivência livre de doença. Adicionalmente, verificámos que os modelos 

preditivos que incluem a análise de expressão de ceRNAs possuem uma maior capacidade 

preditiva em relação ao modelo que considera apenas as variáveis clínico-patológicas (hsa-

miR-150-5p/MALAT1: índice c de 0,728 para OS e 0,780 para PFS, hsa-miR-335-

5p/NEAT1: índice c de 0,740 para OS e 0,803 for PFS; hsa-miR-20a-5p/SNHG16: índice c 

de 0,689 para OS e 0,810 para PFS; hsa-miR-181a-5p/SNHG6: índice c de 0,703 para OS 

e 0,709 para PFS). Além disso, ao comparar os níveis de médios de expressão de cada 

transcrito presentes no plasma e aspirados de medula óssea, observámos uma 

sobreposição entre o perfil de expressão dos dois tipos de amostra, sugerindo que o perfil 

de expressão da medula óssea poderá ser analisado utilizando amostras de sangue 

periférico. De facto, a análise dos perfis de expressão de cada par miRNA/lncRNA em 

amostras de aspirado de MO demonstrou que indivíduos com perfis de expressão de alto 

risco possuem um risco mais elevado de doença mais agressiva (hsa-miR-150-

5p/MALAT1: OR=3,33 95% CI 1,17-9,51, p=0,022; hsa-miR-335-5p/NEAT1: OR= 3,69 95% 

CI 1,27-10.73, p=0,014; hsa-miR-20a-5p/SNHG16: OR=2,71 95% CI 1,02-7,22, p= 0,043; 

hsa-miR-181a-5p/SNHG6: OR=2,98 95% CI 1,09-8,16, p=0,031). Adicionalmente, os 

resultados demonstraram que a análise dos níveis de expressão de pares ceRNA poderá 

ser usada como potencial biomarcador da presença de envolvimento da MO em doentes 

com LNH. Especificamente, os doentes com perfis de expressão de risco de hsa-miR-150-

5p/MALAT1, hsa-miR-20a-5p/SNHG16 e hsa-miR-181a-5p/SNHG6 apresentam um maior 

risco de envolvimento positivo da medula óssea (hsa-miR-150-5p/MALAT1: OR=2,42 95% 

CI 1,03-5,68, p=0,040; hsa-miR-20a-5p/SNHG16: OR=2,91 95% CI 1,14-7,46, p= 0,023; 

hsa-miR-181a-5p/SNHG6: OR=3,28 95% CI 1,35-8,02, p=0,010). 

Desta forma, tendo em conta os resultados obtidos neste estudo, a análise dos 

níveis de expressão de miRNAs e lncRNAs associados por redes de ceRNA podem ser 

importantes biomarcadores de prognóstico para doentes diagnosticados com LNH, que 

permitam uma melhor estratificação dos doentes e contribuindo assim para uma medicina 

mais personalizada. De enfatizar que, a integração de informação relativa a diferentes 

níveis de regulação, como os componentes das redes ceRNA, irá permitir, não só, melhorar 

significativamente a especificidade e a sensibilidade das biopsias líquidas em termos de 

valor prognóstico, assim como melhorar o agrupamento dos indivíduos em grupos de risco 



Resumo 

xl 

biologicamente e clinicamente significativos, levando, em última análise, a um melhor 

acompanhamento do doente. 
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The structure of this thesis is organized in chapters. Chapter I named Introduction 

comprises the state of the art regarding the theme of the thesis. Chapter II describes the 

objectives of the work. Chapters III and IV refer to the experimental studies carried out and 

the main results obtained. In chapters V and VI, comprises a general discussion and 

conclusions of the study.  
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1. Non-Hodgkin Lymphoma 

1.1. Epidemiologic and clinical aspects 

Non-Hodgkin lymphoma (NHL) entail a very heterogenous group of 

lymphoproliferative malignancies, with regard to morphological and molecular features as 

well as clinical course [1]. The latest GLOBOCAN data from 2020 indicates that NHL 

represents the most common hematological malignancy worldwide, corresponding to 

approximately 6% of cancer diagnoses and 3% of cancer deaths [2]. The median age at 

diagnosis range of 60–65 years [3,4].  

The etiology of NHL is still not fully understood; however, immune suppression and 

autoimmune diseases have been associated with higher risk of developing NHL. Both viral 

and bacterial infections (e.g., Epstein-Barr virus and Helicobacter pylori) have also been 

considered as important risk factors of NHL. Besides that, lifestyle factors, such as smoking, 

or exposure to chemicals like pesticides seem to be associated with increased risk of NHL 

[5]. 

The majority of NHL cases are derived from B cells (85 to 90%), while the remaining 

arise from T cells or NK cells [5]. Specifically, B cells lymphomas are classified according 

to the location of the associated cell type within the lymphoid follicle (Figure 1) [6]. The most 

common NHL histologic subtypes, accounting for about 65% of all NHL cases, are the 

aggressive diffuse large B cell lymphoma (DLBCL) (~30%-40%) and the indolent follicular 

lymphoma (FL) (~20%-25%) [3,7]. 

DLBCL subtype encompasses itself biological distinct entities arising from clonal 

proliferation of a germinal or post-germinal malignant B cell. Resembling normal germinal 

center B cells, germinal center B cell-like (GCB) DLBCL is characterized by intraclonal 

heterogeneity, ongoing somatic hypermutation, and expression of CD10 and BCL6. On the 

other hand, activated B cell like (ABC) DLBCL has genetic signatures similar to post-

germinal or activated B cells, such as high expression of the nuclear factor kappa B (NF-

KB) complex and expression of IRF4 and BCL2. Finally, accounting for 10%–15% of cases, 

there is the unclassified DLBCL subtype [8,9]. Regarding the FL, FL cells present the same 

state of differentiation of the germinal center (GC) B cells inside the secondary lymphoid 

follicle, retaining a similar morphological appearance of the follicular lymphoid structure [6]. 

Moreover, FL can histologically transform into an aggressive subtype, frequently GC DLBCL 

which is associated with poor clinical outcomes [10]. 

NHL patients frequently present painless lymphadenopathy, which can be 

associated with systemic symptoms such as fever, night sweats, weight loss, pruritis and 

fatigue. Moreover, given the fact that any organ can be involved in NHL, a myriad of 

symptoms/signs similar to other conditions are possible [5]. The diagnosis of NHL is based 
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on the combination of biopsy of an involved lymph node or organ (morphology study), 

immunohistochemical and immunophenotyping analysis and, lastly, genetic studies to 

accurately categorize the lymphoma [11]. 

In general, treatment modalities of NHL encompass chemotherapy, 

immunochemotherapy and/or radiation therapy. In fact, the addition of rituximab to the 

anthracycline-containing chemotherapy regimen (cyclophosphamide, doxorubicin, 

vincristine, prednisone – R-CHOP) was a major turning point in NHL management by 

significantly improving treatment outcomes. However, a significant percentage of patients 

(approximately 20%–50%) are refractory ab initio or relapse, experiencing poor outcomes 

with only 20%–40% of 2-year overall survival rates [12-14]. Given the variety of patient 

outcomes, clinical scoring systems were developed to better risk-stratify patients and assist 

in the selection of therapeutic strategies. The first system is the International Prognostic 

Index (IPI), used for aggressive NHL, comprises clinicopathological parameters, such as 

age, lactate dehydrogenase (LDH), number of extranodal sites, stage, and Eastern 

Cooperative Oncology Group (ECOG) performance status. The IPI score classifies patients 

into 4 risk groups based on the total score: 0/1 for low risk, 2 for low-intermediate risk, 3 for 

high-intermediate risk, and 4/5 for high risk [15]. Similar to the IPI score, the Follicular 

Lymphoma International Prognostic Index (FLIPI) was developed and categorizes FL 

patients in low (0–1), intermediate (2), and high (3–5) risk groups, based on age, LDH and 

hemoglobin levels, number of nodal sites, and stage [16]. However, there still an 

unpredictability in the patient’s outcome within individual risk groups [12-14]. The scoring 

systems do not consider factors inherent to the molecular heterogeneity of patients, leading 

to the critical need of identifying additional molecular prognostic biomarkers. 

Over the years, with the advance of gene-expression profiling and next-generation 

sequencing, the new findings have provided substantial insights into the etiology and the 

molecular background of the different entities comprising NHL; however, several questions 

remain unanswered, and therefore it is crucial to expand our understanding of NHL 

pathogenesis in order to implement a more personalized management of these patients.  

 



Introduction 

5 

 

Figure 1. Origin of B cell lymphomas. B cell lymphomas result from the malignant transformation of B 

lymphocytes during the different stages of development. The majority of B cell lymphomas arise from the 

germinal center (GC) reaction, where occur the somatic hypermutation and class- switch recombination. B cell 

lymphomas are usually classified based on the cell of origin (COO).  

(Abbreviations: ABC DLBCL – Activated B cell-like DLBCL; BCR – B cell receptor; BL – Burkitt lymphoma; DLBCL – Diffuse 

large B cell lymphoma; FDC – Follicular dendritic cell; FL – Follicular lymphoma; GCB DLBCL – Germinal center B cell-like 

DLBCL; MCL – Mantle cell lymphoma; MHC - Major histocompatibility complex; MZL – Marginal zone lymphoma; TCR – T 

cell receptor) 

 

 

 

1.2. Normal B cell Development and Pathophysiology of NHL 

Normal B cell development is a multistep, highly regulated process. Briefly, the 

process begins in the bone marrow (BM), where hematopoietic stem cells (HSCs) transform 

into lymphoid progenitors, pro-B cells, pre-B cells, and immature B cells. These 

differentiation steps are characterized by V(D)J recombination of immunoglobulin (Ig) heavy 

(IgH) chain at the pro-B stage, and light (IgL) chain at the pre-B cell stage, culminating in 

the formation of B cell receptor (BCR)- expressing immature B cell [17]. 

Given the random nature of the gene rearrangement, BCR-expressing immature B 

cells will undergo the central tolerance checkpoint, to eliminate autoreactive B cells. After 

passing through the first checkpoint, B cells migrate to the spleen where naïve B cells are 

activated by foreign-antigen recognition and differentiate into follicular or marginal zone B 

cells, which is strongly mediated by BCR signaling. Next, marginal zone B cells populate 

the marginal zone, while follicular B cells enter the germinal center, establishing three 

distinctive zones: the dark, light, and mantle zone. The dark zone of the geminal center is 
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primarily constitute of highly proliferating B cells undergoing immunoglobulin somatic 

hypermutation (SHM), while in the light zone, B cells undergo class-switch recombination 

(CSR) and are selected based on their antigen affinity [18]. Lastly, on the germinal center 

occurs the differentiation of B cells into memory or plasma cells [17]. 

Every step of the B cell development is tightly controlled by a complex network that 

activates and represses specific transcriptional factors, including BCL-6, MYC, and PRDM1 

[18]. However, critical processes like V(D)J recombination, SHM and CSR that require 

double stranded DNA breaks, associated with the rapid cell turnover, turn B cell 

development prone to error that can introduce genetic alterations and ultimately trigger 

lymphomagenesis. B cell NHL are specially characterized by the presence of specific 

chromosomal translocations and aberrant SHM (ASHM). In fact, B cell NHL is frequently 

considered a paradigm of translocation-based cancers in which specific translocations lead 

to deregulation of gene expression by putting oncogenes under the regulation of active 

lineage-specific promoters or enhancers [19]. Specifically, FL development is associated 

with t(14;18)(q32;q21) translocation (present in 85-90% of cases) which occurs during 

V(D)J recombination, and places BCL2 gene under the control of the IGH enhancer 

element, resulting in BCL2 overexpression [20]. The overexpression of BCL2 results in 

inhibition of germinal center default program of apoptotic cell death, increased cell survival 

and deregulated cell proliferation in germinal centres [20]. The t(14;18) translocation can be 

also found in approximately 30% of the DLBCL cases [21]. Similarly, t(11;14) which is 

considered a molecular hallmark of mantle cell lymphoma, juxtaposes CCND1 gene to the 

IgH locus resulting in cyclin D1 overexpression [22]. 

Aberrant targeting of multiple non-immunoglobulin loci by B cell specific enzyme 

activation-induced cytidine deaminase (AID), due to failure in the SHM process, induces 

mutations in the rearranged immunoglobulin variable (IgV) genes and in the 5ʹ region of a 

few other genes, such as BCL6. Specially DLBCLs are frequently associated with AID-

dependent somatic mutations in oncogenes such as BCL6, MYC and PIM1 [23]. Moreover, 

deregulation of the CSR process can also lead to chromosomal switch translocations due 

to abnormal activity of AID [24]. 

While these events are likely to be one of the earliest genetic hits, they are 

insufficient by itself to completely transform the B cell into a malignant lymphoma cell [25]. 

Somatic mutations in KTM2D, which encodes a histone methyltransferase, were found in 

30% of DLBCL and 90% of FL cases, and in MEF2B, calcium-regulated gene that 

collaborates with CREBBP and EP300 in acetylating histones, in over 10% of DLBCL and 

FL [26]. Mutations in other chromatin modifiers such as EZH2, ARID1A, EP300 and 

CREBBP are also common events found in FL and in DLBCL [26,27]. Particularly, 
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inactivation of EP300 and/or CREBBP results in inhibition of TP53 activation and activation 

of BCL6 [26]. 

However, much of the intricate molecular mechanism of lymphoma onset and 

development is still to be discovered, in order to fully understand their pathophysiology. 

During the past few years, the development of genetic and cytogenetic analysis resulted in 

new insights about the large family of noncoding RNAs (ncRNAs) as master regulators of 

diverse cell processes. In fact, being the development and activation of B cells tightly 

regulated processes, accumulating evidence have been demonstrating the central role of 

ncRNAs in the molecular events of normal B cell development as well as their influence in 

lymphoma onset and progression [28-31]. The ability of ncRNA, such as microRNAs 

(miRNAs) and long-noncoding RNAs (lncRNAs) to modulate biological pathways that are 

deregulated in disease, like lymphoma, associated with their intrinsic stability in both tissue 

and biofluids, make them exceptional potential biomarkers [32,33]. 

 

 

2. ncRNAs as master regulators of gene expression 

 

2.1. MiRNAs: general characterization  

During the past few decades, with the development of genetic technologies, 

ncRNAs, which were once thought to be “junk RNA”, have emerged as essential players in 

the molecular events of not only normal B cell development but also of lymphomagenesis 

[34]. MiRNAs are definitely the class of ncRNAs most study over the years, specially due to 

their relevant biological function in gene regulation [35]. In fact, it is believed that 

approximately two thirds of all human genes are regulated by miRNAs [36]. MiRNAs are 

characterized as small ncRNA with ~22 nucleotides of length, present in all eukaryotic cells 

and highly conserved during evolution. The biogenesis of miRNAs starts through the 

transcription of a primary transcript (pri-miRNAs) by RNA polymerase II, and then 

processed into precursor miRNAs (pre-miRNAs) and mature miRNAs [35]. Moreover, 

miRNAs function as gene expression regulators at a post-transcriptional level, by binding 

to the 3’ untranslated region (UTR) of a target mRNA, resulting in their repression or 

degradation, depending on the degree of complementarity [37].  

Given their important role in gene expression regulation, it comes with no surprise 

that the deregulation of miRNA expression is tightly linked to the development of human 

malignancies. In this context, depending on their target genes, miRNAs can function as 

oncogenes or tumor-suppressors [38]. Moreover, miRNA deregulation is considered to 

influence all cancer hallmarks, promoting tumor initiation and progression [38]. Recently, 
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the role of miRNAs as regulatory players in B cell lymphomas is being unveiled, and they 

have been proposed as potential biomarkers for personalized prognosis, prediction of 

therapy response, and as an additional tool for differential diagnosis [39]. To date, it is 

stablished miRNAs can be found in circulation, not only in its cell-free form, but also 

encapsulated in extracellular vesicles (such as exosomes), which permit them to function 

in a paracrine manner during lymphoma development and progression [31]. 

 

 

2.2. LncRNAs: general characterization  

Recent studies have shown that another class of ncRNAs, known as lncRNAs, are 

also master regulators of multiple protein-coding genes and are also involved in all cancer 

hallmarks  [40,41]. 

LncRNAs are transcripts longer than 200 nucleotides, characterized as a large and 

highly heterogeneous group of transcripts which differ in their biogenesis and genomic 

origin. LncRNAs can be further classified based on their biogenesis loci in intronic, exonic, 

intergenic, or overlapping, sense/antisense lncRNAs and divergent/convergent lncRNAs 

(Figure 2) [42]. These molecules exhibit relatively low expression but high tissue- and 

disease-specific expression patterns [43].  

Contrary to miRNAs, lncRNAs have the ability to regulate gene expression at 

multiple levels. Since lncRNAs have the ability to interact with DNA, RNA and proteins, they 

can modulate chromatin structure and function, regulate transcription of neighboring and 

distant genes, interfere in RNA splicing, stability and translation [44]. 

Among the different functions of lncRNAs in gene expression regulation, is the 

remarkable interplay between lncRNAs and miRNAs, which has the ability to balance 

miRNA function as miRNA sponges/decoys, creating a competitive endogenous RNA 

(ceRNA) network [45,46]. LncRNAs can sequester miRNAs by presenting biding sequences 

for miRNAs and impairing their functional interaction with mRNA [47]. Moreover, one 

lncRNA have the ability to sponge various miRNAs through different biding sites, as seen 

for example for lncRNA MALAT1, which was demonstrated to target miR-101, miR-129 and 

miR-199a [48-51]. Therefore, the miRNA regulatory network is more intricate than 

previously thought, by adding another regulatory layer involving lncRNAs to the network.  
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Figure 2. LncRNA can be classify based on: (A) the genomic location between two coding genes in intronic, 

exonic, intergenic and overlapping; (B) the template strand, from which there are transcribed, in sense and 

antisense; and (C) the direction of lncRNA transcription in divergent and convergent. Arrows indicate the 

transcription direction. Red, blue, yellow, and green boxes represent exons from different coding genes (from 

Fernandes et al. (2021) [52]). 

 

 

3. miRNAs and lncRNAs regulation of Normal B Cell Development and 

Lymphomagenesis  

3.1. miRNAs in B Cell Development 

 

Considering that the B cell development is a highly regulated process, it is not 

surprising that miRNAs have been implicated in the regulation of most of the stages 

comprising this process (Figure 3). Most of the studies are performed in mouse models, 

specially using Dicer-deficient mice or mice lacking DGCR8, two essential miRNA 

machinery, which results in developmental procedure arrestment and elevated early B cell 

apoptosis, respectively [53,54]. Interestingly, during B cell development most miRNAs show 

a stage-specific expression pattern, highlighting their stage-specific function [55]. In fact, 

miR-181a-5p, miR-150-5p, miR-132-3p, and miR-126-3p were shown to be differentially 

expressed during the development stages of B cells, in particular, miR-181a-5p ectopic 

overexpression in common lymphoid progenitors resulted in increasing total number of B 

cells [56-58]. Conversely, a decrease in total B cell’s number is observed when miR-23a-

5p, a miR-23a cluster member, is overexpressed in HSCs [59]. 

MiRNA role in the regulation of B cell development is mainly through the interaction 

with the transcription factors that orchestrate the different stages, such as TCF3, EBF1, and 

PAX5 [60,61]. TCF3 orchestrates the initiation and maintenance of the developmental 

process, as well as the recruitment of EBF1 and PAX5, both of which regulate early B cell 
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differentiation including functional BCR formation [60,62]. Interestingly, EBF1 deficiency 

does not result in eradication of B cell development, since miR-126-3p partly rescues the 

process by promoting RAG1 and RAG2 recombinases, two mediators of VDJ 

recombination, explaining the high expression of miR-126-3p in the early stages  [58,63]. 

FOXP1, which also regulates RAG1 and RAG2 expression, and EGR1, a transcriptional 

factor involved in B cell differentiation, were shown to be targets of miR-191-5p in mice. In 

this context, miR-191-5p seems to function as a rheostat, since both deletion and 

upregulation disrupt B cell development [64]. Moreover, overexpression of miR-146a-5p 

resulted in downregulation of Egr1 which, consequently, led to the development of B cell 

malignancies in mice [65]. The regulatory network of miRNA-transcription factors is also 

involved in the modulation of the checkpoint of pro- to pre-B cell transition. MiR-132-3p, 

which shows a stage-specific and BCR-dependent expression, is therefore normally 

expressed after pro-B stage. However, when overexpressed in HSCs the transition is 

blocked at prepro–B cell to pro–B cell, due to downregulation of Sox4 which regulates Rag1 

expression [66]. Similarly presenting a stage-specific expression, miR-150-5p prevents pro- 

to pre-B cell transition when overexpressed prematurely, by inhibiting MYB [57,67]. 

Additionally, miR-24-3p, which is another member of miR-23a cluster, inhibits the 

transcription factor MYC, preventing the pro- to pre-B cell transition [68]. In turn, MYC, a 

central regulator of B cell development, controls the expression of miR-17/92 cluster. 

Overexpression of miR-17/92 cluster have been shown to block pro- to pre-B cell 

differentiation, through inhibition of proapoptotic protein BCL2L11 and of PTEN, a key 

inhibitor of PI3K signaling pathway [69,70]. This axis, in combination with miR-148a-3p, is 

also implicated in immature B cells survival and production of self-reactive antibodies, and 

subsequently leading to B cell elimination at the central tolerance checkpoint [71]. 

Collectively, this information highlights the pivotal regulatory role of miRNAs in the 

orchestration of the early stages of B cell development.  

 The regulatory role of miRNAs continues in the following stages of the B cell 

maturation in secondary lymphoid tissues. Concerning the marginal zone B cells, involved 

in immediate response to infection, their number is reduced by miR-146a-5p overexpression 

due to inhibition of NUMB, which in turn prevents TP53 degradation and advocates the 

NOTCH signaling pathway [72]. On the other hand, deficiency of miR-142-5p results in 

upregulation of B cell-activating factor receptor (BAFFR; also known as TNFRSF13C), 

disrupting B cell maturation by enhancing B cell survival which leads to robust B cell 

proliferation [73].  

 During follicular B cell maturation, miRNAs mostly affect germinal centre B to 

plasma cell transition, specifically the class-switch recombination, which includes further Ig 

gene rearrangements. The regulation of AID, a central player of class-switch recombination, 
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by miR-181-5p results in the inhibition of plasma cell formation [74]. In the same way, miR-

125b-5p targets transcription factors PRDM1 and IRF4, both involved in the activation of 

class-switch recombination, making its repression required for the normal B cell 

development; otherwise, the development of B cell malignancies may occur [75-77]. 

Moreover, similar results were obtained by other miRNAs, namely miR-30b-5p and miR-

30d-5p, and miR-9-5p, by also targeting PRDM1 [78]. Conversely, the transition of germinal 

centre to plasma cell is promoted by miR-148a-3p, due to inhibition of BACH2 and MITF, 

which consequently induces the expression of transcription factors PRDM1 and IRF4, both 

essentials for terminal B cell differentiation [79]. Lastly, miR-155-5p controls plasma cell 

production by inhibiting transcription factor SPI1 culminating in the downregulation of PAX5, 

which is required for terminal B cell differentiation [80].  

 

 

3.2. LncRNAs in B cell development  

 Regarding the regulatory role of lncRNA during the different stages of B cell 

development, there is still scarcer information when compared to miRNAs. LncRNA 

expression profiling studies have reported that lncRNA exhibit cell-type specific expression 

pattern during the different stages of B cell differentiation (Figure 3) [81-84]. Consequently, 

each B cell subset can be differentiate using their unique lncRNA expression profile. 

Moreover, B and T cell lineage commitment can be identified early at the progenitor stage 

in BM by simply analyzing the lncRNA expression profile [84]. Noncoding antisense 

transcripts of PU.1 was reported by Ebralidze et al. to inhibit the expression of PU.1 at a 

translation level, which could indicate its pivotal role in lymphomagenesis given the 

regulatory function of PU.1 in B cell differentiation [85,86]. 

 Petri et al., using a guilt-by-association method, analyzed lncRNAs originated from 

protein-coding genes with known functions in B cell development and identified antisense 

lncRNAs like MYB-AS1, SMAS-AS1, and LEF-AS1 with roles in early B cells, associated 

with RAG2, VPREB1, DNTT, LEF1, SMAD1 and MYB expression [83]. On the other hand, 

lncRNA colorectal neoplasia differentially expressed (CRNDE) showed high expression 

during the proliferating stages such as pre-B cells and centroblasts in the GC, which was 

tightly associated with the expression of mytotic cell cycle genes [83]. In fact, CRNDE was 

previously demonstrated to be linked to cell cycle and metabolic changes during 

proliferation [87,88]. Brazão et al. identified the expression of PVT1 and some 

uncharacterized lincRNAs, such as LINC00487, LINC00877 and RP11-132N15.3, 

associated with the expression of AID and SERPINA9, both specifically expressed in GC 

centroblasts and centrocytes. Of note, RP11-132N15.3 is described to be encoded 
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approximately 240 kilobases upstream of BCL6 [82,83]. Additionally, based on mice model, 

several lncRNAs demonstrated a PAX5-dependent expression, a transcription factor 

involved in B cell commitment, which were shown to be bound by PAX5 and to have human 

orthologs previously described [82]. Verma-Gaur et al. proposed that germ-line transcribed 

lncRNAs regulate V(D)J recombination during pro-B stage, by assisting locus compaction, 

which brings heavy chain genes close to undergo efficient gene rearrangements. 

Remarkably, the most expressed transcripts were PAX5-activated intergenic repeat (PAIR) 

elements PAIR4 and PAIR6, whose transcription is antisense to PAX5 [89]. Moreover, they 

demonstrated that YY1−/− pro-B cells, a key player in distal VH gene rearrangement, 

presented a considerable reduction in antisense transcription between the PAIR promoters 

and the intronic enhancer, and consequently an impaired distal VH gene rearrangement, 

reinforcing the hypothesis of PAIR4 and PAIR6 as central regulators of V(D)J recombination 

[89]. Later on, Syrett et al. proposed that YY1 binds and relocates lncRNA Xist to the 

inactive X-chromosome during B cell stimulation, modulating the X-linked gene regulation 

from antigen naïve B cells to activated B cells [90].  

 According to Tayari et al., naïve and memory B cells subsets exhibit analogous 

lncRNA expression patterns, but distinct from highly proliferating GC-B cells [81], which was 

corroborated in two other profiling studies [82,84].  

  

 

Figure 3. miRNAs and lncRNAs expression during the different stages of B cell development (from Fernandes 

et al. (2021) [52]). 
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3.3.  MiRNAs in B cell Lymphomagenesis   

 The process involving B cell differentiation seems to be prone to malignant 

transformation, with increasing evidence showing that disruption of miRNA network takes 

part in the initiation and maintenance of lymphomagenesis.   

 Given the regulatory role of miR-17~92 cluster (comprising miR-17, miR-18a, miR-

19a, miR-19b-1, miR-20a, and miR-92-1) during the stages of BM B cell development and 

central tolerance, its deregulated expression was shown to have an oncogenic potential 

[55]. In fact, the 13q31.3 locus, which encodes this cluster, is often found amplified in B cell 

malignancies, including DLBCL, mantle cell lymphoma (MCL) and FL [91-93]. 

Overexpression of miR-17-92 cluster, concomitantly with expression of oncogene Myc, 

promoted the onset and increased tumor growth in a mouse model of B cell lymphoma [94]. 

Interestingly, Xiao et al. generated mice expressing two copies of human miR-17~92 in the 

B and T cell compartments and observed that these mice developed lymphoproliferative 

disease and autoimmunity, showing elevated autoantibodies and lymphocytes infiltration 

into non-lymphoid organs. The effects of miR-17~92 upregulation seemed to be associated 

with decreased levels of BIM and PTEN (both miR-17~92 targets) resulting in increased 

proliferation and resistance to cell death [95]. Moreover, a study identified miR-19a and 

miR-19b as the key oncogenic components of miR-17~92 cluster. MiR-19 was shown to 

target PTEN resulting in the activation of AKT1-MTOR pathway and, ultimately promoting 

cell survival in vitro and boosting tumor formation in vivo [96]. A B cell-specific miR-17∼92 

transgenic mice developed lymphomas with high penetrance, phenotypically resembling 

human lymphomas, including DLBCL, showing the role of miR-17~92 cluster as driver of B 

cell lymphomagenesis [97]. The cell-cycle regulator E2F3 and BIM were identified as direct 

targets of miR-17~92 cluster, therefore they are involved in the mediation of B cells 

proliferation and survival. Additionally, miR-17∼92-driven lymphoma cells exhibited 

constitutive activation of PI3K, due to PTEN and PHLPP2 repression, and of NFκB pathway, 

due to inhibition of NF-kB deubiquitinases, CYLD and A20 [97]. Lastly, chemical inhibition 

of PI3K (AZD8055) or NF-kB (BMS-345541) resulted in reduced tumor size and prolonged 

survival of lymphoma-bearing mice, highlighting the importance of miR-17∼92 cluster as a 

driver of both tumor development and maintenance [97]. 

 Another central miRNA during B cell development, which is also aberrantly 

expressed in different B cell lymphomas, is miR-155. In vitro and in vivo inhibition of miR-

155 was shown to diminish cell survival and cell proliferation, and reduce tumor growth in 

mice [98]. Thai et al. observed a reduction in total number of GC B cells in miR-155-deficient 

mice and, conversely, an increase in knock-in mice, probably as a result of targeting the 

transcription factor SPI1 [99,100]. MiR-155 was reported to be involved in the modulation 
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of the PIK3CA-AKT1 pathway by directly targeting the negative regulator PIK3R1 (p85α)  in 

DLBCL cells [101]. According to Zhu et al., miR-155 seems to modulate cell proliferation, 

cell cycle and apoptosis of DLBCL cell lines by targeting transforming growth factor-β 

receptor 2 (TGFBR2) [102]. Several studies have been focusing on unveiling the miR-155 

oncogenic role in B cell lymphomas reporting as its targets NIAM, histone deacetylase 4 

(HDAC4), and SHIP1 [103-105]. Interestingly, Rai et al. reported a unique mechanism, in 

DLBCL cells, involving miR-155 overexpression, that renders lymphoma cells the ability to 

escape TGF-β’s growth-inhibitory effects. They reported that miR-155 directly targets the 

bone morphogenetic protein (BMP)-responsive transcriptional factor SMAD5, and that TGF-

β1 also activated SMAD5 in DLBCL cells. Thus, overexpression of miR-155 resulted in 

resistance to the cytostatic effects derived from both BMPs and TGF-β1, due to impaired 

activation of p21 and impaired cell cycle arrest [106]. During follicular B cell maturation, 

miRNAs firmly regulate class-switch recombination, which includes further Ig gene 

rearrangements. miR-125b-5p targets transcription factors PRDM1 and IRF4, both involved 

in the activation of class-switch recombination, making its repression required for the normal 

B cell development; otherwise, the development of B cell malignancies may occur [75-77]. 

Moreover, similar results were obtained by other miRNAs, namely miR-30b-5p and miR-

30d-5p, and miR-9-5p, by also targeting PRDM1 [78]. 

 The role of miR-21 as oncomiR in lymphoma was demonstrated using a mouse 

model that overexpressed miR-21, which resulted in spontaneous development of a pre-B 

lymphoma. Inversely, tumor regression was observed after miR-21 repression, due to 

increase apoptosis and proliferative arrest [107]. Moreover, PTEN and PDCD4 have been 

indicated as miR-21 targets, regulators of PI3K/AKT and MAPK signaling pathway, which 

in turn mediate proliferation and apoptosis in lymphoma cells [108,109]. Conversely, miR-

21 expression was shown to be transcriptionally activated by NF-κB [110]. Another 

described oncomiR in B cell lymphomas is miR-217, whose expression is found upregulated 

as a result of B cell stimulation in the context of the GC reaction. GC reaction is induced by 

miR-217 due to stabilization of Bcl-6 expression, resulting in enhanced production of class-

switched antibodies and frequency of somatic hypermutation [111]. Importantly, Yébenes 

et al. showed that miR-217 overexpression also promotes mature B cell lymphomagenesis. 

These results suggest that both miR-217 and Bcl-6 participate in the same network that 

makes GC cells permissive to genomic instability and prone to malignant transformation 

[111]. 

 On the other hand, deregulation of tumor suppressive miRNAs is also frequently 

implicated in both B cell lymphoma development and progression. In this instance, miR-34a 

has emerged as a tumor suppressor in lymphoma, liked to the p53 network. After p53 

stabilization, miR-34a is upregulated in B cells, leading to direct decrease of B-MYB and 
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indirect decrease of E2F1, and induction of cell-cycle arrest [112]. Besides p53, FOXP1 has 

also been described as miR-34a target, where miR-34a downregulation results in higher 

levels of FOXP1 and BCL6, which in turn supports DLBCL proliferation [113-115]. 

Furthermore, miR-34a was also shown to target AXL, a receptor tyrosine kinase that 

activates PI3K/AKT signaling, and to be overexpressed in chronic lymphocytic leukemia 

(CLL) [116]. Cluster 15/16 miRNAs implication in the pathogenesis of B cell lymphomas 

was first demonstrated when Calin et al. reported that miR-15/16 downregulation is due to 

the loss of the 13q14 locus, where the cluster is encoded, in CLL [34]. Subsequent studies 

demonstrated that their tumor suppressor function was at least in part through the activation 

of cell apoptosis by targeting BCL2, MCL1 and CDK6 [117]. Moreover, miR-15/16 were 

shown to be part of a positive feedback loop involving TP53, which is a direct target of the 

cluster in CLL [118]. Deregulation of miR-15/16 cluster has also been linked with the 

pathogenesis other types of lymphoma, such as mantle cell lymphoma, where their 

downregulation was induced by c-Myc and histone deacetylase [119].  

 Another MYC-regulated miRNA that have been implicated in B cell pathogenesis 

is miR-150. By downregulating miR-150, MYC induces the expression of FOXP1 and GAB1, 

regulators of cell survival and B cell receptor, and of NF-κB signaling in malignant B cells 

[120]. The deregulation of miRNAs has also been implicated in other signaling pathways of 

B cell lymphomas, such as mitogen-activated protein kinase (MAPK) and Wnt/β-catenin 

signaling pathways. For example, miR-101 was shown to regulate cell proliferation and 

apoptosis by targeting mitogen-activated protein kinase kinase 1 (MEK1), an upstream 

protein kinase of ERK/MAPK pathway, in DLBCL [121].  

 Taken together, these studies have been confirming the causative role of 

deregulated miRNA expression in B cell lymphomagenesis, identifying potential clinically 

relevant miRNAs for profiling studies and relevant targets for miRNA-based therapies. 

 

3.4. LncRNAs in B cell Lymphomagenesis   

 Over the past few years, some studies have been trying to unveil the mechanist 

pathways associated with the deregulation of lncRNAs during lymphomagenesis. In this 

instance, TP53 has been linked to the expression of some lncRNAs in different lymphoma 

subtypes. In fact, Blume et al. demonstrated, for the first time, the association of lncRNAs 

and p53 pathway in CLL and lymphoma by inducing p53-dependent DNA damage response 

which resulted in increased expression of two lncRNAs, NEAT1 and lincRNA-p21, 

regulating apoptosis or cell cycle arrest and DNA repair [122]. In DLBCL, p53 can directly 

bind to the promoter region of the lncRNA PANDA, which inactivates MAPK/ERK signaling 

pathway, suppressing proliferation of DLBCL cells by a G0/G1 cell cycle arrest [123]. Peng 
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et al. demonstrated that lncRNA HULC regulates DLBCL cell apoptosis and cell proliferation 

via upregulation of anti-apoptotic BCL2 protein and cyclin D1 [124]. The Wnt/β-catenin 

signaling pathway was shown to be activated by lncRNA FIRRE through promoting the 

nuclear translocation of β-catenin [125]. LncRNA DBH-AS1, found to be upregulated in 

DLBCL, was identified as a positive regulator of cell proliferation, migration, and invasion 

via binding to the RNA-binding protein BUD13 homolog (BUD13), which in turn regulates 

fibronectin 1 expression [126]. Cheng et al. observed suppression of DLBCL cell 

proliferation and tumor growth after TUG1 knockdown, promoting ubiquitination of MET and 

the subsequent degradation [127]. Similarly, knockdown of HOTAIR expression resulted in 

growth inhibition, cell cycle arrest and apoptosis, possibly involving the regulation of 

PI3K/AKT/NF-κB pathways [128]. Moreover, HOTAIR function was associated with 

epigenetic regulation by recruiting polycomb repressive complex 2 (PRC2) proteins (EZH2, 

SUZ12, and EED) which induces H3K27me3, strongly related with aggressive DLBCL [129]. 

Sehgal et al. described an alternative splicing mechanism of Fas, firmly regulated by its 

antisense lncRNA FAS-AS via binding to RBM5 which induces Fas-mediated apoptosis in 

lymphoma. Conversely, FAS-AS1 expression is regulated by EZH2 which hyper-methylates 

the FAS-AS1 promoter, suppressing its expression [130]. In MCL, EZH2 has also been 

associated with the lncRNA MALAT1. Specifically, Wang et al. demonstrated that 

knockdown of MALAT1 resulted in reduced levels of EZH2 and H3K27me3, while the 

expression levels of CDKs inhibitor p21 and p27 increased, resulting in cell cycle arrest at 

G1/S transition [131]. Similarly, a study by Li et al. reported silencing MALAT1 in DLBCL 

cells results in decrease cell proliferation and invasion and increase of cell apoptosis. 

Concomitantly, they observed an increase of the expression levels of two autophagy 

indicators, LC3-II/LC3-I proteins and p62, reflecting the increase in the autophagy in DLBCL 

cells [132]. A previously identified NOTCH1-regulated lncRNA in T-ALL, LUNAR1, was 

shown to regulate cell cycle and proliferation in lymphoma cells. LUNAR1 downregulation 

resulted in the inhibition of cell proliferation via E2F1, cyclin D1 and p21 [133,134]. 

 Recently, emerging evidence has been demonstrating that a large group of 

lncRNAs exert their function as ceRNAs to fine-tune miRNA-mediated regulation of protein 

abundance in lymphoma development.  

 

 

3.4.1. The role of ceRNA network in NHL 

 Karreth et al. demonstrated that lncRNA BRAFP1, which is aberrantly expressed 

in B cell lymphomas, acts as ceRNA with BRAF mRNA, increasing its stability and BRAF 

levels by sequestering specific BRAF-targeting miRNAs, like miR-134, miR-543 and miR-
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653. Consequently, BRAF activates MAPK signaling resulting in DLBCL cells proliferation 

[135]. NEAT1 was identified as a MYC-regulated transcript promotes DLBCL cells 

proliferation and lymphomagenesis by regulating miR-34b-5p-GLI1 pathway [136]. 

Interestingly, NEAT1, along with LincRNA-p21, were also identified as p53-dependent DNA 

damage response machinery in lymphoma and CLL [122]. Zhao et al. reported that lncRNA 

PEG10 exhibit an oncogenic role in DLBCL progression by sponging miR-101-3p, which 

directly targets KIF2A. Moreover, abrogation of PEG10 or KIF2A expression resulted in 

inhibition of cell proliferation, migration and invasion and promotion of cell apoptosis [137]. 

Recently, Tian et al. reported the upregulation of PCAT1, a proved key carcinogenic driver 

of hepatocellular carcinoma, in DLBCL. Moreover, they investigated the mechanistic behind 

PCAT1 action in DLBCL cells and observed an interplay between this lncRNA and miR-

508-3p, which inhibition results in upregulation of NFIB inducing DLBCL cell proliferation, 

migration and invasion [138]. Similarly, lncRNA UCA1 was found upregulated in DLBCL 

tissues and cell lines, being involved in the regulation of cell proliferation, migration and 

invasion by competitively binding with miR-331-3p [139]. 

 Another reported upregulated lncRNA in DLBCL is MALAT1, whose ceRNA 

function is through sponging miR-195, resulting in the activation of the immune checkpoint 

molecule PD-L1, and consequently promoting cell proliferation, migration, and immune 

escape. Moreover, MALAT1 can induce CD8+ T cell apoptosis and EMT-like processes by 

regulating Ras/ERK signaling pathway [140]. In MCL, knockdown of MALAT1 resulted in 

cell cycle arrest and impaired proliferation due to upregulation of p21 and p27 by EZH2 

[131]. MiR‐423‐5p was reported to be involved in a ceRNA network with lncRNA 

FOXP4‐AS1 in MCL cells. Mechanistically, FOXP4‐AS1 act as a sponge to miR‐423‐5p 

upregulating the expression of NACC1 which resulted in MCL cell proliferation, migration 

and invasion [141]. 

 Induction of proliferation and cell cycle progression accompanied with inhibition of 

cell apoptosis was observed as a result of lncRNA LINC01857 upregulation through 

targeting miR-141-3p/MAP4K4 axis in DLBCL. The biological effect of LINC01857 was 

associated with the activation of PI3K/mTOR pathway and induction of the EMT process 

[142]. Huang et al. reported that lncRNA LINC00857 regulates miR-370-3p/CBX3 axis by 

competing for miR-370-3p binding, resulting in modulation of DLBCL cell proliferation and 

apoptosis [143]. The silencing of lncRNA SBF2-AS1 resulted in decreased cell viability and 

growth via directly targeting miR-494-3p and, consequently, resulting in decreased FGFR2 

expression [144].  

 On the other hand, SMAD5-AS1 was reported to be downregulated in DLBCL, 

since it inhibits DLBCL proliferation by sponging miR-135b-5p to ultimately upregulate APC 

expression and inhibit Wnt/β-catenin pathway [145]. LINC00963 was also described as 
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having a tumor suppressive role in DLBCL cells since overexpression of this lncRNA 

resulted in inhibition of cell proliferation in vitro and tumor growth in vivo. LINC00963 directly 

binds to miR-320a regulating endoplasmic reticulum stress and autophagy via XBP-1 

targeting [146]. 

 An emerging class of lncRNA known as small nucleolar RNA host genes (SNHGs), 

have been proposed to also function as miRNA sponges in B cell lymphoma. Chen et al. 

observed that SNHG12 knockdown inhibited cell growth, migration, and invasion in vitro 

and in vivo by sequestering miR-195 [147]. SNHG14 was reported to promote DLBCL 

progression and immune evasion by a positive feedback loop involving SNHG14/miR-5590-

3p/ZEB1 axis. Specifically, SNHG14 sequesters miR-5590-3p, upregulating ZEB1 which in 

turn transcriptionally activates SNHG14 and PD-L1 thus modulating PD-1/PD-L1 

checkpoint [148]. Similarly, another study also reported the role of SNHG14 in promoting 

both DLBCL progression and immune evasion via the PD-1/PD-L1 checkpoint but in this 

instance by sponging miR-152-3p [149]. Zhu et al. demonstrated that mechanistically 

SNHG16 acts as a ceRNA by sequestering miR-497-5p which target PIM1 resulting in the 

promotion of proliferation and inhibition of apoptosis in DLBCL [150]. Moreover, lncRNA 

SNHG8 was described as having a cancer-promoting effect on DLBCL by directly targeting 

miR-335-5p which promotes proliferation while inhibiting apoptosis of DLBCL cells [151]. 

 The recent emerging data concerning the action of lncRNAs as miRNAs sponges 

highlights the complex post-transcriptional balance involved in gene regulation networks. 

Altogether, these studies show the significant role of ceRNAs in lymphoma pathogenesis 

which needs further characterization. Better understanding of ceRNA interactions may open 

the opportunity to exploit this crosstalk for biomarkers discovery and precise RNA-based 

therapies in lymphoma. 

 

 

4. MiRNAs and LncRNAs as potential Biomarkers for NHL 

Despite the development of the “omics” era, leading to the introduction of precise 

oncology, where treatment regimens are customized to the molecular characteristics of 

each patient, the current gold standard for NHL diagnosis and classification remains tissue 

biopsies of an involved lymph node (or a tumor in another organ) and of BM [5]. However, 

not only this procedure is invasive but also does not reflect tumor heterogeneity and clinical 

behavior. Moreover, biopsies are unsuitable for dynamic monitoring during treatment and 

follow-up.  

The presence of circulating tumor-associated components, known as “tumor 

circulome”, which can be easily assessed, appears as a potential option as cancer 
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biomarkers for liquid biopsies (Figure 4). The premise is to sample and analyze liquid 

biological sources, usually blood, for cancer diagnosis, subclassification, screening, and 

prognosis [152]. One of the major components of “tumor circulome”, highly present in 

circulation, are the miRNAs [153]. MiRNAs emerged as excellent biomarkers candidates 

due to their high stability in biological samples and their high specificity and sensitivity [39]. 

Similarly, increasing evidence have proposed lncRNAs as promising cancer diagnostic and 

prognostic biomarkers, especially given their high cell type-, tissue-, and disease type-

specific expression. Moreover, lncRNAs have been considered stable and can also be 

detected in circulation [154]. Ideally, the expression analysis of miRNAs and lncRNAs, 

should be able to molecularly diagnose and classify patients, or predict survival, relapse, 

remission, and even responsiveness to treatment upfront. To date, the majority of focus are 

on miRNAs and there is still a lack of studies on lncRNAs in lymphomas, specially circulating 

lncRNAs, which opens an interesting opportunity to invest in further understanding their 

biology and function and their association with miRNAs, and the contribution of lncRNA 

profiling in the diagnosis and prognostication of lymphomas. 

 

 

Figure 4. Lymphoma-related circulating-free DNA, RNA or proteins are released by lymphoma cells into 

circulation, known as tumor circuloma. Analysis of the tumor circuloma can provide a non-invasive approach to 

screen, diagnose, and surveillance patients during the course of disease. Moreover, the use of liquid biopsy in 

substitution of BM biopsy to detect BM infiltration by lymphoma opens the need of readdressing the value of the 

routine standard analysis (from Fernandes et al. (2021) [52]). 
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4.1. MiRNAs and lncRNAs as non-invasive diagnostic biomarkers  

 
A current clinical problem in the context of NHL, remains the late and imprecise 

diagnosis, which in turn negatively conditions patient morbidity and mortality. Several 

authors have proposed and showed the potential of both individual miRNAs and panels of 

miRNAs, as biomarkers for diagnosis and subclassification of NHL. Regarding the 

diagnostic potential, studies have analyzed the expression of miRNAs by comparing NHL 

cases vs healthy controls, in order to identify a specific miRNA signature. Lawrie et al. study 

showed, for the first time, that tumor-associated miRNAs, miR-155, miR-210 and miR-21, 

expression levels were upregulated in DLBCL patients’ serum compared to healthy controls 

[155]. Beheshti et al. first established a miRNA expression profile associated with DLBCL 

development based on cell lines and patient-derived xenograft models, which was then 

validated in patients’ serum. In the validation study, their profile was reduced to 5 miRNAs, 

let-7b, let-7c, miR-18a, miR-24, and miR-15a, which had the ability to discriminate DLBCL 

patients from healthy donors, with an accuracy of 91% [156,157]. Another study showed a 

4-miRNA panel, comprising miR-15a, miR-16-1, miR-29c, and miR-155, significantly 

elevated in DLBCL serum and one downregulated, miR-34a, when compared to healthy 

controls [158]. More recently, Yuan et al. demonstrated a correlation between circulating 

levels of 8 miRNAs and their matched formalin-fixed, paraffin embedded (FFPE) samples 

[159]. Inada et al. demonstrated that the expression levels of circulating miR-15a-3p, miR-

21-5p, miR-181a-5p, and miR-210-5p were significantly different between DLBCL patients 

and healthy controls, and specially miR-15a-3p and miR-21-5p showed higher power to 

discriminate patients from controls [160]. MiR-34a-5p, miR31-5p, miR-155-5p, miR-150-5p, 

miR-15a-3p, and miR-29a-3p were shown to be elevated in CLL patients compared with 

healthy individuals and seem to be associated with B cell differentiation and homeostasis 

[161]. Most recently, Jørgensen et al. addressed the question if it is possible to detect 

specific circulating miRNAs years before the diagnose of a B cell lymphoma. Firstly, they 

identified the plasma miRNA candidates in pre-treatment samples of DLBCL patients, 

showing miR-326 and miR-375 as the best markers differentiating B cell lymphomas from 

controls. Subsequently, they validated the identified miRNA signature in a confirmatory 

cohort comprising samples from blood donors, who later developed different types of B cell 

lymphoma, to test pre-diagnostic plasma samples for early diagnosis. In the end, they 

verified that both miR-326 and miR199a-5p were up-regulated months to years before 

diagnosis, which showed that changes in plasma miRNAs may precede the development 

of symptoms of NHL [162].  

Interestingly, Tang et al. conjugated the analysis of two circulating ncRNAs, miR-16 

and lncRNA MORT, and showed that not only the expression levels of miR-16 and MORT 
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were significantly lower in patients with early-stage MCL compared to controls, but also 

showed a regulatory association between the two ncRNA involved in cell proliferation and 

apoptosis [163]. 

 Circulating miRNAs have also been studied as refiners of the WHO classification, 

leading the way towards a molecular classification of NHL. In fact, the current system of 

differential diagnosis between the different types of B cell NHL remain ineffective. For 

example, Chen et al. demonstrated that plasma levels of miR-21 were higher in DLBCL 

activated B cell-like (ABC) compared to the germinal center B cell-like (GCB), while Bedewy 

et al. reported higher expression of miR-155 in non-GCB compared to GCB subtype 

[164,165]. Moreover, although involving the analysis of FFPE tumor tissues, a study by 

Leich et al. showed that miRNA expression was different between t(14;18)–negative FLs 

(without high expression of BCL2) and t(14;18)–positive FL patients. The most robust 

expression change was verified in miR-16-5p, which was significantly downregulated in 

t(14;18)–negative FL patients [166]. Similarity, BCL2+/BCL6+ FL and BCL2−/BCL6+ FL 

patients showed upregulation of 21 miRNAs and downregulation of 12 miRNAs compared 

to BCL6− patients [167]. A major study by Lisio et al. performed a comparative analysis that 

included all major B cell NHL types and identified a 128 miRNA signature capable of 

characterized lymphoma neoplasms, reflecting the lymphoma type, cell of origin and/or 

discrete oncogene alterations [168]. Even though these studies do not involve the analysis 

of circulating miRNAs, they underline the differential molecular background of these NHL 

subtypes and pave the way to future analysis and validation of these results in the context 

of liquid biopsies in a larger patient cohort. 

Concerning the deregulated expression of lncRNAs in NHL, the vast majority of 

studies were performed on tissue samples, however the found tissue-derived deregulated 

lncRNAs could represent promising circulating biomarkers to be analyzed in future studies. 

Verma et al. performed a large RNA-seq study of 116 DLBCL tissue samples and identified 

2,632 novel lncRNAs, two-thirds of which were only expressed in tumor cells. Moreover, 

more than one-third of these lncRNAs were found to be differently expressed between ABC 

and GCB subtypes [169]. LncRNAs PEG10 and LUNAR1 were found to be upregulated in 

DBCL patients compared to healthy individuals, with areas under the ROC curve (AUC) up 

to 0.8228 and 0.9420, respectively, indicating their potential diagnostic value [134,170]. 

Other reported upregulated lncRNAs in DLBCL tissue and cell lines were the lncRNAs 

FIRRE, HULC, LINC01857 and OR3A4 [124,125,142,171]. A 5-lncRNA signature 

(upregulated ENST00000424690, ENST00000425358, and NR_026892, and 

downregulated ENST00000464929 and ENST00000475089) was validated by Gao et al., 

which distinguished GCB-DLBCL tissue samples from reactive lymph nodes [172]. 

Moreover, Zhou et al. defined a 17-lncRNA signature, termed SubSigLnc-17, comprising 
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ENTPD1-AS1, SACS- AS1, SH3BP5-AS1, RP11-101C11.1, AC009892.10, RP1- 68D18.4, 

MIR600HG, RP11-278 J6.4, RP11-203B7.2, CSMD2-AS1, CTC-467 M3.1, RP4-788P17.1, 

RP11-553 L6.5, CRNDE, RP11-519G16.3, RP11-21 L19.1 and MME- AS1, which permitted 

the discrimination between GCB and ABC subtypes with high accuracy [173]. In this 

manner, NONHSAG026900 showed higher levels in GCB subtype compared to non-GCB 

subtype, indicating also the diagnostic potential of these lncRNA [174]. In Deng et al. study, 

NEAT1_1 expression level was found increased in DLBCL compared to lymphadenitis 

[175]. Dousti et al. performed an in silico analysis and identified 189 deregulated lncRNAs 

in DLBCL, highlighting GAS5, MIR17HG, HULC and PCA3 with the greatest deregulation 

score [176]. Pan et al. performed a microarray analysis to identify the expression profile of 

FL compared to reactive lymphatic nodes. They found 10 altered lncRNAs, with RP11-625 

L16.3 being the most significant upregulated [177]. On the other hand, Roisman et al. 

performed a RNA-seq analysis in different histological variants of FL and observed that 

FL3B-DLBCL/tDLBCL showed higher number of differentially expressed lncRNAs and 

reported lncRNA RP4-694A7.2 as the most deregulated [178]. 

Regarding circulating NHL-associated lncRNAs, there are still few studies, even 

though their diagnostic and prognostic potential have been shown in several solid tumors 

[179,180]. The first study on circulating lncRNAs in B cell lymphoma was performed by Isin 

et al., which showed downregulation of lincRNA-p21 in CLL patients, upregulation of TUG1 

and downregulation of MALAT1, HOTAIR and GAS5 in MM patients [181]. On the other 

hand, Wang et al. investigated the circulating lncRNA levels in DLBCL and reported lower 

levels of lncRNA PANDA in patients’ plasma samples whereas TUG1 was found 

upregulated compared to healthy controls [123]. In MCL, LINK-A lncRNA plasma levels 

were found significantly increased while lncRNA GATA6-AS were downregulated, allowing 

to sensitively distinguished patients from healthy controls (AUC of 0.8338 and 0.9195, 

respectively) [182,183]. Recently, Senousy et al. reported that plasma levels of HOTAIR 

and XIST were significantly upregulated whereas GAS5 were downregulated when 

comparing DLBCL patients to healthy individuals [184]. Interestingly, Tang et al. conjugated 

the analysis of two circulating ncRNAs, miR-16 and lncRNA MORT, and showed that not 

only the expression levels of miR-16 and MORT were significantly lower in patients with 

early-stage MCL compared to controls, but also showed a regulatory association between 

the two ncRNA involved in cell proliferation and apoptosis [163]. 
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4.2. MiRNAs and lncRNAs as prognostic Biomarkers 

 
Several studies have been exploring the value of circulating miRNAs as prognostic 

markers for NHL. In 2008, Lawrie et al. was the first to report that high serum levels of miR-

21 were associated with relapse‐free survival (RFS) in DLBCL patients, which were later on 

supported in other study [155,164]. Similarly, high serum levels of miR-22 at diagnosis in 

DLBCL, were associated with a worse progression-free survival (PFS), independently of 

currently used clinical prognostic index [185]. Upregulation of circulating miR-155 and miR-

125b was associated with shorter OS of DLBCL patients, while miR-20a/b, miR-93, and 

miR-106a/b plasma profile was associated with higher mortality in DLBCL [159,186,187]. 

Song et al. study reported that elevated levels of miR-224, miR-520d-3p, miR-1236 and 

lower levels of miR-33a and miR-455-3p were associated with lower medium remission 

time, and consequently higher probability of remission, independently of IPI score [188]. A 

4-miRNA expression profile (higher level of miR-21, miR-130b, miR-155; lower level of miR-

28) were shown to be associated with relapse, as well as inferior PFS and OS after R-

CHOP, independently of IPI score [189].  

The 6-lncRNA signature defined by Sun et al. was shown to be associated with 

patients OS, independently of standard clinical factors, and permitted to stratify DLBCL 

patients in high and low risk groups improving survival prediction [190]. Moreover, 

SubSigLnc-17 profile was not only able to discriminate clinically molecular DLBCL subtypes 

but also was shown to be significantly associated with patients OS and PFS [173]. The 

expression levels of lncRNA HOTAIR not only with tumor size and clinical stage but also 

with the presence of B symptoms and IPI score. In fact, higher levels of HOTAIR were 

associated with better patients’ prognosis, being characterized as an independent 

predictive biomarker for DLBCL [128,184]. Peng et al. showed in different studies that 

lncRNAs HULC, LUNAR1 and PEG10 could represent potential prognostic biomarkers of 

DLBCL. Specifically, HULC and LUNAR1 expression levels were associated with poor 

prognosis and represented an independent factor of OS and PFS, while PEG10 showed 

potential as an independent predictor of poor OS of DLBCL [124,134,170]. Moreover, 

upregulation of lncRNAs FIRRE and OR3A4 in DLBCL tissue samples are associated with 

decrease OS [125,171]. In MCL, the tissue-derived MALAT1 and plasma-derived FOXP4-

AS1 levels were found correlated with higher MIPI score and unfavorable patients OS and 

DFS [131,141]. Conversely, lower PANDA expression levels either in plasma and in tissue 

samples were associated with inferior RFS and OS of DLBCL patients, being an 

independent prognostic factor [123]. Besides, patients expressing high levels of LincRNA-

p21 and NONHSAG026900 were found to have favorable prognosis, with longer OS and 
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PFS, and NONHSAG026900 act as an independent factor by also enhancing the predictive 

ability of IPI score [174,191].  

Assessment of patients’ prognosis and decisions on treatment alteration, are mostly 

based on imaging (PET-CT) and clinical evaluations [192]. However, due to the insufficient 

sensitivity and specificity of these tools, there is an impending need of identifying new 

predictors that permit the early identification of patients with inherent or acquired refractory 

disease during treatment. Detection of miRNAs or lncRNAs can lower the detection limit of 

disease beyond the capabilities of current methods and create a “window of opportunity” for 

intervention prior to clinical relapse. Earlier initiation of salvage therapy at a point of minimal 

tumor burden may improve patients’ outcomes. Song et al. identified a 5-miRNA profile 

(miR-224, miR-455-3p, miR-1236, miR-33a, and miR-520d-3p) associated with R-CHOP 

response in DLBCL patients, being a significant predictor of response, independent from 

the IPI score [188]. Specifically, high levels of miR-455-3p and miR-33a were associated 

with chemosensitivity, while high levels of miR-224, miR-1236, and miR-520d-3p were 

associated with chemoresistance [188]. Dynamic monitorization of the levels of two 

potential drug-resistant miRNAs, miR-125b and miR-130a, showed that they were involved 

not only in recurrence and disease progression, but also in chemoresistance in DLBCL 

patients [159]. Another study took a different approach by analyzing the circulating kinetics 

of two miRNAs, miR-494 and miR-21, in comparison to interim-PET/CT scans. In this study, 

they reported that both miRNAs were upregulated in untreated patients, and that their levels 

decreased in patients that achieve interim-PET/CT negativity after four cycles of R-CHOP 

compared to those that presented a positive interim-PET/CT [193]. Bouvy et al. analyzed 

circulating miRNA profile during the treatment course and found higher levels of miR-21 

and miR-197 in patients unresponsive to treatment, and high levels of miR-19b, miR-20a, 

and miR-451 in patients with complete remission, which allowed the differentiation of 

patients with residual disease from those with complete remission during follow-up [194]. 

Recently, Fajardo-Ramirez et al. reported a miRNA signature composed by 9 upregulated 

and 6 downregulated associated with chemoresistance in the R–CHOP regime [195]. 

Considering these results, circulating miRNAs have a strong potential to be used as 

predictive and monitoring biomarkers of therapy response in NHL patients. However, further 

investigation is needed in order to obtain more reliable data.  

Regarding lncRNAs as treatment response biomarkers, Senousy et al. observed 

that pretreatment circulating levels of HOTAIR were higher, whereas GAS5 were lower in 

non-responders compared to responders to R-CHOP. Moreover, when performing 

multivariate analysis, HOTAIR appeared as an independent predictor of R-CHOP failure 

[184]. DLBCL patients with higher expression levels of NONHSAG026900 showed to have 

better response to chemotherapy compared to patients with lower levels [174]. Currently, it 
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is established that treatment failure and consequent relapse can be due to the existence of 

drug-resistance cancer cells subpopulations [12]. In this instance, chemotherapy-resistant 

lymphoma cell lines show higher levels of lncRNA MALAT1, which seems to be associated 

with the inhibition of autophagy signaling pathway [132]. Using RNA-sequencing, 

Karstensen et al. analyzed the transcription profile of rituximab sensitive and resistant 

DLBCL cell lines. They observed a differential expression of lncRNA between sensitive and 

resistant cells, comprising 54 up – and 69-downregulated lncRNAs [196]. In MCL cells, a 

study by Mourtada-Maarabouni et al. demonstrated that lncRNA GAS5 regulates the effect 

of known mTOR inhibitors such as rapamycin, everolimus, and temsirolimus. Particularly, 

inhibition of GAS5 substantially decreased the effect of each rapalogue on MCL cells [197].  

In Burkitt lymphoma cells, upregulation of lncRNA MCM3AP-AS1 induced chemotherapy 

resistance to doxorubicin treatment by regulating the expression of antiapoptotic factors via 

miR-15a/EIF4E axis [198]. There are still few studies analyzing lncRNAs as potential 

biomarkers for treatment response in B cell lymphomas compared to some solid tumors, 

with only one studying a circulating lncRNA profile differentiating responders from non-

responders.  

 

4.2.1. Assessment of Bone Marrow involvement 

One of the stablished parameters that influences NHL patients’ prognosis is the 

bone marrow involvement (BMI), which is correlated with worse prognosis and comprises 

numerous prognostic scoring systems. Currently, BM aspiration, biopsy and 

immunophenotyping remain the gold standards for BM staging. However, not only these 

procedures are considered invasive, raising the question of its routine use, especially in 

patients with a low probability of BMI, but also, being the collection sites only the sternum 

or ilium, they do not necessarily reflect the overall condition of the BM [199]. Additionally, 

identification of lymphoma cells could be difficult in morphological methods due to the 

presence of various differentiated cells in BM smears, and the immunohistological method 

is time-consuming and expensive. Currently, there are several studies assessing the clinical 

utility of imaging techniques, such as FDG PET or PET/CT and MRI for detection of BMI. 

However, the reported results of both imaging techniques are still insufficient, very 

heterogeneous, and dependent on the histologic characteristics [200,201]. For example, 

the absence of focal uptake in FDG PET/CT does not exclude the presence of disease in 

the BM in DLBCL, thus requiring still BM biopsy confirmation. Similarly, diffuse or mild FDG 

uptake in FL patients is nonspecific and may indicate normal BM activity [202]. Therefore, 

given the relevance of assessing BMI in patients’ prognosis, there is a need to introduce 

new methodologies and improve the current methods. In this instance, it would be 
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interesting to consider the introduction of liquid biopsies, like the detection of a miRNA or 

lncRNA profile, for diagnosing BMI, allowing for the convenient and continuous collection 

and the ability to dynamically monitoring patients to assess prognosis, response to 

treatment, guide treatment and detect early recurrence.  

With the aim of identifying appropriate marker(s) to detect BM invasion without 

biopsy, Take et al. analyzed the miRNA levels in BM smears from FL patients, identifying 

39 miRNAs significantly decreased and 27 miRNAs increased compared to normal donors. 

Given the results, the authors claim that miRNAs can be use as biomarkers to predict BM 

invasion without having to perform BM biopsy [203]. Interestingly, Wang et al. analyzed BM 

aspirates and peripheral blood (PB) samples from multiple myeloma (MM) patients to 

determine whether aberrant miRNA profiles detected in the BM extracellular supernatant 

fluid were also detectable in the PB serum. They reported that decreased levels of let-7a, 

let-7b, and let-7i and miR-15a, miR-15b, miR-16, miR-20a, miR-21, miR-106b, and miR-

361 were found in both the BM supernatant fluid and the PB of the MM patients [204].  

Concerning the analysis of lncRNAs associated with BMI there is still a lack of 

studies in NHL. In chronic myeloproliferative disorders and acute myelocytic leukemia 

(AML), the lncRNA H19 was found downregulated in BM samples [205]. In another study, 

lncRNA CCDC26 was found upregulated in BM samples of AML patients and the 

upregulation was significantly associated with age, anemia, risk stratification and remission 

[206]. 

Taken together, these studies may lay the foundations to identify a miRNA and 

lncRNA profiles associated with BMI to be tested in circulation of NHL patients, and 

ultimately allowing a real-time monitoring of the disease status. 

 

To date, the majority of focus are on miRNAs and there is still a lack of studies on 

lncRNAs in lymphomas, specially circulating lncRNAs, which opens an interesting 

opportunity to invest in further understanding their biology and function and their association 

with miRNAs, and the contribution of lncRNAs profiling in the diagnosis and prognostication 

of lymphomas. 
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1. Main objective 

The main aim of this study was to establish a circulating miRNA and lncRNA 

profile as a prognostic biomarker in NHL patients.  

Considering, we pretended to identify a miRNA:lncRNA interaction profile to be 

analyzed in patients’ plasma samples, in order to establish a molecular model to predict 

disease outcome using a less invasive follow-up approach. Moreover, we pretended to 

establish a circulating miRNA and lncRNA profile associated with BMI as a prognostic 

biomarker in NHL patients. The identification of high-risk patients that have a greater 

probability to relapse will allow in the future to individualize different treatments and 

submit the patients to therapies according to their expression profile and tumor 

aggressiveness. Therefore, this approach could lead towards a personalized medicine in 

NHL management. 

 

2. Specific objectives 

 

The specific aims proposed for this study were: 

✓ Perform a literature review in order to identify and select miRNA candidates to be 

analyzed in NHL cohort of patients. 

✓ Analyze in silico the potential molecular mechanism of the selected miRNA-

lncRNA interaction profile. 

✓ Evaluate the miRNA and lncRNA expression levels in plasma samples of NHL 

patients. 

✓ Compare the miRNA and lncRNA expression levels in plasma samples and BM 

aspirate samples of NHL patients. 

✓ Analyze the association of the miRNA and lncRNA expression levels with different 

patients clinicopathologic characteristics and clinical endpoints (overall survival 

and progression-free survival). 
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1. Literature review and construction of CeRNA Regulatory Network and 

Functional Analysis 

First, an extensive review of the literature was performed in the PubMed database 

and Google Academic in order to identify relevant miRNAs involved in cell proliferation and 

apoptosis, B cell differentiation and previously demonstrated to be differentially expressed 

in cancer. The literature search was performed using the following search terms: 

((“microRNA” OR “miRNA” OR “miR”) AND (“B cell” OR “B cell differentiation”) OR 

(“proliferation”) OR (“apoptosis”) AND (“Cancer” OR “tumor” OR “carcinoma” OR 

“malignancies”)). 

After miRNA selection, miRNA–lncRNA interactions were evaluated using the 

StarBase database (https://starbase.sysu.edu.cn/)  with the default parameters (clade: 

mammal, genome: human, assembly: hg19, number of supporting experiments: ≥3, pan-

cancer ≥ 2) [207]. 

Next, miRTarBase (https://bio.tools/mirtarbase) was used to retrieve miRNA-

targeted mRNAs, only validated by strong evidence methods [208]. To analyze the protein–

protein interaction (PPI) networks the Search Tool for the Retrieval of Interacting Genes 

(STRING) database was used. The STRINGapp of the Cytoscape software (v3.8.2) was 

used to construct and visualize the protein interaction network of the selected target genes. 

The functional enrichment analysis of Gene Ontology (GO), Kyoto Encyclopedia of Genes 

and Genomes (KEGG) and Reactome pathways was performed using the STRING 

enrichment analysis tool. According to the Jaccard index, the enrichment results were 

filtered, and redundant terms were removed. The interaction networks were constructed 

using Cytoscape visualization software (https://cytoscape.org/) [209]. 

 

 

2. Study Population  

The study included 113 patients diagnosed with B cell NHL (high grade lymphomas 

versus low grade lymphomas), from Caucasian ethnicity, older than 18 years and without 

known familiar cancer history. Patients were admitted and treated at a Hospital de Braga, 

between January 2016 and June 2020. From each patient a PB sample was collected, and 

from 75 of the participants it was also collected paired BM aspirate samples. Clinical, 

laboratory and pathology data were collected by reviewing the medical records of each 

patient. Patient’s clinical information included gender, age, IPI or FLIPI score, B symptoms, 

serum LDH levels, Ann Arbor stage, ECOG performance status and treatment regime and 

treatment response and are summarized in Table 1. Patients who had central nervous 

system involvement, previous immunosuppressive treatments, or who were associated with 

https://starbase.sysu.edu.cn/
https://bio.tools/mirtarbase
https://cytoscape.org/
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HIV or HBV infections were excluded. This study was conducted according to the principles 

of the Helsinki declaration and ethics committee of the hospital. All individuals signed written 

informed consent in order to participate in the study. 

 

Table 1. Patients’ clinicopathologic characteristics. 

Clinicalpathological Characteristics 
N (%) 

N = 113 

Age  

≤60 years 53 (46.9%) 

>60 years 60 (53.1%) 

Gender  

Female 57 (50.4%) 

Male 56 (49.6%) 

Grade   

Low (indolent)  55 (48.7%) 

High (aggressive) 58 (51.3%) 

Subtype of NHL  

Follicular 40 (35.4%) 

Diffuse large B cell 58 (51.3%) 

Marginal Zone 15 (13.3%) 

Stage  

I/II 43 (38.1%) 

III/IV 70 (61.9%) 

LDH serum levels  

Normal 67 (59.3%) 

High 45 (39.8%) 

Unknown  1 (0.9%) 

ECOG  

0–1 97 (85.8%) 

≥ 2 14 (12.4%) 

Unknown 2 (1.8%) 

B symptoms  

Absent 80 (70.8%) 

Present 33 (29.2%) 

IPI Score (high grade tumors)  

Low-risk (0–1) 17 (29.3%) 

Intermediate-risk (2–3) 25 (43.1%) 

High-risk (4–5) 14 (24.1%) 

Unknown  2 (3.4%) 

FLIPI score (low grade tumors)  

Low-risk (0–1) 18 (32.7%) 

Intermediate-risk (2) 18 (32.7%) 

High-risk (3, 4, 5) 19 (34.5%) 

BM involvement  

Negative 81 (71.7%) 

Positive 32 (28.3%) 
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3. RNA Extraction and qPCR 

Blood and BM aspirate samples were taken at baseline before starting therapy. PB 

and BM aspirate samples were centrifuged for 5 min at 3000 rpm at room temperature to 

separate the plasma fraction and BM supernatant, followed by preparation of platelet-free 

plasma (PFP) by centrifugating at 2500× g for 15 min at 16°C. Supernatant was then 

transferred into a new centrifuge tube and centrifuged again at 16°C 2500× g for 15 min 

[210]. Supernatant was aliquoted and stored at −80°C until use.  

MiRNA isolation protocol was performed using the GRS microRNA kit (Grisp®) with 

additional protocol optimizations for an initial sample volume of 100µ. Briefly, 100µl of Lysis 

Buffer was added to each sample followed by a 10 min incubation on ice. Next, 110µl of an 

acid phenol-chloroform (5:1) solution (Ambion®) and 20µl of miRNA Buffer were added to 

the samples, and vortexing for 2 minutes, followed by a centrifugation at 15.000g at 4°C for 

10 min, allowing the separation of the RNA/miRNA phase. Next, miRNA purification was 

accomplished by first immobilizing large RNAs on the filter with a relatively low ethanol 

concentration (35% volume of absolute ethanol) and collecting the flowthrough containing 

mostly miRNAs, after a brief centrifugation at 15.000g. 70% volume of ethanol was then 

added to this flowthrough, and the mixture was passed through a second glass filter, where 

the miRNAs are immobilized. Lastly, the second filter was washed, and the miRNA- 

enriched sample was eluted. Total RNA isolation was performed using Plasma/Serum RNA 

Purification Kit (Norgen® Biotek Corp.), according to manufacturer’s instructions. RNA 

concentration and purity were measured using the NanoDrop Lite spectrophotometer 

(Thermo Scientific®).  

Synthesis of cDNA for miRNA analysis was carried out using TaqMan® MicroRNA 

Reverse Transcription kit and TaqMan® MicroRNA assay (Applied Biosystems®). cDNA was 

synthesized from lncRNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems®) in accordance with manufacturer’s instructions.  

Quantification of the miRNA and lncRNA expression levels were performed by qPCR 

using a StepOneTM qPCR Real-Time PCR machine, using 1× TaqMan® Gene Expression 

Master mix (Applied Biosystems®) and 1× probes TaqMan®MicroRNA Assays (hsa-miR-

150-5p: 000473, hsa-miR-335-5p: 002185, hsa-miR-20a-5p: 000580 and hsa-miR181a-5p: 

000480) and using TaqMan® Noncoding RNA assays (MALAT1: Hs00273907, NEAT1: 

Hs01008264_s1, SNHG16: Hs01598403_g1 and SNHG6: Hs00417251_m1) (Applied 

Biosystems®). Expression levels of miRNAs were normalized to hsa-miR-16 (hsa-miR-16: 

000391) and expression levels of lncRNAs were normalized to GAPDH (GAPDH: 

Hs99999905_m1) endogenous control. Two technical replicates were made for each 

sample. The amplification conditions were a holding stage 95 °C for 20 s, followed by 45 
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cycles of 95 °C for 1 s, and 60 °C for 20 s. Data analysis was made using StepOneTM 

Sofware v2.2 (Applied Biosystems®) with the same baseline and threshold set for each 

plate.  

 

 

4. Statistical Analysis 

Statistical analysis was performed using SPSS (version 26.0) and GraphPad Prism 

(version 7.0) software. The Livak method and the Student’s t-test or Mann–Whitney U test 

were used to evaluate statistical differences in the normalized expression of the miRNAs 

and lncRNAs. For association analysis between transcripts’ expression levels and 

clinicopathological features was used Chi-square test.  

Receiver-operating-characteristic (ROC) analysis was performed to assess the 

prognostic accuracy and the AUC was calculated. OS and PFS curves were generated 

using Kaplan–Meier method and compared using the log-rank test. OS time was determined 

from the date of diagnosis to the date of mortality or the last follow-up. PFS time was 

determined from the date of diagnosis to the date of disease progression, recurrence, 

mortality or last follow-up.  

Cox regression was used to analyze the prognostic value of the miRNAs/lncRNAs 

expression levels on the progression-free and overall survival.  

p < 0.05 was considered statistically significant. 
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1. miRNA selection and lncRNA-miRNA- mRNA network construction 

Considering the performed review of the literature, a list of candidate miRNAs was 

selected, given their functional relevance and clinical potential (Table 2) [52]. 

 

Table 2. Selected miRNAs considering bibliographic review. 

miRNAs Function Ref.  

miR-20a-5p 
B cell development, cell proliferation and apoptosis 

Deregulated in cancer 
[69,211,212] 

miR-150-5p 
B cell development, cell proliferation and apoptosis 

Deregulated in cancer 
[57,213-215] 

miR-335-5p 
Cell proliferation, apoptosis 

Deregulated in cancer 
[216-218] 

miR-181a-5p 
B cell development, hematopoiesis, immune modulation, cell 

proliferation, apoptosis 
Deregulated in cancer 

[56,219-221] 

 

 

The target recognition of hsa-miR-20a-5p, hsa-miR-150-5p, hsa-miR-335-5p and 

hsa-miR-181a-5p were analyzed via StarBase database and the miRNA–lncRNA pairs 

were identified.  

The analysis identified 17 lncRNAs targeting hsa-miR-150-5p, 14 lncRNAs targeting 

hsa-miR-335-5p, 40 lncRNAs targeting hsa-miR-20a-5p and 35 lncRNAs targeting hsa-

miR-181a-5p (Figure 5). Next, the lncRNAs that presented the higher CLIP Data evidence 

for each miRNA were selected. MALAT1 presented the higher CLIP Data evidence for hsa-

miR-150-5p, NEAT1 presented the higher CLIP Data evidence concerning hsa-miR-335-

5p, lncRNA SNHG16 for hsa-miR-20a-5p and for hsa-miR-181a-5p the lncRNA SNHG6. 

Therefore, MALAT1, NEAT1, SNHG16 and SNHG6 were selected to be analyzed in 

plasma samples of NHL patients along with the hsa-miR-20a-5p, hsa-miR-150-5p, hsa-miR-

335-5p and hsa-miR-181a-5p. 
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(a) (b) 

 

 
MALAT1/hsa-miR-150-5p interaction site 

Target site Alignment 

chr11:65267068-
65267090[+] 

 

(c) (d) 

 

 

NEAT1/hsa-miR-335-5p interaction site 

Target site Alignment 

chr11:65190544-
65190566[+] 

 

(e) (f) 

 

 
 

 

 

SNHG16/hsa-miR-20a-5p interaction site 

Target site Alignment 

chr17:74559612-
74559633[+] 
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(h) (j) 

 

 

SNHG6/hsa-miR-181a-5p interaction site 

Target site Alignment 

chr8:67834602-
67834621[-] 

 

 

Figure 5. In silico analysis of the lncRNAs targeting hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p and 

hsa-miR-181a-5p. (a) lncRNAs that target hsa-miR-150-5p according to StarBase database analysis; (b) details 

about the binding site of hsa-miR-150-5p on MALAT1, predicted by StarBase database; (c) lncRNAs that target 

hsa-miR-335-5p according to StarBase database analysis; (d) details about the binding site of hsa-miR-335-5p 

on NEAT1, predicted by StarBase database;  (e) lncRNAs that target hsa-miR-20a-5p according to StarBase 

database analysis; (f) details about the binding site of hsa-miR-20a-5p on SNHG16, predicted by StarBase 

database; (g) lncRNAs that target hsa-miR-181a-5p according to StarBase database analysis; (h) details about 

the binding site of hsa-miR-181a-5p on SNHG6, predicted by StarBase database. 

 

Then, miRTarBase database was employed to identify target mRNAs that are 

suppressed by hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p and hsa-miR-181a-5p. 

According to miRTarBase analysis, the largest known online database of validated 

miRNA:mRNA interactions, the list of mRNAs that were validated with strong evidence 

methods (Western blot, qRT-PCR or luciferase assay) was retrieved (Figure 6 (a), (c), (e) 

and (g)), in order to perform the functional annotation and enrichment analysis.  

To explore the biological impact, the validated targets were analyzed with the 

STRINGapp Protein Query from Cytoscape software. The identified targets were filtered 

into a PPI network with 33 nodes and 52 edges for hsa-miR-150-5p targets and 31 nodes 

and 62 edges for the hsa-miR-335-5p targets, presenting a significant enrichment (p= 4.17 

× 10−7 and p= 1×10−16, respectively). Concerning hsa-miR-20a-5p and hsa-miR-181a-5p, 

the PPI network comprises 63 nodes and 270 edges for hsa-miR-20a-5p targets and 66 

nodes and 256 edges for the hsa-miR-181a-5p targets, presenting a significant enrichment 

(p= 1×10−16 and p= 1×10−16, respectively). Next, a Markov clustering (MCL) was applied, 
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which resulted in the clustering of the proteins according to their STRING interaction score 

(Figure 6 (b), (d), (f) and (h)).  

Finally, the data was integrated resulting in the construction of the complete 

lncRNA–miRNA–mRNA network (Figure 7).  

 

 

(a) (b) 

 

 

(c) (d) 
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(e) (f) 

 

 
(g) (h) 

  
 

Figure 6. In silico analysis of the target mRNAs of hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p and hsa-

miR-181a-5p. (a) hsa-miR-150-5p target mRNAs according to miRTarBase database analysis; (b) target 

mRNAs of hsa-miR-150-5p organized by string interactions clusters; (c) hsa-miR-335-5p target mRNAs 

according to miRTarBase database analysis; (d) target mRNAs of hsa-miR-335-5p organized by string 

interactions clusters; (e) hsa-miR-20a-5p target mRNAs according to miRTarBase database analysis; (f) target 

mRNAs of hsa-miR-20a-5p organized by string interactions clusters; (g) hsa-miR-181a-5p target mRNAs 

according to miRTarBase database analysis; (h) target mRNAs of hsa-miR-181a-5p organized by string 

interactions clusters. 
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Figure 7. Data integration of the lncRNA–miRNA–mRNA networks related to hsa-miR-150-5p, hsa-miR-335-

5p, hsa-miR-20a-5p and hsa-miR-181a-5p. 

 

For the functional enrichment analysis, an FDR threshold of p < 0.05 was used, and 

the redundant terms were eliminated using a redundancy cutoff of 0.5, which resulted in a 

total of 54 enriched terms among the KEGG, Reactome and GO categories for hsa-miR-

150-5p and 47 enriched terms for hsa-miR-335-5p, a total of 236 enriched terms for hsa-

miR-20a-5p and 218 enriched terms for hsa-miR-181a-5p. The enriched terms for each 

category are represented in Figure 8, representing only the top 20 enriched terms for GO 

Biological Process and KEGG pathways.  
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(a) 

 

(b) 
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(c) 

 
 
(d) 
 

 
Figure 8. Enrichment analysis for hsa-miR-150-5p (a), hsa-miR-335-5p targets (b), hsa-miR-20a-5p targets (c) 

and hsa-miR-181a-5p targets (d). 
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Analyzing the functionally enriched terms for the hsa-miR-150-5p targets, we can 

observe that the majority of the targets are involved in major cancer pathways, including 

TP53, NOTCH3, SP1, STAT5B, EP300 and VEGFA, and they are associated with miRNA 

deregulation in cancer, all of which are well established involved factors in NHL 

development. In fact, concerning the GO molecular processes terms, we can observe that 

the enriched terms are associated with the regulation of cell proliferation and cell apoptosis, 

and the cellular response to organic sub-stances. In the functional analysis of hsa-miR-335-

5p targets through KEGG pathways, we could find PI3K/Akt and Wnt pathways, highly 

associated with miRNA deregulation, all central signaling pathways involved in the 

development and progression of NHL. Concerning the functionally enriched terms for the 

hsa-miR-20a-5p targets, we could observe that the majority of the targets, including 

CCND1, CCND2, SMAD7/4, E2F3/ E2F1, STAT3, CDKN1A, MYC, PTEN and MAPK family, 

are involved in the regulation of central cell functions, such as regulation of cell proliferation, 

cell cycle and transcription, according to GO terms analysis, with a highlight to the 

involvement in hematopoietic or lymphoid organ development. Among the functionally 

enriched terms in the KEGG and Reactome pathways we could find major cancer signaling 

pathways, such as FoxO, MAPK, JaK-STAT and p53, all of which are involved in NHL 

development. Moreover, in the functional analysis of hsa-miR-181a-5p targets through GO 

terms analysis we observed that several targets are involved in cellular protein modification 

process, regulation of protein kinase activity, cell proliferation and apoptosis, and also 

referencing involvement in hematopoietic or lymphoid organ development. In the KEGG 

and Reactome pathways, we could find p53, JAK-STAT, MAPK signaling pathways, and 

cytokine signaling in immune system, highly associated with miRNA deregulation, all central 

signaling pathways involved in the development and progression of NHL. 
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2. miRNAs and lncRNAs expression levels in NHL Patients’ plasma samples  

The expression levels of hsa-miR-150-5p, hsa-miR-335-5p and hsa-miR-181a-5p in 

the plasma were significantly lower in patients with high grade lymphoma compared to low 

grade lymphoma (p= 0.015, p= 0.034 and p= 0.0126, respectively) (Figure 9 (a), (b) and 

(d). On the other hand, the expression levels of hsa-miR-20a-5p were significantly higher in 

patients with high grade lymphoma compared to low grade lymphoma patients (p= 0.003) 

(Figure 9 (c)). 

 

(a) (b) 

 
(c) (d) 

 

 
 

Figure 9. Expression levels of hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p and hsa-miR-181a-5p in 

plasma samples of NHL patients’ groups according to lymphoma grade. Hsa-miR-150-5p, hsa-miR-335-5p and 

hsa-miR-181a-5p presented lower plasma levels ((a), (b) and (d)), whereas hsa-miR-20a-5p (c) presented 

higher plasma levels in patients with high grade lymphoma compared to patients with low grade lymphoma 

(p=0.015, p=0.034, p=0.0126 and p=0.003, respectively). 
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Regarding the plasma levels of the lncRNAs MALAT1, NEAT1, SNHG16 and 

SNHG6, we observed higher plasma levels in patients with high grade lymphoma compared 

to low grade lymphoma (p= 0.035, p= 0.018, p= 0.031 and p< 0.001 respectively) (Figure 

10). 

 

 

(a) (b) 

 
(c) (d) 

 
 

Figure 10. Expression levels of lncRNAs MALAT1, NEAT1, SNHG16 and SNHG6 in plasma samples of NHL 

patients’ groups according to lymphoma grade. MALAT1 (a), NEAT1 (b), SNHG16 (c) and SNHG6 (d) presented 

higher plasma levels in patients diagnosed with high grade lymphoma compared to low grade lymphoma 

(p=0.035, p=0.018, p=0.031 and p<0.001 respectively). 
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3. Association of miRNAs and lncRNAs plasmatic levels and the 

clinicopathological characteristics of NHL patients 

 

The expression levels of each transcript were used as the threshold, and patients 

were divided into a high-level expression group (with an expression level above the mean 

expression level) and a low-level expression group (with an expression level below the 

mean). The association between the plasma expression levels and the clinicopathological 

features of the patients is summarized in Table 3. No association between age and gender 

and the expression levels of the studied miRNAs and lncRNAs was found. 

 The analysis revealed that low levels of miRNA-150 are associated with III/IV stages 

(p= 0.015), high levels of LDH (p= 0.020) and higher IPI and FLIPI scores (p= 0.043 and p= 

0.034, respectively). Lower expression levels of hsa-miR-335-5p were associated with III/IV 

stages (p= 0.010), higher ECOC (p= 0.037) and higher IPI score (p= 0.012). 

Clinicopathological characteristics of more advanced disease were associated with lower 

levels of hsa-miR-181a, such as III/IV stages (p= 0.043), higher ECOG (p= 0.023), presence 

of B symptoms (p= 0.042) and higher IPI and FLIPI scores (p= 0.040 and p= 0.044, 

respectively). Conversely, higher levels of hsa-miR-20a were associated with advanced 

stages (p= 0.016), higher serum LDH levels (p= 0.031) and higher IPI and FLIPI scores (p= 

0.033 and p= 0.019, respectively).  

Concerning the expression levels of MALAT1, high levels of the transcript are 

associated with advanced stages (p= 0.018) and higher IPI and FLIPI scores (p= 0.034 and 

p= 0.025, respectively). Similarly, high levels of NEAT1 are also associated with III/IV stages 

(p=0.018), presence of B symptoms (p= 0.038) and higher IPI score (p= 0.032). Concerning 

the lncRNA SNHG16, advanced stages (p= 0.035), higher levels of LDH (p= 0.039), and 

higher IPI and FLIPI scores (p= 0.039 and p= 0.020, respectively) were associated with 

higher levels of SNHG16. Finally, high levels of SNHG6 were significantly associated with 

stages III/IV (p= 0.023) and higher IPI and FLIPI scores (p= 0.031 and p= 0.029, 

respectively). 
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Table 3. The association between the plasma levels of hsa-miR-150, hsa-miR-335, hsa-miR-20a, hsa-miR-

181a, MALAT1, NEAT1 SNHG16 and SNHG6 and clinicopathological characteristics of NHL patients. 

Characteristics 

hsa-miR-150-5p hsa-miR-335-5p 

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n)  
P  

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Gender    0.708    0.423 

Female 57 27 30  52 25 27  

Male 55 28 27  50 28 22  

Age, years    0.556    0.248 

≤60  53 24 29  46 21 25  

>60  59 30 29  56 32 24  

Stage    0.015    0.010 

I/ II 42 14 28  38 13 25  

III / IV 70 40 30  64 39 25  

LDH serum levels    0.020    0.469 

Normal 67 26 41  59 28 31  

High 44 27 17  42 23 19  

ECOG    0.223    0.037 

0-1 96 45 51  87 40 47  

≥ 2 14 9 5  13 10 3  

B symptoms    0.247    0.344 

No 79 36 43  71 34 37  

Yes 33 19 14  31 18 13  

IPI Score     0.043    0.012 

0-2 28 9 19  26 9 17  

3-5 27 16 11  26 18 8  

FLIPI score     0.034    0.059 

0-2 36 12 24  31 12 19  

3-5 19 12 7  18 12 6  

BM involvement    0.905    0.458 

Negative 80 39 41  72 35 37  

Positive 32 16 16  30 17 13  

 hsa-miR-20a-5p hsa-miR-181a-5p 

 
Evaluable 

(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Gender    0.501    0.948 

Female 49 24 25  57 30 27  

Male 52 22 30  50 26 24  

Age, years    0.812    0.599 

≤60  47 22 25  49 27 22  

>60  54 24 30  58 29 29  

Stage    0.016    0.043 

I/ II 44 26 18  40 14 26  

III / IV 57 20 37  67 37 30  

LDH serum levels    0.031    0.504 

Normal 54 28 26  63 31 32  

High 46 14 32  43 24 19  

ECOG    0.064    0.023 

0-1 85 47 38  93 45 48  

≥ 2 14 4 10  12 10 2  

B symptoms    0.540    0.042 

No 69 30 16  76 35 41  

Yes 32 39 16  31 21 10  

IPI Score    0.033    0.040 

0-2 24 15 9  27 9 18  

3-5 30 10 20  26 16 10  
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*Continuation of Table 3 
FLIPI score    0.019    0.044 

0-2 24 14 10  25 7 15  

3-5 21 5 16  27 18 12  

BM involvement    0.170    0.153 

Negative 71 39 32  76 35 41  

Positive 30 12 18  31 12 19  

         

 

MALAT1 NEAT1 

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Gender    0.332    0.386 

Female 53 23 30  54 30 24  

Male 55 29 26  53 25 28  

Age, years    0.586    0.908 

≤60  49 25 24  50 26 24  

>60  59 27 32  57 29 28  

Stage    0.018    0.018 

I/ II 42 22 17  41 14 25  

III / IV 66 24 42  66 28 38  

LDH serum levels    0.102    0.250 

Normal 63 33 30  61 27 34  

High 44 16 28  45 20 25  

ECOG    0.054    0.055 

0-1 93 48 45  91 51 40  

≥ 2 13 3 10  14 4 10  

B symptoms    0.063    0.038 

No 76 41 76  74 43 31  

Yes 32 11 21  33 12 21  

IPI Score     0.034    0.032 

0-2 29 16 13  29 18 11  

3-5 26 7 19  27 9 18  

FLIPI score     0.025    0.539 

0-2 33 20 13  32 18 14  

3-5 18 5 13  17 8 9  

BM involvement    0.347    0.206 

Negative 79 38 41  78 43 35  

Positive 29 11 18  29 12 17  

 SNHG16 SNHG6 

 
Evaluable 

(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Evaluable 
(n) 

Low 
levels 

(n) 

High 
levels 

(n) 
P 

Gender    0.857    0.179 

Female 51 25 26  50 24 26  

Male 55 26 29  54 33 21  

Age, years    0.834    0.652 

≤60  51 24 27  49 28 21  

>60  55 27 28  55 29 26  

Stage    0.035    0.023 

I/ II 47 28 19  47 27 20  

III / IV 59 23 36  57 20 37  

LDH serum levels    0.039    0.354 

Normal 54 31 23  62 33 29  

High 51 19 32  41 18 23  

ECOG    0.054    0.297 

0-1 91 47 44  89 48 41  

≥ 2 13 3 10  13 5 8  

B symptoms    0.959     

No 73 35 38  75 40 35 0.274 

Yes 33 16 17  29 12 17  

 



Results 

53 

*Continuation of Table 3 
IPI Score     0.039    0.031 

0-2 29 17 12  27 16 11  

3-5 26 8 18  24 7 17  

FLIPI score     0.020    0.029 

0-2 29 17 12  31 19 12  

3-5 20 5 15  20 6 14  

BM involvement    0.500    0.405 

Negative 78 42 36  75 43 32  

Positive 28 13 15  29 14 15  

 

 

 

4. miRNAs and lncRNAs impact on Overall Survival and Progression-Free 

Survival of NHL patients 

Patients were divided in terciles according to the transcript levels using the −ΔCt 

values of each miRNA and lncRNA (high, intermediate, and low levels) analyzed, in order 

to analyze the association between OS and PFS of NHL patients and the expression levels 

of the transcripts. A univariate Cox regression along with Kaplan–Meier estimate and log-

rank tests revealed that NHL patients with lower levels of has-miR-150-5p and has-miR-

335-5p, and higher levels of MALAT1 and NEAT1 present worse OS (has-miR-150-5p: p= 

0.019; HR=7.62, 95% IC 1.23 – 9.43, p=0.014; has-miR-335-5p: p= 0.040; HR=4.12, 95% 

IC 1.05 – 7.69, p=0.018; MALAT1: p= 0.020; HR= 2.77, 95% IC 1.103-9.06, p= 0.028; 

NEAT1: p=0.001; HR=5.25, 95% IC 1.60-17.17, p=0.003) and worse PFS (has-miR-150-

5p: p= 0.004; HR= 4.39, 95% IC 1.34 – 6.06, p= 0.003; has-miR-335-5p: p= 0.003; HR= 

5.34, 95% IC 1.56 – 6.99, p= 0.001; MALAT1: p= 0.011; HR= 2.29, 95% IC 1.12-4.69, p= 

0.025; NEAT1: p= 0.003 HR= 2.98, 95% IC 1.41-6.30, p= 0.003) than those with higher 

levels of has-miR-150-5p and has-miR-335-5p and lower levels of MALAT1 and NEAT1 

(Figure 11 and Table 4). 

 

(a) (b) 
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(c) (d) 

 
(e) (f) 

 
(g) (h) 

 
Figure 11. OS and PFS of NHL patients according to plasma levels of hsa-miR-150-5p (a) and (e), hsa-miR-

335-5p (c) and (g), MALAT1 (b) and (f) and NEAT1 (d) and (h). 

 

Regarding the Kaplan-Meier analysis and log-rank test for has-miR-20a-5p, has-

miR-181a-5p, SNHG16 and SNHG6, the results revealed that lower plasma levels of miR-

181a were associated with lower OS and PFS (p=0.017 and p=0.033; HR: 4.98, 95% IC 

1.24 – 8.31 p=0.032; HR: 2.54, 95% IC 1.07 – 4.58, p=0.048, respectively). On the other 

hand, higher plasma levels of has-miR-20a, SHNG16 and SNHG6 were associated with 

worse patients OS and PFS (miR-20a: p=0.038, HR=2.83, 95% IC 1.01-7.98, p=0.037; and 

p=0.006, HR=3.89, 95% IC 1.68-9.05, p=0.001; SNHG16: p=0.004, HR=4.48, 95% IC 1.67-

12.01, p=0.032, and p=0.022, HR=2.35, 95% IC 1.10-5.00, p=0.029; SNHG6: p=0.028, 

HR=2.62, 95% IC 1.03-6.68, p=0.043, and p=0.015, HR=2.33, 95% IC 1.15-4.71, p=0.022, 

respectively) (Figure 12 and Table 4).  
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(a) (b) 

 

(c) (d) 

 
 
(e) (f) 

  

(g) (h) 

 

 
Figure 12. OS and PFS of NHL patients according to plasma levels of hsa-miR-20a-5p (a) and (e), hsa-miR-

181a-5p (c) and (g), SNHG16 (b) and (f) and SNHG6 (d) and (h). 

  
Table 4. The results of the univariate analysis for overall survival and 5-years progression free survival. 

Characteristic 
OS 5-year PFS 

HR (95% CI) P HR (95% CI) P 

miR-150 levels (Low/Inter vs. High) 0.146 (0.019-1.106) 0.014 0.226 (0.068-0.743) 0.003 

miR-335 levels (Low/Inter vs. High) 0.226 (0.052-0.985) 0.018 0.186 (0.056-0.617) 0.001 

miR-20a levels (Low/Inter vs. High) 2.834 (1.007-7.979) 0.037 3.898 (1.676-9.045) 0.001 

miR-181a levels (Low/Inter vs. High) 0.200 (0.046-0.871) 0.032 0.450 (0.194-1.046) 0.048 

MALAT1 levels (Low/Inter vs. High) 2.766 (1.103-9.06) 0.028 2.292 (1.119-4.692) 0.025 

NEAT1 levels (Low/Inter vs. High) 5.245 (1.602-17.172) 0.003 2.982 (1.411-6.304) 0.003 

SNHG16 levels (Low/Inter vs. High) 4.481 (1.672-12.005) 0.002 2.346 (1.100-5.004) 0.029 

SNHG6 levels (Low/Inter vs. High) 2.621 (1.029-6.675) 0.043 2.325 (1.147-4.710) 0.022 
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Three risk groups were established considering the combination of the plasma levels 

of each ceRNA pair, hsa-miR-150-5p/MALAT1, hsa-miR-335-5p/NEAT1, hsa-miR-20a-

5p/SNHG16 and hsa-miR-181a-5p/SNHG6 plasma levels, which allowed the definition of 

high-, intermediate- and low-risk groups (Table 5).  

 

Table 5. Definition of high-, intermediate- and low-risk groups considering the combination of the plasma levels 

of each ceRNA pair, hsa-miR-150-5p/MALAT1 plasma levels, hsa-miR-335-5p/NEAT1, hsa-miR-20a-

5p/SNHG16 and hsa-miR-181a-5p/SNHG6 plasma levels. 

Groups 
hsa-miR-150-5p/ 

MALAT1 
hsa-miR-335-5p/ 

NEAT1 
hsa-miR-20a-5p/ 

SNHG16 
hsa-miR-181a-5p/ 

SNHG6 

Low-risk hsa-miR-150 +
MALAT1 

hsa-miR-335 +
NEAT1 

hsa-miR-20a +
SNHG16 

hsa-miR-181a +
SNHG6 

Intermediate-
risk 

hsa-miR-150 +
MALAT1 

hsa-miR-150 +
MALAT1 

hsa-miR-335 +
NEAT1 

hsa-miR-335 +
NEAT1 

hsa-miR-20a +
SNHG16 

hsa-miR-20a +
SNHG16 

hsa-miR-181a +
SNHG6 

hsa-miR-181a +
SNHG6 

High-risk hsa-miR-150 +
MALAT1 

hsa-miR-335 +
NEAT1 

hsa-miR-20a +
SNHG16 

hsa-miR-181a +
SNHG6 

 

 

Given the results, we observed that the significance of the prognostic value is 

improved when expression levels of the miRNAs were combined with the respective lncRNA 

pair (Figure 13), showing that patients from the high-risk group from each ceRNA pair 

present a significant lower OS and PFS than patients from the intermediate and low-risk 

groups. 

 

(a) (b) 

 

(c) (d) 
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(e) (f) 

 

 
(g) (h) 

 

 
Figure 13. OS and PFS of NHL patients according to the defined risk groups based on the plasma levels of 

miRNA/lncRNA pairs, hsa-miR-150-5p/MALAT1 (a) and (b); hsa-miR-335-5p/NEAT1 (c) and (d), hsa-miR-20a-

5p/SNHG16 (e) and (f) and hsa-miR-181a-5p/SNHG6 (g) and (h). 

Multivariate analysis was conducted with significant clinical parameters associated 

with patients’ prognosis and revealed that low expression of hsa-miR-150-5p and high 

expression of MALAT1 were independent poor prognostic factors of OS and PFS (OS: p= 

0.020 and p= 0.026; PFS: p= 0.027 and p= 0.021, respectively) (Table 6 – Model 2). 

Similarly, regarding the hsa-miR-335-5p/NEAT1 ceRNA pair, low levels of hsa-miR-335-5p 

and high levels of NEAT1 were observed to be also independent poor prognostic factors of 

OS and PFS (OS: p= 0.037 and p= 0.002; PFS: p= 0.009 and p= 0.040, respectively) (Table 

6 and Table 7).  

Concerning hsa-miR-20a-5p/SNHG16 ceRNA pair, the multivariate analysis 

revealed that high levels of both hsa-miR-20a-5p and SNHG16 were independent 

prognostic factors of poor patient prognosis regarding OS and PFS (OS: p=0.034 and 

p=0.007; PFS: p=0.002 and p=0.030) (Table 6 and Table 7). Moreover, low expression of 

hsa-miR-181a-5p and high expression of SNHG6 were independent prognostic factors 

being associated with poorer prognosis of NHL patients (OS: p=0.035 and p=0.047; PFS: 

p=0.029 and p=0.032) (Table 6 and Table 7). 

In order to compare the predictive ability of death by disease and progression of the 

different variables the c index was calculated for each model. Thus, Model 1, which 

incorporates age at diagnosis, tumor stage, tumor grade, presence of B symptoms, LDH 

serum levels and ECOG status, presented a predictive capacity with a c index of 0.608 for 
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OS and 0.645 for PFS. Interestingly, when miRNA and corresponding lncRNA plasma levels 

are added to the previous variables, we observed an increase in the predictive capacity for 

each model created for both OS and PFS. 

Therefore, patients with low hsa-miR-150-5p/high MALAT1, low hsa-miR-335-5p 

levels/high NEAT1 levels, low hsa-miR-181a-5p levels/high SNHG6 levels and high hsa-

miR-20a-5p levels/high SNHG16 levels present a higher risk of death and disease 

progression. 

 

Table 6. The results of the multivariate analysis for overall survival regarding the each ceRNA network pair. 

Characteristic 
OS 

HR (95% CI) P c index 

Model 1    

Age (≤60y vs >60y) 2.446 (0.788-7.596) 0.122 

0.608 

Lymphoma grade (Low vs High) 2.338 (1.112-4.915) 0.025 

B symptoms (Absent vs Present) 1.116 (0.355-3.508) 0.081 

Stage (I/II vs III/IV) 3.311 (1.705-5.546) 0.029 

ECOG (0-1 vs ≥2) 2.418 (1.326-5.722) 0.036 

LDH levels (normal vs high) 2.696(1.656-4.388) 0.037 

Model 2    

Age (≤60y vs >60y) 2.262 (0.703-7.281) 0.171 

0.728 

Lymphoma grade (Low vs High) 4.396 (1.240-8,581) 0.022 

B symptoms (Absent vs Present 2.941 (1.089-7.943) 0.033 

Stage (I/II vs III/IV) 3.654 (1.276-7.020) 0.028 

ECOG (0-1 vs ≥2) 2.827 (0.904-5.838) 0.074 

LDH levels (normal vs high) 3.057(1.030-9.070) 0.044 

hsa-miR-150-5p levels (Low/Inter vs. High) 0.170 (0.038-0.761) 0.020 

MALAT1 levels (Low/Inter vs. High) 3.213 (1.153-8.955) 0.026 

Model 3    

Age (≤60y vs >60y) 3.288 (0.738-14.651) 0.118 

0.740 

Lymphoma grade (Low vs High) 3.735 (1.101-8.672) 0.035 

B symptoms (Absent vs Present) 1.212 (0.332-4.433) 0.070 

Stage (I/II vs III/IV) 3.560 (0.686-8.487) 0.031 

ECOG (0-1 vs ≥2) 3.247 (0.9908-11.685) 0.070 

LDH levels (normal vs high) 1.483 (0.444-4.958) 0.522 

hsa-miR-335-5p levels (Low/Inter vs. High) 0.197 (0.043-0.909) 0.037 

NEAT1 levels (Low/Inter vs. High) 8.694 (2.220-14.046) 0.002 

Model 4    

Age (≤60y vs >60y) 2.584 (0.826-19.353) 0.105  

 

 

0.689 

 

Lymphoma grade (Low vs High) 3.824 (1.167-12.536) 0.027 

B symptoms (Absent vs Present) 1.743 (0.197-2.805) 0.661 

Stage (I/II vs III/IV) 3.999 (0.826-9.353) 0.085 
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*Continuation of Table 6 

ECOG (0-1 vs ≥2) 4.447 (1.221-6.200) 0.024  

LDH levels (normal vs high) 1.887 (0.676-5.267) 0.225 

hsa-miR-20a-5p levels (Low/Inter vs. High) 3.129 (1.090-8.984) 0.034 

SNHG16 levels (Low/Inter vs. High) 4.393 (1.488-8.969) 0.007 

Model 5    

Age (≤60y vs >60y) 2.589 (0.790-8.426) 0.116 

0.703 

Lymphoma grade (Low vs High) 3.717 (1.097-12.590) 0.035 

B symptoms (Absent vs Present) 1.744 (0.210-2.638) 0.647 

Stage (I/II vs III/IV) 2.489 (1.080-5.486) 0.040 

ECOG (0-1 vs ≥2) 4.701 (1.349-6.381) 0.015 

LDH levels (normal vs high) 1.043 (0.321-3.387) 0.244 

hsa-miR-181a-5p levels (Low/Inter vs. High) 0.207(0.41-1.032) 0.035 

SNHG6 levels (Low/Inter vs. High) 2.801 (1.015-7.728) 0.047 

 

Table 7. The results of the multivariate analysis for 5-years progression-free survival the each ceRNA network 

pair. 

Characteristic 
5-year PFS 

HR (95% CI) P c index 

Model 1    

Age (≤60y vs >60y) 2.025 (1.040-3.944) 0.038 

0.645 

Lymphoma grade (Low vs High) 2.315 (1.403- 3.820) 0.001 

B symptoms (Absent vs Present 1.644 (0.312-1.329) 0.234 

Stage (I/II vs III/IV) 2.437 (1.149-5.167) 0.020 

ECOG (0-1 vs ≥2) 1,402 (1.040-7.720) 0.057 

LDH levels (normal vs high) 1.509 (0.855-2.662) 0.156 

Model 2    

Age (≤60y vs >60y) 1.021 (0.396-2.635) 0.066 

0.780 

Lymphoma grade (Low vs High) 2.743 (1.081- 6.963) 0.034 

B symptoms (Absent vs Present 1.803 (0.523-2.993) 0.136 

Stage (I/II vs III/IV) 3.822 (1.280-5.413) 0.016 

ECOG (0-1 vs ≥2) 1,958 (1.240-7.284) 0.055 

LDH levels (normal vs high) 1.760 (0.814-3.805) 0.151 

hsa-miR-150-5p levels (Low/Inter vs. High) 0.239 (0.067-0.850) 0.027 

MALAT1 levels (Low/Inter vs. High) 2.343 (1.137-4.828) 0.021 

Model 3    

Age (≤60y vs >60y) 1.556 (0.593-4.081) 0.369 

0.803 

Lymphoma grade (Low vs High) 3.929 (1.298-7.896) 0.015 

B symptoms (Absent vs Present) 1.649 (0.772-3.522) 0.196 

Stage (I/II vs III/IV) 3.864 (1.212-6.322) 0.022 

ECOG (0-1 vs ≥2) 2.902 (0.942-8.942) 0.064 

LDH levels (normal vs high) 1.962 (0.813-4.739) 0.135 

hsa-miR-335-5p levels (Low/Inter vs. High) 0.188 (0.53-0.663) 0.009 

NEAT1 levels (Low/Inter vs. High) 2.543 (1.043-6.201) 0.040 
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*Continuation of Table 7 
 

Model 4    

Age (≤60y vs >60y) 2.456 (0.993-6.073) 0.052 

0.810 

Lymphoma grade (Low vs High) 2.223 (1.021-4.840) 0.044 

B symptoms (Absent vs Present) 1.762 (0.256-2.263) 0.624 

Stage (I/II vs III/IV) 3.994 (1.378-11.580) 0.011 

ECOG (0-1 vs ≥2) 3.205 (1.151-8.921) 0.026 

LDH levels (normal vs high) 2.158 (0.989-4.714) 0.053 

hsa-miR-20a-5p levels (Low/Inter vs. High) 3.875 (1.619-9.279) 0.002 

SNHG16 levels (Low/Inter vs. High) 3.658 (1.410-9.491) 0.030 

Model 5    

Age (≤60y vs >60y) 2.760 (1.127-6.760) 0.026  

 

 

 

 

0.709 

Lymphoma grade (Low vs High) 2.368 (1.114-5.035) 0.025 

B symptoms (Absent vs Present) 1.968 (0.935-4.142) 0.074 

Stage (I/II vs III/IV) 3.052 (1.027-9.065) 0.045 

ECOG (0-1 vs ≥2) 2.901 (2.939-4.216) 0.021 

LDH levels (normal vs high) 1.433 (0.668-3.075) 0.355 

hsa-miR-181a-5p levels (Low/Inter vs. High) 0.374 (0.154-0.906) 0.029 

SNHG6 levels (Low/Inter vs. High) 2.183 (0.142-0.783) 0.032 

 

 

 

5. miRNAs and lncRNAs expression levels in bone marrow aspirates 

compared to plasma Samples 

Comparison of the expression levels of each transcript between the two sample 

types showed significant differences in the level of expression for 3 of the 8 transcripts 

analyzed, specifically, hsa-miR-20a-5p, hsa-miR-181a-5p and SNHG6 (p<0.001, p<0.001 

and p<0.001, respectively) whereas the remaining 5 transcripts (hsa-miR-150-5p, hsa-miR-

335-5p, MALAT1, NEAT1 and SNHG16) showed no significant difference in expression 

levels between the two sample types (Figure 14). 

 

(a) (b) 
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(c) (d) 

 
(e) (f) 

 
(g) (h) 

 
Figure 14. Expression levels of hsa-miR-150-5p (a), hsa-miR-335-5p (b), hsa-miR-20a-5p (c) and hsa-miR-

181a-5p (d) and lncRNAs MALAT1 (e), NEAT1 (f), SNHG16 (g) and SNHG6 (h) in plasma samples of NHL 

patients compared to BM aspirate samples. hsa-miR-20a-5p and hsa-miR-181a-5p and SNHG6 presented 

significant different median expression levels between plasma samples and BM samples (p<0.001). 

 

5.1. miRNAs and lncRNAs Expression Levels in BM Aspirate Samples according 

to lymphoma grade 

When analyzing the transcripts’ expression levels in the BM aspirates, and 

considering the risk groups previously defined, we could observe that high risk profiles are 

associated with higher risk of presenting more aggressive disease (Table 8). Specifically, 

patients with low expression of hsa-miR-150-5p and high expression of MALAT1 have a 

risk 3 times higher of presenting a high grade lymphoma (p=0.022). Low expression of hsa-

miR-335-5p and high expression of NEAT1 profile is associated with a risk 4 times higher 

of having high grade lymphoma compared to low/intermediate risk groups (p=0.014). 

Similarly, low expression of hsa-miR-181a-5p and high expression of SNHG16 profile is 

associated with a higher risk of high grade lymphoma (p=0.043). Conversely, higher risk of 
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high grade lymphoma is associated with high expression of hsa-miR-20a-5p and high 

expression of SNHG6 profile (p=0.031). 

 

Table 8. The association between the risk groups considering the plasma levels of each ceRNA pair and the 

lymphoma grade classification of NHL patients. 

Risk Groups n 
Low grade 

lymphoma (n) 
High grade 

lymphoma (n) 
OR 

(95% CI) 
P 

hsa-miR-150-5p/MALAT1     

0.022 Low/intermediate risk 28 16 12 1 

High risk 
35 10 25 3.33  

(1.17-9.51) 

hsa-miR-335-5p/NEAT1     

0.014 Low/intermediate risk 32 18 14 1 

High risk 
31 8 23 3.69 

(1.27-10.73) 

hsa-miR-20a-5p/SNHG16     

0.043 Low/intermediate risk 33 19 14 1 

High risk 36 12 24 
2.71 

(1.02-7.22) 

hsa-miR-181a-5p/SNHG6     

0.031 Low/intermediate risk 36 19 17 1 

High risk 33 9 24 
2.98 

(1.09-8.16) 

 

 

 

5.2. miRNAs and lncRNAs Expression Levels in NHL Patients’ Plasma Samples 

according to Bone Marrow involvement 

Considering the risk groups previously defined based on the expression levels of 

each ceRNA pair, we could observe that high risk profiles are associated with higher risk of 

presenting BMI (Table 9). Specifically, patients with low expression of hsa-miR-150-5p and 

high expression of MALAT1 have a risk 2 times higher of presenting a positive BMI 

(p=0.040). Similarly, patients with low expression of hsa-miR-181a-5p conjugated with high 

expression levels of SNHG16 present a higher risk of having positive BMI (p=0.010). 

Conversely, higher risk of positive BMI is associated with high expression of hsa-miR-20a-

5p and high expression of SNHG6 profile (p=0.023). No statistically significant association 

was found for the ceRNA pair hsa-miR-335-5p/NEAT1 and BMI. 
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Table 9. The association between the risk groups considering the plasma levels of each ceRNA pair and the 

presence of bone marrow involvement in NHL patients. 

Risk Groups n 
Negative BMI  

(n) 
Positive BMI  

(n) 
OR 

(95% CI) 
P 

hsa-miR-150-5p/MALAT1     

0.040 Low/intermediate risk 62 49 13 1 

High risk 46 28 18 2.42 (1.03-5.68) 

hsa-miR-335-5p/NEAT1     

0.063 Low/intermediate risk 53 42 11 1 

High risk 45 28 17 2.32 (0.95-5.68) 

hsa-miR-20a-5p/SNHG16     

0.023 Low/intermediate risk 59 48 11 1 

High risk 36 21 14 2.91 (1.14-7.46) 

hsa-miR-181a-5p/SNHG6     

0.010 Low/intermediate risk 56 46 28 1 

High risk 48 10 20 3.28 (1.35-8.02) 

 

 

Next, ROC analysis was performed to explore the clinical value of each ceRNA pair 

levels in the diagnosis of BM involvement in NHL patients (Figure 15). Results showed an 

AUC of 0.608 for ceRNA pair MALAT1/hsa-miR-150-5p (95% CI 0.489-0.727, p = 0.038), 

an AUC of 0.704 for SNHG16/hsa-miR-20a-5p (95% CI 0.579-0.829, p = 0.003) and finally, 

an AUC of 0.721 for the ceRNA pair SNHG6/hsa-miR-181a-5p (95% CI 0.579-0.803, 

p = 0.002). 

 

(a) (b) 

 

                                       (c) 

 

Figure 15. Plasma levels of ceRNA pair as biomarkers of BM involvement in NHL patients. ROC curve analysis 

of plasma levels of MALAT1/hsa-miR-150-5p (a), SNHG16/hsa-miR-20a-5p (b) and SNHG6/hsa-miR-181a-5p 

(c) ceRNA pair as diagnostic biomarkers differentiating positive BM involvement patients from negative BM 

involvement patients.
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1. Molecular contextualization  

Several studies have demonstrated the contribution of miRNAs to lymphoma 

development, implying their potential deregulation as novel biomarkers for cancer diagnosis 

and prognosis purposes [222]. More recently, the lncRNAs have emerged also as important 

regulators of gene expression, and their deregulation has also been implicated in the 

initiation and progression of cancer, showing great potential as predictive biomarkers. 

However, the majority of studies focused on solid tumors, which have been demonstrating 

their diverse and complex function in multiple processes [223-225].  

Given the ability of lncRNAs to sponge miRNAs and consequently functioning as an 

extra layer of the post-transcriptional regulatory machinery to modulate miRNA-mediated 

gene expression, in this study, we investigated the prognostic value of lncRNAs and 

miRNAs by analyzing lncRNAs–miRNAs ceRNA pairs’ expression in plasma samples of 

NHL patients. According to our results, hsa-miR-150-5p, hsa-miR-335-5p, hsa-miR-20a-5p, 

hsa-miR-181a-5p, MALAT1, NEAT1, SNHG16 and SNHG6 were differentially expressed in 

patients with high grade lymphomas when compared to low grade lymphoma patients, 

indicating their potential involvement in the pathogenesis and progression of NHL. 

Specifically, lower levels of hsa-miR-150-5p, hsa-miR-335-5p and hsa-miR-181a-5p and 

higher levels of hsa-miR-20a, MALAT1, NEAT1, SNHG16 and SNHG6 were associated 

with worse patient’s clinicopathologic characteristics, such as higher clinical stage and 

higher IPI/FLIPI scores, being associated with poor prognosis and poor survival rates in 

NHL patients. 

According to our bioinformatics analysis using StarBase database, the lncRNA 

MALAT1 was identified as a direct target of hsa-miR-150-5p. Interestingly, MALAT1 was 

shown to be involved in the maintenance of early-stage hematopoietic cell proliferation 

potential [226]. During B cell activation, MALTA1 is differentially expressed and was 

identified as a AID target, which is involved in both somatic hypermutation and class-switch 

recombination in activated B cells [227]. MALAT1 can regulate gene expression 

transcriptionally, by acting as a scaffold on interchromatin clusters, for example by 

interacting with EZH2 and SUZ12, two components of the PRC2 complex. In mantle cell 

lymphoma, MALAT1 was found upregulated and associated with advanced disease stage 

and lower overall survival, which is in agreement with the present results. Moreover, Wang 

et al. reported that overexpressed MALAT1 interacts with EZH2, highly expressed in B cell 

lymphomas, facilitating the complex binding to gene promoters which results in suppression 

of p21 and p27 expression and increase c-Myc expression [131,228]. Furthermore, it was 

shown that MYC binds to the upstream region of miR-150 leading to its expression 

repression [120]. Intriguingly, MYC and EZH2 create a positive loop that constantly leads 



Discussion 

 

68 

to MYC and EZH2 overexpression, and both act together to silence tumor suppressor 

miRNAs in aggressive lymphoma cells, such as miR-150 [120]. On the other hand, MALAT1 

can also regulate gene expression post-transcriptionally by acting as a ceRNA sequestering 

miRNAs. In MM, MALAT1 regulates proliferation and adhesion of MM cells via hsa-miR-

181-5p/Hippo-YAP axis [229]. Moreover, a study by Gu et al. reported that MALAT1 is 

overexpressed in MM, and regulates cell proliferation, apoptosis, and cell-cycle through the 

ceRNA network involving the hsa-miR-509-5p/Foxp1 pathway [230]. Recently, MALAT1 was 

reported to directly bind to miR-150-5p, releasing their suppressive effect on the target 

mRNAs, promoting cell proliferation and inhibiting apoptosis [231,232]. Therefore, we 

propose that MALAT1 ensures downregulation of miR-150-5p, required for development 

and progression of NHL cells by two mechanisms. Firstly, MALAT1 induces transcriptional 

inhibition of miR-150-5p by EZH2/MYC axis. Secondly, MALAT1 ensures the maintenance 

of low miR-150-5p levels by directly sponging it, inhibiting its repressive function on target 

mRNAs. 

We also constructed hsa-miR-150-5p network to explore their role in NHL prognosis. 

Using a bioinformatics approach, we identified a central miR-150-related PPI network linked 

to MYB, TP53, SP1, STAT5B, NOTCH3, EP300 and CREB1. This PPI network was 

enriched in cell proliferation and cell cycle regulation, regulation of apoptosis, regulation of 

immune system pathways, and act as central players in cancer pathogenesis as 

demonstrated in the KEGG pathway analysis. In fact, the identified members of the miR-

150-related PPI network have been associated with NHL development and progression. A 

top predicted target of hsa-miR-150-5p was MYB, a transcription factor and well-established 

regulator of the hematopoietic cell development and proliferation, with key target genes 

involved in cell cycle, cell proliferation and growth, differentiation, and survival, such as 

MYC, CCNB1, BCL2, BIRC5, and CDK1 [233-238]. In summary, the overall results show an 

intricate network involving MALAT1-EZH2-MYC-miR-150-MYB. Specifically, we 

hypothesize that upregulated MALAT1 concomitantly with EZH2 induces MYC expression, 

which binds to the miR-150 promoter region inhibiting its expression. Moreover, MALAT1 

further ensures inhibition of miR-150 function post-transcriptionally by sponging miR-150. 

Thus, by downregulating miR-150 both transcriptionally and post-transcriptionally, MALAT1 

unleashes MYB from miR-150-mediated repression resulting in high cell proliferation.  

On the other hand, NEAT1 was identified as one of the lncRNA targets of hsa-miR-

335-5p. NEAT1 has been identified as a cancer driver, playing a role in tumor initiation and 

progression, and its expression was found deregulated in several cancers [239-245]. Given 

the role of NEAT1 in cancer, several studies have been trying to unravel the molecular 

mechanisms regulating its expression and its targets. Recently, a study by Liu et al. reported 

that NEAT1 is transcriptionally regulated by MYC, inducing its transcription [246]. 
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Interestingly, a study by Zhu et al. demonstrated that NEAT1 regulates chromatin 

remodeling through increasing acetylation levels at MYC promoter, inducing its expression, 

in colorectal cancer [247]. Growing evidence has demonstrated that NEAT1 can function as 

a ceRNA by sponging several miRNAs. In nasopharyngeal carcinoma NEAT1 targets miR-

34a-5p which in turn activates Wnt/β-catenin signaling promoting tumor cell proliferation, 

migration, invasion, and EMT [248]. Ding et al. reported that by negatively regulating miR-

34a-5p expression, NEAT1 upregulates BCL2 expression resulting in promotion of cell 

proliferation and inhibition of apoptosis [249]. In breast cancer, NEAT1 serves as a ceRNA 

to modulate ZEB1 function by sponging miR-448, promoting cancer progression [250]. In 

MM, NEAT1 forms a positive feedback loop with SP1, in which NEAT1 induces SP1 

expression by sequestering miR-29b-3p, and SP1 targets NEAT1 promoter region inducing 

NEAT1 transcription, and collectively promoting tumor cell survival [251]. NEAT1 was found 

increased in T-cell acute lymphoblastic leukemia, in which it upregulates NOTCH1 

expression via sponging miR-146b-5p, and in multiple myeloma in which via inhibition of 

miR-214 it promotes M2 macrophage polarization by inducing the activation of JAK2/STAT3 

signaling [252,253]. 

Several studies have been unraveling the role of hsa-miR-335-5p as a tumor 

suppressor in several cancers [254-257]. Moreover, hsa-miR-335-5p interplay with lncRNAs 

has also been described to play a regulatory role in the development and progression of 

osteosarcoma, cervical cancer, and bladder cancer [258-260]. In fact, NEAT1 was shown to 

sponge miR-335-5p, releasing ROCK1 from its suppression, which promotes cell 

proliferation, migration, and invasion in gastric cancer [261]. Moreover, by sequestering 

miR-335-5p, NEAT1 induces AKT phosphorylation and c-MET expression in hepatocellular 

carcinoma cells [262]. However, whether hsa-miR-335-5p regulates NHL remains to be 

further investigated. A recent study indicates a possible role of hsa-miR-335-5p in DLBCL 

cells via SNHG8 sponging hsa-miR-335-5p, promoting proliferation and inhibiting apoptosis 

[151]. 

Using a bioinformatics analysis, we identified a hsa-miR-335-related PPI network 

linked to proteins such as MYC, ZEB2, SP1, SOX4, and BCL2L2. This PPI network was 

enriched in negative regulation of cell death, positive regulation of cell proliferation and 

deregulation of miRNAs in cancer pathogenesis as demonstrated in the KEGG pathway 

analysis. Interestingly, not only NEAT1 and miR-335-5p were shown to directly interact with 

each, but also there is an overlap of downstream targets, such as MYC, ZEB2, SP1, SOX4, 

and BCL2L2. Therefore, we hypothesize a potential involvement of NEAT1-mediated 

suppression of hsa-miR-335-5p leading to promotion of proliferation signaling networks and 

inhibition of apoptosis with potential involvement in NHL progression. 
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According to our bioinformatics analysis, the lncRNA SNHG16 was identified as one 

of the lncRNAs that target hsa-miR-20a-5p. SNHG16 has been widely described as an 

oncogenic factor in a variety of cancers, including B cell lymphoma [263]. Zhu et al. reported 

that SNHG16 was upregulated in diffuse large B cell lymphoma tissues and cell lines [263]. 

Functionally, SNHG16 was shown to induce cell proliferation, cell cycle and invasion and to 

inhibit apoptosis in the majority of human cancers [264-266]. However, the biological function 

of SNHG16 and its underlying mechanism in NHL are still unknown. SNHG16 transcription 

has been shown to be regulated by several transcription factors, such as c-Myc and STAT3 

[267,268]. Li et al. demonstrated that c-Myc recruits histone acetyltransferase and induces 

RNA polymerase II clearance to upregulate SNHG16 transcription, resulting in enhanced 

cell proliferation, migration and invasion, and inhibited cell apoptosis in tumor cells [269]. 

Furthermore, in another study by Christensen et al., SNHG16 expression was positively 

modulated by Wnt-regulated transcription factors, including c-Myc [267]. On the other hand, 

SNHG16 can regulate gene expression transcriptionally, by acting as a scaffold on 

interchromatin clusters, for example by interacting with EZH2. The expression of p21 was 

shown to be directly inhibited by SNHG16 via recruitment of EZH2, which results induces 

induce cell cycle, cell proliferation and inhibition of apoptosis [265]. Moreover, silencing of 

SNHG16 leads to p21 upregulation and cyclin D1 and cyclin B1 downregulation [270]. 

SNHG16 can also regulate gene expression post-transcriptionally by acting as a ceRNA 

sequestering miRNAs. In diffuse large B cell lymphoma, SNHG16 was shown to sponge 

miR-497-5p, releasing PIM1 from miR-497-5p-mediated inhibition which 

promotes proliferation, cell cycle and inhibits apoptosis of lymphoma cells [263]. Knockdown 

of SNHG16 in MM cells suppressed cell proliferation, induced cell arrest and promoted the 

apoptosis, via inducing cleaved-Caspase-3, cleaved-Caspase-9, Foxa3a, and Bax 

expression, while inhibiting CCND1, Bcl-2, Cyclin D1, PI3K, and p-AKT. SNHG16 effect 

was shown to be due sponging miR-342-3p [271]. Li et al. reported that SNHG16 

competitively binds to miR-4500 upregulating STAT3 leading to cell proliferation, migration, 

invasion, and epithelial-mesenchymal transition process as well as inhibiting cell apoptosis 

[272]. Zhang et al. reported that SNHG16 act as a ceRNA sponging miR‐17‐5p to upregulate 

p62 culminating in the activation of mTOR/PI3K/AKT pathway and NF-κB signaling to 

promote proliferation of tumor cells to repress apoptosis [273]. Recently, it was shown that 

SNHG16 contained a binding site for miR-20a-5p, acting as a ceRNA to inhibit its inhibitory 

function. MiR-20a-5p is a well stablish NHL-associated miRNA, belonging to the miR-17-92 

cluster, which regulates different stages of B cell development and central tolerance [91-

93]. According to our results, similarly to its target lncRNA SNHG16, miR-20a-5p was also 

found upregulated in the plasma samples of NHL patients. In fact, miR-17-92 cluster is 

frequently found overexpressed due to genomic amplification (q31.3) in several lymphomas, 
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including DLBCL and FL [274]. Moreover, overexpression of miR-20a-5p is associated with 

c-Myc expression, which concomitant expression promotes the onset and increase tumor 

growth in a mouse model of B cell lymphoma [94]. Not only c-Myc is involved in the 

transcription of SNHG16, but also it was demonstrated that c-Myc can bind to the promoter 

region of miR-20a inducing its expression [275]. Diverse targets of miR-20a-5p have been 

identified that could explain its oncogenic role in NHL. Most notably hsa-miR-20a-5p targets 

PTEN, whose inhibition results in the activation of PI3K/AKT pathway, one of the central 

pathways in NHL development [276-278]. The proapoptotic protein BIM was also identified 

as one of the hsa-miR-20a-5p targets, where the upregulation of miR-20a-5p in 

lymphocytes results in the development lymphoproliferative disorder, autoimmunity, and 

premature death due to decreased levels of BIM and PTEN [95]. A study by Ventura et al. 

further supported the previous findings by showing that the deletion of miR-20a-5p blocked 

the transition pro-B to pre-B transition, preventing normal B-cell differentiation due to 

upregulation of BIM [279]. Additionally, miR-20a-5p targets such as CDKN1A/p21, which is 

a cell cycle inhibitor enforcing cell cycle arrest in G1/S [280]. The oncogene function of miR-

20a-5p was shown to be also associated with the inhibition of early growth response (EGR)2 

and thus promoting cell proliferation and cell cycle progression [281]. Therefore, we propose 

that the upregulation of both hsa-miR-20a-5p and the corresponding lncRNA pair SNHG16 

is due to the preponderant action of the deregulated MYC in lymphomas, which acts as 

transcription factor of both genes in order to promote lymphoma cells proliferation and 

survival.  

Concerning hsa-miR-181a-5p, SNHG6 was found to be one of the lncRNAs acting 

as a ceRNA. SNHG6 has been found significantly overexpressed in different tumors, being 

also associated with poor clinical outcomes [282]. In a recent study analyzing lncRNA-

mediated ceRNA networks in Hodgkin lymphoma, SNHG6 was reported as upregulated, 

and highly associated with patients’ relapse [283]. Therefore, SNHG6 has been 

characterized as an oncogenic lncRNA involved in the regulation of cell differentiation, 

proliferation, apoptosis, and multidrug resistance  [284,285]. Similar to SNHG16, SNHG6 

regulates gene expression transcriptionally by recruiting EZH2 to promoter regions of 

different tumor suppressor genes, such as P27 and P21 and represses their expression by 

methylation of their promoters [285,286]. Moreover, SNHG6 was identified as molecular 

sponge of miR-101, miR-214 and miR-4465, all of which target EZH2 [287-289]. Therefore, 

SNHG6 can modulate the function of EZH2 at multiple levels. By competitively sponging 

miR-101, SNHG6 also regulates the expression of ZEB1 promoting cell migration and EMT 

[285]. As determined by our bioinformatics analysis, SNHG6 was identified as targeting miR-

181a. In fact, SNHG6 was also shown to act as a molecular decoy to all four members of 

miR-181 family, including miR-181a. Overexpression of SNHG6 represses miR-181a which 
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in turn induces JAK2 expression and promotes tumor cells proliferation [290]. Moreover, 

SNHG6-mediated inhibition of miR-181a was shown to induce proliferation, cell cycle 

progression, migration and invasion, and inhibits apoptosis via upregulation of E2F5 [291]. 

Using a bioinformatics analysis, we identified miR-181a-5p-related PPI network linked to 

proteins like E2F5, CDKN1B, MAPK family, BCL-2/BCL2L11, and MET signaling (KRAS 

and STAT3). This PPI network was enriched in cytokine signaling in the immune system, 

positive regulation of cell proliferation, cell cycle and deregulation of miRNAs in cancer 

pathogenesis as demonstrated in the KEGG and Reactome pathway analysis. Interestingly, 

when analyzing Go terms one of the most enrich hematopoietic or lymphoid organ 

development, emphasizing the involvement of miR-181a-5p in the hematologic system and 

possible involvement in NHL pathogenesis. In fact, a study by Kozloski et al. reported that 

miR-181a-5p is a negative regulator of NF-kB signaling pathway in DLBCL cells, inhibiting 

tumor cell proliferation and viability [292]. 

In fact, when we integrate all the data from the four studied miRNAs, considering 

both targeting lncRNAs and targeted mRNAs, we can observe that the four miRNAs shared 

both lncRNAs and some targeted mRNAs, such as MYC, MAPK1, PTEN, BCL2, indicating 

their involvement in related molecular pathways (Figure 16).  

 

Figure 16. Representation of the overlapped targeting lncRNAs and targeted mRNAs of hsa-miR-20a-5p, hsa-

miR-150-5p, hsa-miR-181a-5p and hsa-miR-335-5p. 
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Specifically, when analyzing the protein interaction between the common targets of 

the four miRNAs we observed that these miRNAs are specially involved in the regulation of 

downstream targets of PI3K-AKT-MYC signaling pathway, which plays a crucial role in cell 

proliferation, angiogenesis, metabolism, differentiation, and survival (Figure 17), and is one 

of the main aberrantly activated pathways that drives lymphomagenesis.  

 

 

Figure 17. Functional interactions between the common targets of hsa-miR-20a-5p, hsa-miR-150-5p, hsa-

miR-181a-5p and hsa-miR-335-5p. 

Only very recently, the interplay between lncRNAs and miRNAs is being unraveled, 

and few studies have reported the deregulation of lncRNA–miRNA in NHL tissue samples 

and cell lines, and their abnormal expression levels were associated with poor prognosis. 

Therefore, our study emerges as the first one demonstrating the importance of ceRNA 

network as biomarkers in a clinical setting, and our results pave the way for the identification 

and development of new ceRNA-prognostic and potential therapeutic targets that could be 

translated into clinical practice. 

 

2. Applicability in NHL patients’ management 

As previously mentioned, despite the improvements in NHL patients’ overall survival, 

there is still an unpredictability factor in the outcome within individual risk groups [12-14]. 

This unpredictability in patients’ outcome can be the reflection of the pathological and 

molecular heterogeneity of NHL. The IPI systems are the current methodology used to infer 

risk stratification and predict the NHL patients’ outcome, however, the IPI systems do not 

consider factors inherent to the molecular heterogeneity of patients nor the tumor, leading 

to the critical need of identifying additional molecular prognostic biomarkers. Therefore, for 

the past few years, there has been an interest in improving patient’s risk stratification by 

introducing classifications based on “cell-of-origin” and molecular features, such as 

circulating tumor DNA in the prognostication of patients with NHL [293].  
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Improvement in patients’ stratification could allow the identification of patient subsets 

with poor prognosis and contribute to a more personalized medicine approach in patient 

management, enabling treatment with risk-adapted therapy. Early identification of high-risk 

patients could potentially lead to the improvement of up-front therapy, by identifying patients 

that could benefit from early treatment intensification or adapted treatment regimes, such 

as the combination of R-CHOP with existing different agents [294-296]. On the other hand, 

the correct identification of “lower” risk patient group could permit the use of reduced-

intensity therapy to a significant proportion of patients, resulting in reduction of treatment 

toxicity. In fact, delays in therapy due to treatment toxicity can enhance the risk of disease 

relapse. Moreover, reducing treatment toxicity would help reduce the cost of supportive care 

for NHL patients. 

Considerable multidisciplinary efforts are being made to molecularly characterize 

the different subtypes of NHL in order to get a deeper knowledge of their molecular biology. 

In fact, nowadays, the most recent WHO classification recognized a DLBCL subset 

characterized by the presence of MYC and BCL2 and/or BCL6 rearrangements known as 

high-grade B cell lymphoma with MYC and BCL2 and/or BCL6 rearrangements (HGBCL-

DH/TH), a more aggressive disease with a worse prognosis after frontline treatment with R-

CHOP [297]. Notwithstanding recent advances, there is further heterogeneity, and this 

genetic information does not seem enough to improve NHL patients’ care so far. Therefore, 

the incorporation of additional molecular biomarkers, such as gene expression data, aside 

from the classical genetic alterations that are commonly addressed by large genomic 

studies, could be the step forward that will allow a better understanding of this complex and 

multivariable disease. 

The presence of circulating tumor-associated components, such as miRNAs and 

lncRNAs, which can be easily assessed, appears as a potential option as lymphoma 

biomarkers. Their circulating stability, their ability to reflect spatial tumor heterogeneity, and 

the possibility of dynamic monitoring during treatment and follow-up, potentiates the interest 

in the use of these entities in liquid biopsy in lymphoma. Moreover, integration of regulatory 

layers, such as ceRNA network, represent not only an opportunity to dissect aberrant 

cellular functions behind the complex process of lymphomagenesis, but also represent an 

interesting approach to select more easily possible biomarkers with functional relevance. 

The joint detection of lncRNAs and miRNAs can significantly improve the specificity and 

sensitivity of liquid biopsy-based diagnosis and prognosis, increase our understanding of 

prognostic and predictive phenotypes and, eventually, leading to better patient follow-up. In 

this instance, the present study is the first to demonstrate that the inclusion of the 

information regarding the expression profile of ceRNA network could greatly improve 

patient’s prognosis assessment in NHL patients. Particularly, patients with low hsa-miR-
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150-5p/high MALAT1 expression, low hsa-miR-335-5p/high NEAT1 expression, high hsa-

miR-20a-5p/high SNHG16 and low hsa-miR-181a-5p/high SNHG6 present a high-risk 

group with worse overall survival and progression-free survival. These results were further 

reinforced by the C-index analysis, where the models incorporating the ceRNA network 

expression analysis clearly improved the predictive capacity compared to the model which 

only considered the clinicopathological variables. 

On the other hand, given the precision medicine era that we stand, it is now 

recognized that tissue biopsy, such as BM biopsy and BM aspirate, does not reliably reflect, 

both temporally and spatially, the whole genomic profile of the tumor. Moreover, they are 

considered invasive procedures, complex procedure to obtain samples, a of difficult 

reproducibility. In this instance, the use of liquid biopsy arises as an attractive alternative 

given the potential of study the molecular landscape of the tumor in a less invasive, ease to 

obtain and more longitudinal approach. Therefore, the use of circulating ncRNAs, such as 

miRNAs and lncRNAs as sensitive biomarkers present in PB, will allow the overcoming of 

these barriers. The analysis of the expression profile should give important indications to 

predict not only the overall clinical outcomes, but also to help determine important clinical 

determinants of disease progression, such as BM involvement. Therefore, one of the aims 

of our study was to determine the degree of correspondence of miRNA-lncRNA expression 

between BM and PB samples as a first step towards their use for BM involvement 

determination using PB either together with, or as a replacement of BM samples. To do this 

we compared the expression levels of our set of miRNAs and corresponding lncRNA pair 

between the two sample types. Comparison of the expression levels for each gene between 

the two sample types showed no significant differences in 5 of the 8 transcripts (hsa-miR-

150-5p, hsa-miR-335-5p, MALAT1, NEAT1 and SNHG16), suggesting an overlap between 

the gene expression of both sample types, and therefore suggesting that the gene‐

expression profile in the bone marrow could be reflected by PB analysis. Moreover, when 

analyzing the expression levels only in BM samples according to lymphoma grade, they 

showed similar expression profiles to those obtain for PB samples. In fact, considering the 

risk groups defined according to the expression levels of each ceRNA pair, we could 

observe that high risk expression profiles are associated with a higher risk of presenting a 

high grade lymphoma.  

Lastly, in order to identify circulating biomarkers indicators of BM involvement in NHL 

patients, we evaluated the capacity of our defined risk groups based on ceRNA pair levels 

to determine the presence of bone marrow involvement. Specifically, we determined that 

NHL patients with high risk expression profiles (hsa-miR-150-5p/MALAT1, hsa-miR-20a-

5p/SNHG16 and hsa-miR-181a/SNHG6) present a higher risk of presenting a positive BMI. 

In fact, miR-150-5p, miR-20a-5p and miR-181a-5p exhibit a preponderant function in B cell 
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development during the BM stages [56]. MiR-150 is an important regulator of the transition 

pre- to pro-B cell in the BM, where its ectopic expression results in blockage of B cell 

development [57]. MiR-20a is highly expressed in progenitor B cells while decreasing its 

expression during B cell maturation, being an important regulator of pro- to pre- B cell 

transition [279]. On the other hand, miR-181a expression positive regulates B cell 

differentiation, and is considered a tumor suppressor in NHL by targeting AID, BCL-6, 

FOXP-1 which are involved in malignant transformation [298]. 

In conclusion, this study highlights the potential use of ceRNA network as a new 

approach to help identify potential biomarkers for NHL with biological significance, using a 

minimally invasive approach. To the best of our knowledge, this is the first study introducing 

circulating miRNAs and their associated lncRNAs as novel complementary biomarkers in 

NHL prognosis.  
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Conclusion and Future Perspectives 

B cell NHLs are characterized as a highly heterogeneous group, which is reflected 

by variability in prognosis and treatment responses between the different subgroups. 

Therefore, it is crucial to focus on elucidating the molecular background and pathogenesis 

underlying these malignancies. As previously discussed, in the last years, miRNAs and 

lncRNAs have emerged as powerful regulators of B cell development and 

lymphomagenesis, however, our current knowledge is still limited, since it derives 

essentially from individual research studies of miRNA and lncRNA expression profile. 

Additional research is needed to unravel the complex functional network surrounding the 

miRNAs and lncRNAs and their potential regulatory interactions involved in the process of 

B cell lymphomagenesis.  

The introduction of miRNAs and lncRNAs in liquid biopsies provides a great 

opportunity for improving the diagnostic accuracy and for dynamically monitoring NHL 

patients, in a noninvasive and reproducible manner, and could assist in patient stratification, 

selection of optimal treatment, and individual monitoring of therapeutic response. 

In fact, the results clearly showed that plasma levels of hsa-miR-150-5p/MALAT1, 

hsa-miR-335-5p/NEAT1, hsa-miR-20a-5p/SNHG16 and hsa-miR-181a-5p/SNHG6 were 

associated with patient clinical outcome, helping in the prediction of patients’ overall survival 

and progression-free survival. Moreover, the analysis miRNA/lncRNA profile in PB could be 

a promising alternative to the invasive BM biopsy and BM aspiration in order to stablish the 

BMI in NHL patients. In this context, our results demonstrated that the combination of 

miRNA and lncRNA levels involved in ceRNA networks can be used as potential new 

biomarkers to determine the presence of BMI. 

Therefore, our study introduces circulating miRNAs and their associated lncRNAs 

as novel complementary biomarkers in NHL prognosis. Our results could shed light in the 

development of precision medicine with the identification of miRNA-lncRNA profiles that 

permits the identification of risk patients improving the management of NHL patients. 

Despite the novelty of our study by introducing the analysis of ceRNA network components 

as useful circulating biomarkers for NHL prognosis, our study presents a few limitations. 

First, our prognostic model should be analyzed in larger patient cohorts for further validation 

of the results. Secondly, it would be interesting to also evaluate the expression of the target 

mRNAs related to the identified ceRNA networks and analyzed their clinical value, verifying 

if the introduction of another related component of the network improves patients’ prognosis 

prediction. Analysis of the expression profile in circulation and in paired tumor tissue would 

permit to compared circulating and tissue RNAs dynamics. Moreover, future studies should 

focus on validating and clarifying the biological function of the identified circulating 
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transcripts, by performing in vitro studies to modulate the expression of the transcripts and 

investigate their influence on tumor cells properties (e.g. cell proliferation and cell 

apoptosis). 

Considering our results, we believe that future research should focus on combining 

the analysis of cell-free RNA and DNA, as well as other molecules, providing a multiomics 

approach for better characterization of NHL patients. These rational could have far-reaching 

clinical impact and be the step forward in the field to identify minimal invasive, lymphoma-

specific biomarkers that can be routinely implemented in clinical practice. 

The further understanding we have about the involved molecular mechanisms, the 

faster we will open clinical avenues toward personalized medicine and the development of 

new effective therapies, with great clinical benefit for the patient, as seen through the 

several clinical trials involving ncRNAs-based therapies. Despite the difficulty of getting 

bench-based ncRNAs to the bedside, several companies are developing miRNA- and 

lncRNA-based drugs, some of which are already being tested in phase I and phase II clinical 

trials. In fact, in 2018, the FDA approved the first siRNA drug, Patisiran, to be employed in 

the treatment of a rare polyneuropathy caused by transthyretin-mediated amyloidosis [299-

301]. Despite the best efforts to uncover the regulatory role of miRNAs and lncRNAs in 

lymphoma, additional research is needed to better understand the complex functional 

network behind miRNAs/lncRNAs regulatory interactions during lymphomagenesis in order 

to translate this knowledge into clinical practice. Especially regarding lncRNA biology and 

their function, this is still an area of investigation in its infancy.  
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Abstract: Non-Hodgkin lymphoma (NHL) is a heterogeneous malignancy with variable patient
outcomes. There is still a lack of understanding about the different players involved in lymphomage-
nesis, and the identification of new diagnostic and prognostic biomarkers is urgent. MicroRNAs and
long non-coding RNAs emerged as master regulators of B-cell development, and their deregulation
has been associated with the initiation and progression of lymphomagenesis. They can function by
acting alone or, as recently proposed, by creating competing endogenous RNA (ceRNA) networks.
Most studies have focused on individual miRNAs/lncRNAs function in lymphoma, and there is
still limited data regarding their interactions in lymphoma progression. The study of miRNAs’ and
lncRNAs’ deregulation in NHL, either alone or as ceRNAs networks, offers new insights into the
molecular mechanisms underlying lymphoma pathogenesis and opens a window of opportunity
to identify potential diagnostic and prognostic biomarkers. In this review, we summarized the
current knowledge regarding the role of miRNAs and lncRNAs in B-cell lymphoma, including their
interactions and regulatory networks. Finally, we summarized the studies investigating the potential
of miRNAs and lncRNAs as clinical biomarkers, with a special focus on the circulating profiles, to be
applied as a non-invasive, easy-to-obtain, and reproducible liquid biopsy for dynamic management
of NHL patients.

Keywords: lymphoma; non-Hodgkin’s lymphoma; miRNAs; lncRNAs; biomarkers

1. Introduction

Non-Hodgkin lymphomas (NHL) are a very heterogeneous group of lymphoprolifer-
ative malignancies characterized by the infiltration of lymphoid tissues [1]. The majority of
NHL are derived from B cells (85% to 90%), while the remaining are derived from T cells
or NK cells [1]. The most common NHL subtypes are the aggressive diffuse large B-cell
lymphoma (DLBCL) (~30%) and the indolent follicular lymphoma (FL) (~20%) [1]. Over the
years, with the advance of gene-expression profiling and next-generation sequencing, new
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evidence has provided substantial insights into the etiology and the molecular alterations
of the different entities comprising NHL; however, several questions remain unanswered;
therefore, it is crucial to deepen our understanding of the pathogenesis of NHL in order to
adopt a more personalized therapeutic approach for these patients.

In general, treatment modalities of NHL encompass chemotherapy, immunochemother-
apy, and/or radiation therapy. In fact, the addition of rituximab to the anthracycline-
containing chemotherapy regimen (cyclophosphamide, doxorubicin, vincristine,
prednisone–R-CHOP) was a major turning point in NHL patients’ management, signif-
icantly improving the outcomes. However, a significant percentage of patients (approx-
imately 20–50%) are refractory ab initio or ultimately relapse, presenting only a 20–40%
2-year overall survival rate [2–4]. These raise the urgent need to broaden our knowl-
edge concerning new molecular and biological biomarkers with predictive and prognostic
potential, and ultimately, develop new therapeutic agents.

Recently, non-coding RNAs (ncRNAs), which were once thought to be “junk RNA”,
have emerged as essential players in the molecular events of normal B-cell development
and in lymphomagenesis [5]. MicroRNAs (miRNAs) are undoubtedly the class of ncRNAs
most studied over the years, especially due to their relevant biological function in gene
regulation [6]. MiRNAs are characterized as small ncRNAs with ~22 nucleotides in length,
present in all eukaryotic cells, and highly conserved. They function as gene regulators at a
post-transcriptional level through binding to the 3′ untranslated region (UTR) of a target
mRNA, which results in their repression or degradation [7]. Recently, the role of miRNAs
as regulatory players in B-cell lymphomas is being unveiled, and they have been proposed
as potential biomarkers for the diagnosis, prognosis, and prediction of therapy response [8].
To date, it is established that miRNAs can be found in circulation, not only in its cell-free
form but also encapsulated in extracellular vesicles (such as exosomes), which permit
them to function in a paracrine manner during lymphoma development and progression
(reviewed by Fernandes et al. [9]).

Recent studies have shown that another class of ncRNAs, known as long non-coding
RNAs (lncRNAs), are also master regulators of multiple protein-coding genes and are
involved in all cancer hallmarks [10,11]. LncRNAs are characterized for being more than
200 nucleotides long and can be further classified based on their biogenesis loci in intronic,
exonic, intergenic, or overlapping sense/antisense lncRNAs, and divergent/convergent
lncRNAs (Figure 1) [12]. These molecules exhibit relatively low expression but high tissue
and disease-specific expression patterns [13]. Among the different functions of lncRNAs in
gene expression regulation is the remarkable interplay between lncRNAs and miRNAs,
which has the ability to balance miRNA function as miRNA sponges/decoys, creating a
competitive endogenous RNA (ceRNA) network [14,15]. LncRNAs can sequester miRNAs
by presenting biding sequences for miRNAs and impairing their functional interaction with
mRNA [16]. Moreover, one lncRNA has the ability to sponge various miRNAs through
different biding sites, as seen, for example, for lncRNA MALAT1, which was demonstrated
to target miR-101, miR-129, and miR-199a [17–20]. Therefore, the miRNA regulatory
network is more intricate than previously thought by adding another regulatory layer to
the network involving lncRNAs. Recent studies have shown that lncRNAs regulate cell
differentiation, and their deregulation plays a key role in the pathogenesis of cancer [21,22].
In fact, some studies have been analyzing the expression pattern of lncRNAs in the different
B-cell lymphoma subtypes. However, compared to solid tumors, there is still a limited
number of studies analyzing the role of lncRNAs during normal B-cell development and
as key players in B-cell malignancies.
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Figure 1. LncRNA can be classified based on: (A) the genomic location between two coding genes 

in: intronic, exonic, intergenic, and overlapping lncRNA; (B) the template strand from which they 

are transcribed in: sense and antisense lncRNA; and (C) the direction of lncRNA transcription in: 

divergent and convergentlncRNA. Arrows indicate the transcription direction. Red, blue, yellow, 

and green boxes represent exons from different coding genes. 

In this review, we will address the current knowledge of the biological function of 

miRNAs and lncRNAs in B‐cell development and how this intricate regulatory network 

involving  the  two ncRNAs plays a central role  in  lymphomagenesis. Moreover, we at‐

tempt to shed light on the potential of miRNAs and lncRNAs as biomarkers to be used in 

the liquid biopsy‐based clinical management of NHL patients in order to potentiate treat‐

ment efficacy. 
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Figure 1. LncRNA can be classified based on: (A) the genomic location between two coding genes
in: intronic, exonic, intergenic, and overlapping lncRNA; (B) the template strand from which they
are transcribed in: sense and antisense lncRNA; and (C) the direction of lncRNA transcription in:
divergent and convergentlncRNA. Arrows indicate the transcription direction. Red, blue, yellow,
and green boxes represent exons from different coding genes.

In this review, we will address the current knowledge of the biological function of
miRNAs and lncRNAs in B-cell development and how this intricate regulatory network
involving the two ncRNAs plays a central role in lymphomagenesis. Moreover, we attempt
to shed light on the potential of miRNAs and lncRNAs as biomarkers to be used in the liquid
biopsy-based clinical management of NHL patients in order to potentiate treatment efficacy.

2. MiRNAs and lncRNAs Deregulation in Lymphomagenesis
2.1. Evidence Acquisition

The literature search was performed in the PubMed database and Google Academic
to identify articles published between January 2000 and July 2021 that analyzed the role
of miRNAs and lncRNAs in B-cell lymphoma using the following search terms: ((“Non-
coding RNA”) OR (“microRNA” OR “miRNA” OR “miR”) OR (“lncRNA” OR “long
noncoding RNA”) AND (“lymphoma” OR “B-cell Lymphoma” OR “NHL”). In order to
search for studies investigating miRNAs and lncRNAs as a diagnosis, subtype, treatment
response, or prognosis biomarkers, with special focus in circulating biomarkers, the fol-
lowing search terms were used: (“B-cell Lymphoma” OR “Lymphoma Non-Hodgkin”
OR “NHL”) AND ((miRNA OR microRNA OR miR) OR (“long non-coding RNA” OR
lncRNA)) AND (Biomarker OR Biomarkers) AND (circulating OR “peripheral blood” OR
“cell-free” OR free OR plasma OR serum). We excluded articles not published in English,
reviews, case reports, opinion articles, as well as those studies carried out on other diseases.

2.2. The Role of miRNAs in B-Cell Lymphomagenesis

Considering that B-cell development is a highly regulated process, it is not surprising
that miRNAs have been implicated in the regulation of most of the stages comprising
this process (Figure 2). Interestingly, during B-cell development, most miRNAs show
a stage-specific expression pattern, highlighting their stage-specific function [23]. The
process involving B-cell differentiation seems to be prone to malignant transformation,
with increasing evidence showing that disruption of the miRNA network takes part in the
initiation and maintenance of lymphomagenesis.
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Figure 2. miRNA and lncRNA expression during the different stages of B-cell development. During B-cell development,
miRNAs and lncRNAs show a stage-specific expression pattern. For example, miR-181a-5p, miR-150-5p, miR-132-3p, and
miR-126-3p were shown to be differentially expressed during the development stages of B cells; in particular, miR-181a-5p
ectopic overexpression in common lymphoid progenitors results in an increasing total number of B cells. Conversely,
overexpression of miR-23a-5p in HSCs results in the inhibition of B-cell development. MiRNAs are involved in the
modulation of the checkpoint of pro to pre-B-cell transition. MiR-132-3p shows a stage-specific and BCR-dependent
expression, being normally expressed after the pro-B stage; miR-24-3p, miR-34a, and miR-150-5p, when overexpressed,
block the transition at pro to pre-B-cell. In secondary lymphoid tissues, miR-155 and miR-181b are highly expressed in
activated B-cells in germinal centers. miR-155 and miR-181b-deficient B cells have defective antibody class switching
and differentiation into plasma cells; both miRNAs target activation-induced cytidine deaminase (AID) and PU.1, which
promote antibody class switching and antibody production. Other miRNAs, e.g., miR-9, miR-125b, and the miR-30 family,
are expressed in GC B cells and enhance plasma-cell differentiation. Concerning lncRNAs regulation of B-cell development,
lncRNAs MYB-AS1, SMAS-AS1, and LEF-AS1 were found to play a role in early B cells; CRNDE is overexpressed during
proliferating stages, such as pre-B-cells and centroblasts in the GC. LncRNA XIST modulates the X-linked gene regulation
from antigen naïve B-cells to activated B-cells during B-cell stimulation. Expression of lncRNAs PVT1 and RP11-132N15.3
were associated with the expression of AID in the GC. (Abbreviations: B-cell receptor (BCR); Follicular B cells (FO B-cells);
Hematopoietic stem cells (HSCs); Marginal zone B-cells (MZ B-cells)).

Given the regulatory role of the miR-17~92 cluster (comprising miR-17, miR-18a,
miR-19a, miR-19b-1, miR-20a, and miR-92-1) during the stages of bone marrow (BM) B-cell
development and central tolerance, its deregulated expression was shown to have onco-
genic potential [24]. In fact, the 13q31.3 locus, which encodes this cluster, is often found
amplified in B-cell malignancies, including DLBCL, mantle cell lymphoma (MCL), and
FL [25–27]. The overexpression of the miR-17~92 cluster, concomitantly with the expression
of oncogene Myc, promoted the onset and increased tumor growth in a mouse model of
B-cell lymphoma [28]. Interestingly, Xiao et al. generated mice expressing two copies of
human miR-17~92 in the B and T-cell compartments and observed that these mice devel-
oped lymphoproliferative disease and autoimmunity, showing elevated autoantibody and
lymphocyte infiltration into non-lymphoid organs. The effects of miR-17~92 upregulation
seemed to be associated with decreased levels of BIM and PTEN (both miR-17~92 targets),
resulting in increased proliferation and resistance to cell death [29]. Moreover, a study
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identified miR-19a and miR-19b as the key oncogenic components of the miR-17~92 cluster.
MiR-19 was shown to target PTEN, resulting in the activation of the AKT1-MTOR pathway
and ultimately promoting cell survival in vitro and boosting tumor formation in vivo [30].
A B-cell-specific miR-17~92 transgenic mouse developed lymphomas with high penetrance,
phenotypically resembling human lymphomas, including DLBCL, showing the role of the
miR-17~92 cluster as a driver of B-cell lymphomagenesis [31]. The cell-cycle regulators
E2F3 and BIM were identified as direct targets of the miR-17~92 cluster; therefore, they
are involved in the mediation of B-cells’ proliferation and survival. Additionally, miR-
17~92-driven lymphoma cells exhibited constitutive activation of PI3K due to PTEN and
PHLPP2 repression, and of the NF-κB pathway, due to inhibition of NF-kB deubiquitinases,
CYLD, and A20 [31]. Lastly, chemical inhibition of PI3K (AZD8055) or NF-kB (BMS-345541)
resulted in reduced tumor size and prolonged survival of lymphoma-bearing mice, high-
lighting the importance of the miR-17~92 cluster as a driver of both tumor development
and maintenance [31].

Another central miRNA during B-cell development, which is also aberrantly expressed
in different B-cell lymphomas, is miR-155. MiR-155-5p controls plasma-cell production by
inhibiting transcription factor SPI1, culminating in the downregulation of PAX5, which
is required for normal terminal B-cell differentiation [32]. In vitro and in vivo inhibition
of miR-155 was shown to diminish cell survival and cell proliferation and reduce tumor
growth in mice [33]. Thai et al. observed a reduction in the total number of germinal
center (GC) B cells in miR-155-deficient mice and, conversely, an increase in knock-in
mice, probably as a result of targeting the transcription factor SPI1 [34,35]. MiR-155 was
reported to be involved in the modulation of the PIK3CA-AKT1 pathway by directly
targeting the negative regulator PIK3R1 (p85α) in DLBCL cells [36]. According to Zhu
et al., miR-155 seems to modulate cell proliferation, cell cycle, and apoptosis of DLBCL cells
by targeting transforming growth factor-β receptor 2 (TGFBR2) [37]. Several studies have
been focusing on unveiling the miR-155 oncogenic role in B-cell lymphomas, reporting
that its targets NIAM, histone deacetylase 4 (HDAC4), and SHIP1 [38–40]. Interestingly,
Rai et al. reported a unique mechanism in DLBCL cells involving miR-155 overexpression,
which renders lymphoma cells the ability to escape TGF-β’s growth-inhibitory effects. They
reported that miR-155 directly targets the bone morphogenetic protein (BMP)-responsive
transcriptional factor SMAD5 and that TGF-β1 also activated SMAD5 in DLBCL cells. Thus,
the overexpression of miR-155 resulted in resistance to the cytostatic effects derived from
both BMPs and TGF-β1 due to impaired activation of p21 and impaired cell cycle arrest [41].
During follicular B-cell maturation, miRNAs firmly regulate class-switch recombination,
which includes further Ig gene rearrangements. miR-125b-5p targets transcription factors
PRDM1 and IRF4, both involved in the activation of class-switch recombination, making
its repression required for the normal B-cell development; otherwise, the development of
B-cell malignancies may occur [42–44]. Moreover, similar results were obtained by other
miRNAs, namely miR-30b-5p, miR-30d-5p, and miR-9-5p, by also targeting PRDM1 [45].

In GC, miR-21 promotes B-cell activation and proliferation, driving GC B-cell expan-
sion and response [46]. The role of miR-21 as oncomiRNA in lymphoma was demonstrated
using a mouse model overexpressing miR-21, which resulted in the spontaneous devel-
opment of a pre-B-cell lymphoma. Inversely, tumor regression was observed after miR-21
repression due to increased apoptosis and proliferation arrest [47]. Moreover, PTEN and
PDCD4 have been indicated as miR-21 targets and regulators of the PI3K/AKT and MAPK
signaling pathways, which in turn mediate proliferation and apoptosis in lymphoma
cells [48,49]. Conversely, miR-21 expression was shown to be transcriptionally activated
by NF-κB [50]. Another described oncomiRNA in B-cell lymphomas is miR-217, whose
expression is found upregulated as a result of B-cell stimulation in the context of the
GC reaction. GC reaction is induced by miR-217 due to stabilization of Bcl-6 expression,
resulting in enhanced production of class-switched antibodies and frequency of somatic
hypermutation [51]. Importantly, Yébenes et al. showed that miR-217 overexpression also
promotes mature B-cell lymphomagenesis. These results suggest that both miR-217 and
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Bcl-6 participate in the same network that makes GC cells permissive to genomic instability
and prone to malignant transformation [51].

On the other hand, the deregulation of tumor-suppressive miRNAs is also frequently
implicated in both B-cell lymphoma development and progression. In this instance, miR-
34a has emerged as a tumor suppressor in lymphoma, linked to the p53 network. After p53
stabilization, miR-34a is upregulated in B cells, leading to a direct decrease of B-MYB and
indirect decrease of E2F1 and the induction of cell-cycle arrest [52]. Moreover, p53 FOXP1
has also been described as a miR-34a target, where miR-34a downregulation results in
higher levels of FOXP1 and BCL6, which in turn supports DLBCL m. Furthermore, miR-34a
was also shown to target AXL, a receptor tyrosine kinase that activates PI3K/AKT signaling,
and to be overexpressed in chronic lymphocytic leukemia (CLL) [56]. Cluster 15/16
miRNAs’ implication in the pathogenesis of B-cell lymphomas was first demonstrated
when Calin et al. reported that miR-15/16 downregulation is due to the loss of the 13q14
locus, where the cluster is encoded in CLL [5]. Subsequent studies demonstrated that their
tumor suppressor function was, at least in part, through the activation of cell apoptosis by
targeting BCL2, MCL1, and CDK6 [57]. Moreover, miR-15/16 were shown to be part of a
positive feedback loop involving TP53, which is a direct target of the cluster in CLL [58].
The deregulation of the miR-15/16 cluster has also been linked with the pathogenesis
of other types of lymphoma, such as MCL, where their downregulation was induced by
c-Myc and histone deacetylase [59].

Another MYC-regulated miRNA that has been implicated in B-cell pathogenesis
is miR-150. Presenting a stage-specific expression during B-cell development, miR-150-
5p prevents pro to pre-B-cell transition when overexpressed prematurely [60,61]. By
downregulating miR-150, MYC induces the expression of FOXP1 and GAB1, regulators
of cell survival and B-cell receptors, and of NF-κB signaling in malignant B cells [62].
The deregulation of miRNAs has also been implicated in other signaling pathways of
B-cell lymphomas, such as mitogen-activated protein kinase (MAPK) and Wnt/β-catenin
signaling pathways. For example, miR-101 was shown to regulate cell proliferation and
apoptosis by targeting mitogen-activated protein kinase 1 (MEK1), an upstream protein
kinase of the ERK/MAPK pathway, in DLBCL [63].

Taken together, these studies have been confirming the causative role of deregulated
miRNA expression in B-cell lymphomagenesis, identifying potential clinically relevant
miRNAs for profiling studies and relevant targets for miRNA-based therapies.

2.3. The Role of LncRNAs in B-Cell Lymphomagenesis

Regarding the regulatory role of lncRNA during the different stages of B-cell develop-
ment and as drivers of B-cell malignancies, there is still scarcer information when compared
to miRNAs. LncRNA expression profiling studies have reported that lncRNA exhibits
cell-type-specific expression patterns during the different stages of B-cell differentiation
(Figure 2) [64–67]. Consequently, each B-cell subset can be differentiated using its unique
lncRNA expression profile [67]. Petri et al., using a guilt-by-association method, analyzed
lncRNAs originated from protein-coding genes with known functions in B-cell develop-
ment and identified antisense lncRNAs, such as MYB-AS1, SMAS-AS1, and LEF-AS1, with
roles in early B cells, associated with RAG2, VPREB1, DNTT, LEF1, SMAD1, and MYB
expression [66]. On the other hand, lncRNA colorectal neoplasia differentially expressed
(CRNDE) showed high expression during the proliferating stages, such as pre-B cells and
centroblasts in the GC, which was tightly associated with the expression of mitotic cell
cycle genes [66]. In fact, CRNDE was previously demonstrated to be linked to cell-cycle
and metabolic changes during proliferation [68,69]. Brazão et al. identified the expres-
sion of PVT1 and some uncharacterized lincRNAs, such as LINC00487, LINC00877, and
RP11-132N15.3, associated with the expression of AID and SERPINA9, both specifically
expressed in GC centroblasts and centrocytes. Of note, RP11-132N15.3 is described to
be encoded approximately 240 kilobases upstream of BCL6 [65,66]. Additionally, based
on mice models, several lncRNAs demonstrated a PAX5-dependent expression, a tran-
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scription factor involved in B-cell commitment, which were shown to be bound by PAX5
and to have human orthologs previously described [65]. Verma-Gaur et al. proposed that
germ-line-transcribed lncRNAs regulate V(D)J recombination during the pro-B stage by
assisting locus compaction, which brings heavy chain genes close to undergoing efficient
gene rearrangements. Remarkably, the most expressed transcripts were PAX5-activated
intergenic repeat (PAIR) elements, PAIR4 and PAIR6, whose transcription is antisense to
PAX5 [70]. Moreover, they demonstrated that YY1−/− pro-B cells, a key player in distal VH
gene rearrangement, presented a considerable reduction in antisense transcription between
the PAIR promoters and the intronic enhancer, and consequently an impaired distal VH
gene rearrangement, reinforcing the hypothesis of PAIR4 and PAIR6 as central regulators of
the V(D)J recombination [70]. Later on, Syrett et al. proposed that YY1 binds and relocates
lncRNA Xist to the inactive X-chromosome during B-cell stimulation, modulating the
X-linked gene regulation from antigen naïve B cells to activated B cells [71]. According
to Tayari et al., naïve and memory B-cell subsets exhibit analogous lncRNA expression
patterns but are distinct from highly proliferating GC-B cells, which was corroborated in
two other profiling studies [64,65,67].

Non-coding antisense transcripts of PU.1 were reported to inhibit the expression of
PU.1 at a translation level, which could indicate its pivotal role in lymphomagenesis given
the regulatory function of PU.1 in B-cell differentiation [72,73].

On the other hand, over the past few years, some studies have been trying to unveil the
mechanistic pathways associated with the deregulation of lncRNAs during lymphomagen-
esis. In this instance, TP53 has been linked to the expression of some lncRNAs in different
lymphoma subtypes. In fact, Blume et al. demonstrated, for the first time, the association
of lncRNAs and the p53 pathway in CLL and lymphoma by inducing a p53-dependent
DNA damage response, which resulted in increased expression of two lncRNAs, NEAT1
and lincRNA-p21, regulating apoptosis or cell-cycle arrest and DNA repair [74]. In DLBCL,
p53 can directly bind to the promoter region of the lncRNA PANDA, which inactivates the
MAPK/ERK signaling pathway, suppressing the proliferation of DLBCL cells by a G0/G1
cell-cycle arrest [75]. Peng et al. demonstrated that lncRNA HULC regulates DLBCL
cell apoptosis and cell proliferation via the upregulation of antiapoptotic BCL2 protein
and cyclin D1 [76]. The Wnt/β-catenin signaling pathway was shown to be activated by
lncRNA FIRRE through promoting the nuclear translocation of β-catenin [77]. LncRNA
DBH-AS1, found to be upregulated in DLBCL, was identified as a positive regulator of
cell proliferation, migration, and invasion via binding to the RNA-binding protein BUD13
homolog (BUD13), which in turn regulates fibronectin 1 expression [78]. Cheng et al. ob-
served suppression of DLBCL cell proliferation and tumor growth after TUG1 knockdown,
promoting the ubiquitination of MET and the subsequent degradation [79]. Similarly,
the knockdown of HOTAIR expression resulted in growth inhibition, cell-cycle arrest,
and apoptosis, possibly involving the regulation of PI3K/AKT/NF-κB pathways [80].
Moreover, the HOTAIR function was associated with epigenetic regulation by recruiting
polycomb repressive complex 2 (PRC2) proteins (EZH2, SUZ12, and EED), which induces
H3K27me3, strongly related with aggressive DLBCL [81]. Sehgal et al. described an al-
ternative splicing mechanism of Fas, firmly regulated by its antisense lncRNA FAS-AS
via binding to RBM5, which induces Fas-mediated apoptosis in lymphoma. Conversely,
FAS-AS1 expression is regulated by EZH2, which hyper-methylates the FAS-AS1 promoter,
suppressing its expression [82]. In MCL, EZH2 has also been associated with the lncRNA
MALAT1. Specifically, Wang et al. demonstrated that the knockdown of MALAT1 resulted
in reduced levels of EZH2 and H3K27me3, while the expression levels of CDKs inhibitors
p21 and p27 increased, resulting in cell-cycle arrest at the G1/S transition [83]. Similarly,
a study by Li et al. reported silencing MALAT1 in DLBCL cells results in decreased cell
proliferation and invasion and increased cell apoptosis. Concomitantly, they observed
an increase in the expression levels of two autophagy indicators, LC3-II/LC3-I proteins
and p62, reflecting the increase in autophagy in DLBCL cells [84]. A previously identified
NOTCH1-regulated lncRNA in T-ALL, LUNAR1, was shown to regulate cell cycles and
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proliferation in lymphoma cells. LUNAR1 downregulation resulted in the inhibition of cell
proliferation via E2F1, cyclin D1, and p21 [85,86].

Recently, emerging evidence has been demonstrating that a large group of lncRNAs
exert their function as ceRNAs to fine-tune the miRNA-mediated regulation of protein
abundance in lymphoma development.

2.4. The Role of LncRNAs as ceRNAs in B-Cell Lymphomagenesis

Karreth et al. demonstrated that lncRNA BRAFP1, which is aberrantly expressed
in B-cell lymphomas, acts as a ceRNA with BRAF mRNA, increasing its stability and
BRAF levels by sequestering specific BRAF-targeting miRNAs, such as miR-134, miR-543,
and miR-653. Consequently, BRAF activates MAPK signaling, resulting in DLBCL cells’
proliferation [87]. In fact, NEAT1 was identified as an MYC-regulated transcript promot-
ing DLBCL cells proliferation and lymphomagenesis by regulating the miR-34b-5p-GLI1
pathway [88]. Interestingly, NEAT1, along with LincRNA-p21, were also identified as
p53-dependent DNA damage response machinery in lymphoma and CLL [74]. Zhao et al.
reported that lncRNA PEG10 exhibits an oncogenic role in DLBCL progression by spong-
ing miR-101-3p, which directly targets KIF2A. Moreover, abrogation of PEG10 or KIF2A
expression resulted in the inhibition of cell proliferation, migration, and invasion, and
promotion of cell apoptosis [89]. Recently, Tian et al. reported the upregulation of PCAT1,
a proven key carcinogenic driver of hepatocellular carcinoma, in DLBCL [90]. Moreover,
they investigated the mechanism behind PCAT1 action in DLBCL cells and observed an
interplay between this lncRNA and miR-508-3p, which the inhibition of results in upregu-
lation of NFIB, inducing DLBCL cell proliferation, migration, and invasion [90]. Similarly,
lncRNA UCA1 was found upregulated in DLBCL, being involved in the regulation of cell
proliferation, migration, and invasion by competitively binding with miR-331-3p [91].

Another reported upregulated lncRNA in DLBCL is MALAT1, whose ceRNA func-
tion is through sponging miR-195, resulting in the activation of the immune checkpoint
molecule PD-L1 and consequently promoting cell proliferation, migration, and immune
escape. Moreover, MALAT1 can induce CD8+ T cell apoptosis and epithelial–mesenchymal
transition (EMT)-like processes by regulating the Ras/ERK signaling pathway [92]. In
MCL, the knockdown of MALAT1 resulted in cell-cycle arrest and impaired proliferation
due to the upregulation of p21 and p27 by EZH2 [83]. MiR-423-5p was reported to be
involved in a ceRNA network with lncRNA FOXP4-AS1 in MCL cells. Mechanistically,
FOXP4-AS1 acts as a sponge to miR-423-5p, upregulating the expression of NACC1, which
results in MCL cell proliferation, migration, and invasion [93].

The induction of proliferation and cell-cycle progression accompanied with inhibition
of cell apoptosis was observed as a result of lncRNA LINC01857 upregulation through
targeting miR-141-3p/MAP4K4 axis in DLBCL. The biological effect of LINC01857 was as-
sociated with the activation of the PI3K/mTOR pathway and the induction of the EMT pro-
cess [94]. Huang et al. reported that lncRNA LINC00857 regulates the miR-370-3p/CBX3
axis by competing for miR-370-3p binding, resulting in the modulation of DLBCL cell
proliferation and apoptosis [95]. The silencing of lncRNA SBF2-AS1 resulted in decreased
cell viability and growth via directly targeting miR-494-3p and, consequently, resulting
in decreased FGFR2 expression [96]. Recently, Xu et al. reported that transcription factor
PAX5 activates lncRNA ARRDC1-AS1, which functions as a sponge for miR-2355-5p to
upregulate ATG5, resulting in increased autophagy and progression of DLBCL [97]. Li et al.
demonstrated the oncogenic function of TUC338 in DLBCL by sponging miR-28-5p, which
leads to the activation of the EGFR/PI3K/AKT pathway [98]. Another recently identified
oncogenic lncRNA in DLBCL is LINC00908, which, when silenced, results in the inhibition
of cell proliferation and invasion. Moreover, LINC00908 function seems to be through
directly binding and inhibiting miR-671-5p [99].

On the other hand, SMAD5-AS1 was reported to be downregulated in DLBCL since
it inhibits DLBCL proliferation by sponging miR-135b-5p to ultimately upregulate APC
expression and inhibit the Wnt/β-catenin pathway [100]. LINC00963 was also described
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as having a tumor-suppressive role in DLBCL cells since overexpression of this lncRNA
resulted in the inhibition of cell proliferation in vitro and tumor growth in vivo. LINC00963
directly binds to miR-320a, regulating endoplasmic reticulum stress and autophagy via
XBP-1 targeting [101].

An emerging class of lncRNA, known as small nucleolar RNA host genes (SNHGs),
has been proposed to also function as miRNA sponges in B cell lymphoma. Chen et al.
observed that SNHG12 knockdown inhibited cell growth, migration, and invasion in vitro
and in vivo by sequestering miR-195 [102]. SNHG14 was reported to promote DLBCL
progression and immune evasion by a positive feedback loop involving the SNHG14/miR-
5590-3p/ZEB1 axis. Specifically, SNHG14 sequesters miR-5590-3p, upregulating ZEB1,
which, in turn, transcriptionally activates SNHG14 and PD-L1, thus modulating the PD-
1/PD-L1 checkpoint [103]. Similarly, another study also reported the role of SNHG14
in promoting both DLBCL progression and immune evasion via the PD-1/PD-L1 check-
point, but in this instance by sponging miR-152-3p [104]. Zhu et al. demonstrated that
mechanistically SNHG16 acts as a ceRNA by sequestering miR-497-5p, which targets PIM1
resulting in the promotion of proliferation and inhibition of apoptosis in DLBCL [105].
Moreover, lncRNA SNHG8 was described as having a cancer-promoting effect on DL-
BCL by directly targeting miR-335-5p, which promotes proliferation while inhibiting the
apoptosis of DLBCL cells [106].

The recent emerging data concerning the action of lncRNAs as miRNAs sponges
highlights the complex post-transcriptional balance involved in gene-regulation networks.
Altogether, these studies show the significant role of ceRNAs in lymphoma pathogenesis,
which needs further characterization.A better understanding of ceRNA interactions may
open the opportunity to exploit this crosstalk for biomarkers discovery and precise RNA-
based therapies in lymphoma.

3. MiRNAs and lncRNAs as Potential Biomarkers for NHL

The current gold standard for NHL diagnosis and classification remains tissue biopsies
of an involved lymph node (or a tumor in another organ) and BM aspiration and biopsy to
establish BM involvement [1]. However, these procedures are not only invasive but also do
not reflect tumor heterogeneity and clinical behavior. BM biopsy raises the question of its
routine use, especially in patients with a low probability of bone marrow involvement, but
also, being the collection sites only the sternum or ilium; they do not necessarily reflect
the overall condition of the BM. Lastly, biopsies are unsuitable for dynamic monitoring
during treatment and follow-up. The presence of circulating tumor-associated components,
known as “tumor circulome”, which can be easily assessed, appears as a potential option
as cancer biomarkers for liquid biopsies (Figure 3) [107]. One of the major components of
“tumor circulome”, highly present in circulation, are the miRNAs [108]. MiRNAs emerged
as excellent biomarker candidates due to their high stability in biological samples and their
high specificity and sensitivity (Table 1) [8]. Similarly, increasing evidence has proposed
lncRNAs are promising cancer diagnostic and prognostic biomarkers, especially given their
high cell type, tissue, and disease type-specific expression (Table 2). Moreover, lncRNAs
have been considered stable and can also be detected in circulation [109]. However, the
majority of studies analyzing deregulated lncRNAs in lymphoma have been performed on
tissue samples and cell lines.
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Table 1. Circulating miRNAs as Potential Diagnostic and Prognostic Biomarkers of B-NHL.

NHL miRNA Expression Biomarker Utility Source
Material Refs.

DLBCL

miR-155 Upregulated
Diagnostic Serum [110,111]

Subclassification Serum [112]
Prognostic of OS,

PFS and RFS
Plasma,
serum [113,114]

miR-210 Upregulated Diagnostic Serum [110,115]
let-7b/c Upregulated Diagnostic Serum [116]
miR-15a Upregulated Diagnostic Serum [111,115,116]
miR-16-1 Upregulated Diagnostic Serum [111]
miR-18a Upregulated Diagnostic Serum [116]

miR-20a/b Upregulated Prognostic of OS Serum [117]

miR-21 Upregulated

Diagnostic Serum [110,115]
Subclassification Serum [118]

Monitoring Plasma [119]
Prognostic of OS,

PFS and RFS Serum [110,114,118,120]

miR-22 Upregulated Prognostic of PFS Serum [121]
miR-24 Upregulated Diagnostic Serum [116]

miR-28 Downregulated Prognostic of OS,
PFS and RFS Serum [114]

miR-29c Upregulated Diagnostic Serum [111]
miR-33a Downregulated Prognostic of RFS Serum [122]
miR-34 Downregulated Diagnostic Serum [111]

miR-92a Downregulated Diagnostic
Plasma [123]Monitoring

miR-93 Upregulated Prognostic of OS Serum [117]
miR-106a/b Upregulated Prognostic of OS Serum [117]

miR-125b Upregulation Prognostic of OS Serum [124]
miR-130a Upregulated Monitoring Serum [124]

miR-130b upregulation Prognostic of OS,
PFS and RFS Serum [114]

miR-181-5p Downregulated Subclassification Serum [112]
miR-199-5p Upregulated Prognostic of OS Plasma [113]

miR-224 Upregulated Prognostic of RFS Serum [122]
miR-323b Downregulated Diagnostic Serum [125]
miR-326 Upregulated Diagnostic Serum [126]
miR-375 Downregulated Diagnostic Serum [126]
miR-431 Downregulated Diagnostic Serum [125]

miR-455-3p downregulated Prognostic of RFS Serum [122]
miR-494 upregulated Monitoring Plasma [119]

miR-520d-3p Upregulated Prognostic of RFS Serum [122]
miR-1236 Upregulated Prognostic of RFS Serum [122]

CLL

miR-34a Upregulated Diagnostic Serum [127]
miR-31-5p Upregulated Diagnostic Serum [127]
miR-150-5p Upregulated Diagnostic Serum [127]
miR-155-5p Upregulated Diagnostic Serum [127]
miR-15a-3p Upregulated Diagnostic Serum [127]
miR-29a-3p Upregulated Diagnostic Serum [127]

Abbreviations: CLL—Chronic lymphocytic leukemia; DLBCL—Diffuse large B-cell lymphoma; OS—Overall Survival; PFS—Progression-
free Survival; RFS—Relapse-free Survival.
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Table 2. LncRNAs as Potential Diagnostic and Prognostic Biomarkers of NHL.

NHL LncRNA Expression Biomarker Utility Source
Material Refs.

DLBCL

PEG10 Upregulated Diagnostic Tissue
Cell lines

[128]Prognostic of OS

LUNAR1 Upregulated Diagnostic Tissue
Cell lines

[86]Prognostic of OS and PFS

FIRRE Upregulated Diagnostic Tissue
Cell lines

[77]Prognostic of OS

HULC Upregulated Diagnostic Tissue
Cell lines

[76]Prognostic of OS and PFS

LINC01857 Upregulated Diagnostic Tissue
Cell lines [94]

OR3A4 Upregulated Diagnostic Tissue
Cell lines

[129]Prognostic of OS

ENST00000424690
Upregulated

Diagnostic Tissue
Cell lines

[130]

ENST00000425358
NR_026892

ENST00000464929 Downregulated
ENST00000475089

SubSigLnc-17 -
Diagnostic

Tissue
Cell lines

[131]Subclassification
Prognostic of OS and PFS

NONHSAG026900 Upregulated Diagnostic Tissue
Cell lines

[132]Prognostic of OS and PFS

NEAT1_1 Upregulated Diagnostic Tissue
Cell lines

[133]Prognostic of OS

GAS5 Upregulated Diagnostic Tissue
Cell lines

[134]MIR17HG Upregulated Diagnostic Tissue
Cell lines

HULC Upregulation Diagnostic Tissue
Cell lines

PCA3 Upregulated Diagnostic Tissue
Cell lines

PANDA Downregulation Diagnostic Plasma
Tissue

[75]Prognostic of OS and RFS

TUG1 Upregulated Diagnostic Plasma [75]

HOTAIR Upregulated

Diagnostic

Plasma
Tissue

[80,135]
Predictive of Treatment

response
Prognostic of

OS

XIST Upregulated Diagnostic Plasma

[135]
GAS5 Downregulated

Diagnostic
PlasmaPredictive of Treatment

response

6-lncRNA
signature - Prognostic of OS Tissue [136]

FL
RP11-625 L16.3 Upregulated Diagnostic Tissue [137]

RP4-694A7.2 Upregulated Diagnostic and subclassification Tissue [138]
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Table 2. Cont.

NHL LncRNA Expression Biomarker Utility Source
Material Refs.

MCL

LINK-A Upregulated Diagnostic Plasma
[139]GATA6-AS Downregulated Diagnostic Plasma

MALAT1 Upregulated Prognostic of OS and DFS Tissue
Cell lines [83]

FOXP4-AS1 Upregulated Prognostic of OS and DFS Plasma [93]
MORT Downregulated Diagnostic Plasma [140]

CLL lincRNA-p21 Downregulated Diagnostic Plasma

[141]
MM

TUG1 Upregulated Diagnostic Plasma
MALAT1

Downregulated
Diagnostic Plasma

HOTAIR Diagnostic Plasma
GAS5 Diagnostic Plasma

Abbreviations: CLL—Chronic lymphocytic leukemia; DFS—Disease-free Survival; DLBCL—Diffuse large B-cell lymphoma; FL—Follicular
lymphoma; MCL—Mantle cell lymphoma; MM—Multiple Myeloma; OS—Overall Survival; PFS—Progression-free Survival; RFS—Relapse-
free Survival.

Biomedicines 2021, 9, x FOR PEER REVIEW  10 of 24 
 

 

Figure 3. Lymphoma‐related circulating‐free DNA, RNA, or proteins are released by  lymphoma 

cells  into circulation, known as tumor circuloma. Analysis of the tumor circuloma can provide a 

non‐invasive approach to screen, diagnose, and surveillance patients during the course of the dis‐

ease. Moreover, the use of liquid biopsy in substitution of BM biopsy to detect BM infiltration by 

lymphoma opens the need to readdress the value of the routine standard analysis. 

Table 1. Circulating miRNAs as Potential Diagnostic and Prognostic Biomarkers of B‐NHL. 

NHL  miRNA  Expression  Biomarker Utility 
Source 

Material 
Ref. 

DLBCL 

miR‐155  Upregulated 

Diagnostic  Serum  [110,111] 

Subclassification  Serum  [112] 

Prognostic of OS, PFS and RFS 
Plasma,   

serum 
[113,114] 

miR‐210  Upregulated  Diagnostic  Serum  [110,115] 

let‐7b/c  Upregulated  Diagnostic  Serum  [116] 

miR‐15a  Upregulated  Diagnostic  Serum  [111,115,116] 

miR‐16‐1  Upregulated  Diagnostic  Serum  [111] 

miR‐18a  Upregulated  Diagnostic  Serum  [116] 

miR‐20a/b  Upregulated  Prognostic of OS  Serum  [117] 

miR‐21  Upregulated 

Diagnostic  Serum  [110,115] 

Subclassification  Serum  [118] 

Monitoring  Plasma  [119] 

Prognostic of OS, PFS and RFS  Serum  [110,114,118,120] 

miR‐22  Upregulated  Prognostic of PFS  Serum  [121] 

miR‐24  Upregulated  Diagnostic  Serum  [116] 

miR‐28  Downregulated  Prognostic of OS, PFS and RFS  Serum  [114] 

miR‐29c  Upregulated  Diagnostic  Serum  [111] 

miR‐33a  Downregulated  Prognostic of RFS  Serum  [122] 

miR‐34  Downregulated  Diagnostic  Serum  [111] 

miR‐92a  Downregulated 
Diagnostic 

Plasma  [123] 
Monitoring 

miR‐93  Upregulated  Prognostic of OS  Serum  [117] 

miR‐106a/b  Upregulated  Prognostic of OS  Serum  [117] 

miR‐125b  Upregulation  Prognostic of OS  Serum  [124] 

miR‐130a  Upregulated  Monitoring  Serum  [124] 

miR‐130b  upregulation  Prognostic of OS, PFS and RFS  Serum  [114] 

Figure 3. Lymphoma-related circulating-free DNA, RNA, or proteins are released by lymphoma
cells into circulation, known as tumor circuloma. Analysis of the tumor circuloma can provide
a non-invasive approach to screen, diagnose, and surveillance patients during the course of the
disease. Moreover, the use of liquid biopsy in substitution of BM biopsy to detect BM infiltration by
lymphoma opens the need to readdress the value of the routine standard analysis.

3.1. MiRNAs and lncRNAs as Non-Invasive Diagnostic Biomarkers

A current clinical problem in the context of NHL remains the late and imprecise diag-
nosis, which in turn negatively conditions patient morbidity and mortality. Several authors
have proposed and showed the potential of both individual miRNAs and lncRNAs or pan-
els of these ncRNAs, as biomarkers for diagnosis and subclassification of NHL. Regarding
the diagnostic potential, studies have analyzed the expression of miRNAs by comparing
NHL cases to healthy controls in order to identify a specific miRNA signature. Lawrie
et al.’s study showed, for the first time, that tumor-associated miRNAs, miR-155, miR-210,
and miR-21 expression levels were upregulated in DLBCL patients’ serum compared to
healthy controls [110]. Beheshti et al. first established a miRNA expression profile associ-
ated with DLBCL development based on cell lines and patient-derived xenograft models,
which was then validated in patients’ serum. In the validation study, their profile was
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reduced to five miRNAs, let-7b, let-7c, miR-18a, miR-24, and miR-15a, which had the ability
to discriminate DLBCL patients from healthy donors, with an accuracy of 91% [116,142].
Another study showed a 4-miRNA panel, comprising miR-15a, miR-16-1, miR-29c, and
miR-155, significantly elevated in DLBCL serum and one downregulated, miR-34a, when
compared to healthy controls [111]. More recently, Yuan et al. demonstrated a correlation
between circulating levels of eight miRNAs and their matched formalin-fixed, paraffin-
embedded (FFPE) samples [124]. Inada et al. demonstrated that the expression levels
of circulating miR-15a-3p, miR-21-5p, miR-181a-5p, and miR-210-5p were significantly
different between DLBCL patients and healthy controls, and specially miR-15a-3p, and
miR-21-5p showed higher power to discriminate patients from controls [115]. MiR-34a-5p,
miR31-5p, miR-155-5p, miR-150-5p, miR-15a-3p, and miR-29a-3p were shown to be ele-
vated in CLL patients compared with healthy individuals and seemed to be associated with
B-cell differentiation and homeostasis [127]. Most recently, Jørgensen et al. addressed the
question of if it is possible to detect specific circulating miRNAs years before the diagnosis
of B-cell lymphoma. Firstly, they identified the plasma miRNA candidates in pretreatment
samples of DLBCL patients, showing miR-326 and miR-375 as the best markers differenti-
ating B-cell lymphomas from controls. Subsequently, they validated the identified miRNA
signature in a confirmatory cohort comprising samples from blood donors, who later de-
veloped different types of B-cell lymphoma to test pre-diagnostic plasma samples for early
diagnosis. In the end, they verified that both miR-326 and miR199a-5p were upregulated
months to years before diagnosis, which showed that changes in plasma miRNAs may
precede the development of symptoms of NHL [126].

Circulating miRNAs have also been studied as refiners of the World Health Organi-
zation (WHO) classification, leading the way towards a molecular classification of NHL.
In fact, the current system of differential diagnosis between the different types of B-cell
NHL remains ineffective. For example, Chen et al. demonstrated that plasma levels of
miR-21 were higher in DLBCL activated B-cell-like (ABC) compared to the germinal center
B-cell-like (GCB), while Bedewy et al. reported higher expression of miR-155 in non-GCB
compared to the GCB subtype [112,118]. Moreover, although involving the analysis of FFPE
tumor tissues, a study by Leich et al. showed that miRNA expression was different between
t(14;18)–negative FLs (without high expression of BCL2) and t(14;18)–positive FL patients.
The most robust expression change was verified in miR-16-5p, which was significantly
downregulated in t(14;18)–negative FL patients [143]. Similarly, BCL2+/BCL6+ FL and
BCL2−/BCL6+ FL patients showed upregulation of 21 miRNAs and downregulation of
12 miRNAs compared to BCL6− patients [144]. A major study by Lisio et al. performed a
comparative analysis that included all major B-cell NHL types and identified a 128-miRNA
signature capable of characterized lymphoma neoplasms, reflecting the lymphoma type,
cell of origin, and/or discrete oncogene alterations [145]. Even though these studies do
not involve the analysis of circulating miRNAs, they underline the differential molecular
background of these NHL subtypes and pave the way to future analysis and validation of
these results in the context of liquid biopsies in a larger patient cohort.

Concerning the deregulated expression of lncRNAs in NHL, the vast majority of
studies were performed on tissue samples; however, the found tissue-derived deregulated
lncRNAs could represent promising circulating biomarkers to be analyzed in future stud-
ies. Verma et al. performed a large RNA-seq study of 116 DLBCL tissue samples and
identified 2,632 novel lncRNAs, two-thirds of which were only expressed in tumor cells.
Moreover, more than one-third of these lncRNAs were found to be differently expressed
between ABC and GCB subtypes [146]. LncRNAs PEG10 and LUNAR1 were found to be
upregulated in DBCL patients compared to healthy individuals, with areas under the ROC
curve (AUC) up to 0.8228 and 0.9420, respectively, indicating their potential diagnostic
value [86,128]. Other reported upregulated lncRNAs in DLBCL tissue and cell lines were
the lncRNAs FIRRE, HULC, LINC01857, and OR3A4 [76,77,94,129]. A 5-lncRNA signature
(upregulated ENST00000424690, ENST00000425358, and NR_026892, and downregulated
ENST00000464929 and ENST00000475089) was validated by Gao et al., which distinguished
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GCB-DLBCL tissue samples from reactive lymph nodes [130]. Moreover, Zhou et al. de-
fined a 17-lncRNA signature, termed SubSigLnc-17, comprising ENTPD1-AS1, SACS-
AS1, SH3BP5-AS1, RP11-101C11.1, AC009892.10, RP1- 68D18.4, MIR600HG, RP11-278 J6.4,
RP11-203B7.2, CSMD2-AS1, CTC-467 M3.1, RP4-788P17.1, RP11-553 L6.5, CRNDE, RP11-
519G16.3, RP11-21 L19.1, and MME- AS1, which permitted the discrimination between
GCB and ABC subtypes with high accuracy [131]. In this manner, NONHSAG026900
showed higher levels in the GCB subtype compared to the non-GCB subtype, also indi-
cating the diagnostic potential of these lncRNA [132]. In Deng et al.’s study, the NEAT1_1
expression level was found to increase in DLBCL compared to lymphadenitis [133]. Dousti
et al. performed an in silico analysis and identified 189 deregulated lncRNAs in DLBCL,
highlighting GAS5, MIR17HG, HULC, and PCA3 with the greatest deregulation score [134].
Pan et al. performed a microarray analysis to identify the expression profile of FL com-
pared to reactive lymphatic nodes. They found 10 altered lncRNAs, with RP11-625 L16.3
being the most significantly upregulated [137]. On the other hand, Roisman et al. per-
formed an RNA-seq analysis in different histological variants of FL and observed that
FL3B-DLBCL/tDLBCL showed a higher number of differentially expressed lncRNAs and
reported lncRNA RP4-694A7.2 as the most deregulated [138].

Regarding circulating NHL-associated lncRNAs, there are still few studies, even
though their diagnostic and prognostic potential hs been shown in several solid
tumors [147,148]. The first study on circulating lncRNAs in B-cell lymphoma was per-
formed by Isin et al., which showed downregulation of lincRNA-p21 in CLL patients,
upregulation of TUG1 and downregulation of MALAT1, HOTAIR, and GAS5 in MM pa-
tients [141]. On the other hand, Wang et al. investigated the circulating lncRNA levels
in DLBCL and reported lower levels of lncRNA PANDA in patients’ plasma samples,
whereas TUG1 was found upregulated compared to healthy controls [75]. In MCL, LINK-A
lncRNA plasma levels were found to significantly increase while lncRNA GATA6-AS was
downregulated, allowing to sensitively distinguished patients from healthy controls (AUC
of 0.8338 and 0.9195, respectively) [139,149]. Recently, Senousy et al. reported that plasma
levels of HOTAIR and XIST were significantly upregulated, whereas GAS5 were downreg-
ulated when comparing DLBCL patients to healthy individuals [135]. Interestingly, Tang
et al. conjugated the analysis of two circulating ncRNAs, miR-16 and lncRNA MORT, and
showed that not only the expression levels of miR-16 and MORT were significantly lower
in patients with early-stage MCL compared to controls, but they also showed a regulatory
association between the two ncRNA involved in cell proliferation and apoptosis [140].

3.2. MiRNAs and lncRNAs as Prognostic Biomarkers

Several studies have been exploring the value of circulating miRNAs as prognostic
markers for NHL. In 2008, Lawrie et al. were the first to report that high serum levels of miR-
21 were associated with relapse-free survival (RFS) in DLBCL patients, which were later on
supported in other studies [110,118]. Similarly, high serum levels of miR-22 at diagnosis
in DLBCL were associated with a worse progression-free survival (PFS), independently
of the currently used clinical prognostic index [121]. The upregulation of circulating miR-
155 and miR-125b was associated with shorter overall survival (OS) of DLBCL patients,
while miR-20a/b, miR-93, and miR-106a/b plasma profiles were associated with higher
mortality in DLBCL [113,117,124]. Song et al.’s study reported that elevated levels of
miR-224, miR-520d-3p, and miR-1236 and lower levels of miR-33a and miR-455-3p were
associated with lower medium remission time, and consequently, higher probability of
remission, independently of IPI score [122]. A 4-miRNA expression profile (higher levels
of miR-21, miR-130b, miR-155; lower levels of miR-28) was shown to be associated with
relapse, as well as inferior PFS and OS after R-CHOP, independently of IPI score [114].

The 6-lncRNA signature defined by Sun et al. was shown to be associated with
patients OS, independently of standard clinical factors, and permitted to stratify DLBCL
patients in high and low-risk groups, improving survival prediction [136]. Moreover,
the SubSigLnc-17 profile was not only able to discriminate clinically molecular DLBCL
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subtypes but also was shown to be significantly associated with patients’ OS and PFS [131].
The expression levels of lncRNA HOTAIR were not only associated with tumor size and
clinical stage but also with the presence of B symptoms and IPI score. In fact, higher levels
of HOTAIR were associated with better patients’ prognoses, being characterized as an
independent predictive biomarker for DLBCL [80,135]. Peng et al. showed in different
studies that lncRNAs HULC, LUNAR1, and PEG10 could represent potential prognostic
biomarkers of DLBCL. Specifically, HULC and LUNAR1 expression levels were associated
with poor prognosis and represented an independent factor of OS and PFS, while PEG10
showed potential as an independent predictor of poor OS of DLBCL [76,86,128]. Moreover,
the upregulation of lncRNAs FIRRE and OR3A4 in DLBCL tissue samples is associated
with decreased OS [77,129]. In MCL, the tissue-derived MALAT1 and plasma-derived
FOXP4-AS1 levels were found correlated with higher MIPI scores and unfavorable patients’
OS and disease-free survival (DFS) [83,93]. Conversely, lower PANDA expression levels,
either in plasma or in tissue samples, were associated with inferior RFS and OS of DLBCL
patients, being an independent prognostic factor [75]. Moreover, patients expressing high
levels of LincRNA-p21 and NONHSAG026900 were found to have a favorable prognosis,
with longer OS and PFS, and NONHSAG026900 act as an independent factor by also
enhancing the predictive ability of the IPI score [132,150].

The assessment of patients’ prognosis and decisions on treatment alteration are mostly
based on imaging PET-CT and clinical evaluations [151]. However, due to the insufficient
sensitivity and specificity of these tools, there is an impending need to identify new predic-
tors that permit the early identification of patients with inherent or acquired the refractory
disease during treatment. Detection of miRNAs or lncRNAs can lower the detection limit
of disease beyond the capabilities of current methods and create a “window of opportu-
nity” for intervention prior to clinical relapse. Earlier initiation of second-line therapy at a
point of minimal tumor burden may improve patients’ outcomes. Song et al. identified a
5-miRNA profile (miR-224, miR-455-3p, miR-1236, miR-33a, and miR-520d-3p) associated
with R-CHOP response in DLBCL patients, being a significant predictor of response, inde-
pendent from the IPI score [122]. Specifically, high levels of miR-455-3p and miR-33a were
associated with chemosensitivity, while high levels of miR-224, miR-1236, and miR-520d-3p
were associated with chemoresistance [122]. Dynamic monitorization of the levels of two
potential drug-resistant miRNAs, miR-125b and miR-130a, showed that they are involved
not only in recurrence and disease progression but also in chemoresistance in DLBCL pa-
tients [124]. Another study took a different approach by analyzing the circulating kinetics
of two miRNAs, miR-494 and miR-21, in comparison to interim-PET/CT scans. In this
study, they reported that both miRNAs were upregulated in untreated patients and that
their levels decreased in patients that achieved interim-PET/CT negativity after four cycles
of R-CHOP compared to those that presented a positive interim-PET/CT [119]. Bouvy et al.
analyzed the circulating miRNA profile during the treatment course and found higher
levels of miR-21 and miR-197 in patients unresponsive to treatment, and high levels of
miR-19b, miR-20a, and miR-451 in patients with complete remission, which allowed the
differentiation of patients with residual disease from those with complete remission during
follow-up [152]. Recently, Fajardo-Ramirez et al. reported a miRNA signature composed of
nine upregulated and six downregulated associated with chemoresistance to the R–CHOP
regime [153]. Considering these results, circulating miRNAs have a strong potential to
be used as predictive and monitoring biomarkers of therapy response in NHL patients.
However, further investigation is needed in order to obtain more reliable data.

Regarding lncRNAs as treatment response biomarkers, Senousy et al. observed that
pretreatment circulating levels of HOTAIR were higher, whereas GAS5 were lower in non-
responders compared to responders to R-CHOP. Moreover, when performing multivariate
analysis, HOTAIR appeared as an independent predictor of R-CHOP failure [135]. DLBCL
patients with higher expression levels of NONHSAG026900 were shown to have a better
response to chemotherapy compared to patients with lower levels [132]. Currently, it is
established that treatment failure and consequent relapse can be due to the existence of
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drug-resistance cancer cell subpopulations [2]. In this instance, chemotherapy-resistant
lymphoma cell lines show higher levels of lncRNA MALAT1, which seems to be associated
with the inhibition of the autophagy signaling pathway [84]. Using RNA sequencing,
Karstensen et al. analyzed the transcription profile of rituximab-sensitive and resistant
DLBCL cell lines. They observed a differential expression of lncRNA between sensitive
and resistant cells, comprising 54 up and 69 downregulated lncRNAs [154]. In MCL
cells, a study by Mourtada-Maarabouni et al. demonstrated that lncRNA GAS5 regulates
the effect of known mTOR inhibitors, such as rapamycin, everolimus, and temsirolimus.
Particularly, the inhibition of GAS5 substantially decreased the effect of each rapalogue on
MCL cells [155]. In Burkitt lymphoma cells, the upregulation of lncRNA MCM3AP-AS1
induced chemotherapy resistance to doxorubicin treatment by regulating the expression of
antiapoptotic factors via the miR-15a/EIF4E axis [156]. There are still few studies analyzing
lncRNAs as potential biomarkers for treatment response in B-cell lymphomas compared
to some solid tumors, with only one studying a circulating lncRNA profile differentiating
responders from non-responders.

3.3. Clinical Trials for Potential miRNA and lncRNA Biomarkers

Since 2008, when Lawrie et al. demonstrated for the first time the potential of miR-
NAs as biomarkers in DLBCL patients, a considerable number of clinical trials have been
registered to clinically validate them [110]. A clinical trial (NCT01505699) involving 186 pa-
tients with B-cell acute lymphoblastic leukemia analyzed microRNA signature levels and
their association with different clinical outcomes [157]. On the other hand, clinical trial
NCT01057199 specifically tested miR-34a and miR-194 as biomarkers in cell samples from
patients with acute myeloid leukemia [158]. Moreover, clinical trial NCT01541800 especially
focused on pediatric cancers (central nervous system tumors, leukemia, and lymphoma),
evaluated the presence of circulating miRNAs in the blood and cerebrospinal fluid of
patients under chemotherapy [159]. Similarly, clinical trial NCT02791217 was developed to
identify circulating miRNAs associated with early diagnosis of aggressive hematological
malignancies (including B-cell lymphoma) in order to ultimately improve patients’ progno-
sis and increase survival rates [160]. Another example is the clinical trial NCT03340155,
where miRNA expression levels, including miR-155, were tested in the serum of patients
diagnosed with skin diseases, such as cutaneous T cell lymphoma (CTCL), and treated with
photo(chemo)therapy [161]. One of their objectives was to correlate miRNA levels with
clinical responses to treatment at different time points and ultimately identify potential
predictive biomarkers. Lastly, clinical trial NCT01606605 included a retrospective and
observational analysis of 350 patients diagnosed with DLBCL to study miRNA expression
patterns and their correlation with clinical outcome, relapse, and disease progression [162].

Currently, there is no clinical trial exploring the possible application of lncRNAs as
lymphoma biomarkers; however, there are some lncRNAs undergoing clinical trials or
being patented for solid tumors, such as lung, colorectal, thyroid, breast, and gynecologic
cancers [163,164]. To date, the lncRNA PCA3 was the first and only lncRNA approved for
clinical practice as an early diagnostic biomarker for prostate cancer [165]. There is only one
registered clinical trial, currently active, for hematological cancer to study the correlation
between lncRNA XIST and immunophenotyping AML patients (NCT04288739) [166].
Moreover, few clinical trials have been exploring the possible application of combined
ncRNA profiles, especially miRNAs and lncRNAs, as biomarkers for the diagnosis and
prognosis of cancer [164].

4. Conclusions

B-cell NHLs are characterized as a highly heterogeneous group, which is reflected
by variability in prognosis and treatment responses between the different subgroups.
Therefore, it is crucial to focus on elucidating the molecular background and pathogenesis
underlying these malignancies. As previously discussed, in the last years, miRNAs and
lncRNAs have emerged as powerful regulators of lymphomagenesis; however, our current
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knowledge is still limited since it derives essentially from individual research studies of
miRNA and lncRNA expression profiles. Additional research is needed to unravel the
complex functional network surrounding the miRNAs and lncRNAs and their potential
regulatory interactions involved in the process of B-cell lymphomagenesis.

The better understanding we have of the involved molecular mechanisms, the faster
we will open clinical avenues toward personalized medicine and the development of new
effective therapies, with great clinical benefit for the patient. Moreover, the introduction of
miRNAs and lncRNAs as a liquid biopsy strategy provides a great opportunity for improv-
ing the diagnostic accuracy and for dynamically monitoring NHL patients in a non-invasive
and reproducible manner. Ideally, the expression analysis of a given miRNA/lncRNA,
miRNA or lncRNA panel, or even a combination of miRNAs and lncRNAs, should be able
to molecularly diagnose and classify patients or predict survival, relapse, remission, and
even responsiveness to treatment upfront.

To date, the majority of the studies focus on miRNAs, and there is still a lack of studies
on lncRNAs in lymphomas, especially circulating lncRNAs, which opens an interesting
opportunity to invest in further understanding their biology and function and their as-
sociation with miRNAs, and the contribution of lncRNAs profiling in the diagnosis and
prognostication of lymphomas.
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Simple Summary: Non-Hodgkin’s lymphoma (NHL) is a very heterogenous class of hematological
cancers, with variable patient outcomes. Therefore, there is an urgent need to develop new and more
effective therapeutic approaches. MiRNAs and lncRNAs have emerged as the central gene expression
regulators, and their deregulation has been reported to be involved in lymphomagenesis. Given their
ability to simultaneously modulate multiple targets, they provide an attractive therapeutic approach
to treat NHL patients. In this review, we discuss the scientific rationale behind miRNA/lncRNA-
based therapies in NHL and the different targeting technologies, such as antisense oligonucleotides,
CRISPR-Cas9, and nanomedicines.

Abstract: Increasing evidence has demonstrated the functional roles of miRNAs and lncRNAs
in lymphoma onset and progression, either by acting as tumor-promoting ncRNAs or as tumor
suppressors, emphasizing their appeal as lymphoma therapeutics. In fact, their intrinsic ability
to modulate multiple dysregulated genes and/or signaling pathways makes them an attractive
therapeutic approach for a multifactorial pathology like lymphoma. Currently, the clinical application
of miRNA- and lncRNA-based therapies still faces obstacles regarding effective delivery systems,
off-target effects, and safety, which can be minimized with the appropriate chemical modifications
and the development of tumor site-specific delivery approaches. Moreover, miRNA- and lncRNA-
based therapeutics are being studied not only as monotherapies but also as complements of standard
treatment regimens to provide a synergic effect, improving the overall treatment efficacy and reducing
the therapeutic resistance. In this review, we summarize the fundamentals of miRNA- and lncRNA-
based therapeutics by discussing the different types of delivery systems, with a focus on those that
have been investigated in lymphoma in vitro and in vivo. Moreover, we described the ongoing
clinical trials of novel miRNA- and lncRNA-based therapeutics in lymphoma.

Keywords: lymphoma; Non-Hodgkin’s lymphoma; miRNAs; lncRNAs; ncRNA-based therapy
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1. Introduction

Non-Hodgkin’s lymphoma (NHL) is a very heterogenous group of lymphoid ma-
lignancies originating from different stages of B-cell (~90% of the cases) and T-cell or
NK-cell differentiation [1]. According to the latest GLOBOCAN data, NHL represents
the most common hematological malignancy worldwide, accounting for approximately
3% of cancer diagnoses and deaths [2]. The standard therapy regime for NHL remains
anthracycline-containing chemotherapy (cyclophosphamide, doxorubicin, vincristine, and
prednisone—CHOP), whose efficacy and patient outcome drastically improved after the in-
troduction of the anti-CD20 agent Rituximab (R-CHOP) [3]. However, despite the improved
outcomes, approximately 20–50% of patients are refractory ab initio or ultimately relapse,
with only a 20–40% 2-year overall survival rate [4–6]. Therefore, there is an impending
need for novel therapeutic approaches to replace or complement the current approaches.

For the past few years, the unveiling of the several players and molecular mechanisms
involved in lymphomagenesis has permitted the development of promising new thera-
peutic agents that specifically target the agents and pathways involved in the malignant
process [7,8]. In this instance, noncoding RNAs (ncRNAs) have emerged as important play-
ers in lymphoma pathogenesis, with several found deregulated in lymphoma, highlighting
their role as potential therapeutic strategies [9,10]. Specifically, the most extensively studied
ncRNA class is the microRNAs (miRNAs), characterized as small ncRNAs ~22 nucleotides
in length, which act as post-transcriptional regulators of the gene expression. MiRNAs
have the ability to bind to their target mRNAs, resulting in repression of the translation or
target degradation [11]. Therefore, depending on their target mRNA, miRNAs can act as
oncogenes (oncomiRs) or as tumor suppressor genes. Moreover, each miRNA can bind to
several target mRNAs, giving them a two-faced role, underlining their potential as both
direct therapeutic targets and therapeutic candidates [12]. In fact, some miRNAs have
already reached clinical trials [11].

Most recently, another class of ncRNAs has come into play as an important regulator
of lymphoma development, demonstrating significant clinical relevance, known as long
noncoding RNAs (lncRNAs) [13]. LncRNAs represent >200-nt-long transcripts with no
protein-coding capacity that can be classified as intronic, exonic, intergenic, or overlapping
based on their genomic location; in sense/antisense lncRNAs based on the template
strand from which they are transcribed; and in divergent/convergent lncRNAs when
considering the transcription direction [14]. Contrary to the miRNAs, lncRNAs regulate
gene expressions at multiple levels by interacting not only with RNA but also with DNA
and proteins. LncRNAs have the capacity to modulate the chromatin structure, regulate
the transcription of neighboring and distant genes, and even control RNA splicing and
translation [15]. Given the broad spectrum of action, lncRNAs, with the development of
nucleic acid therapeutics, open the opportunity to target and modulate a range of central
pathways/processes in lymphomagenesis.

In this review, we provide a holistic overview of the current state of miRNA- and
lncRNA-based therapeutics in lymphoma by addressing the different therapeutic strategies
and delivery systems developed to boost their therapeutic efficacy and by reviewing the
results of in vitro and in vivo studies of the therapeutic potential of miRNA and lncRNA
modulation in lymphoma. Finally, we describe the current clinical trials testing the efficacy
and safety of miRNA- and lncRNA-based therapies in lymphoma (Figure 1).
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both as oncogenes and as tumor suppressor genes. The study of altered miRNA/lncRNA expression will permit the 
identification of potential candidates to be use as therapeutics (to restore tumor-suppressive miRNAs/lncRNAs) or as 
therapeutic targets (to inhibit the levels of oncogenic miRNAs/lncRNAs) to be tested first in preclinical models and in 
subsequent clinical trials in lymphoma patients. 
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Acting as oncogenic or as tumor suppressors, miRNAs represent a class of master 

regulators of malignant transformation and progression and, thus, represent powerful 
candidates as therapeutics (in the role of miRNA mimics) or as therapeutic targets (in the 
role of antimirs). The first strategy has the rational of targeting tumor-promoting mRNAs 
via restoring the tumor-suppressive miRNAs in tumor cells by either using synthetic 
double-stranded miRNA mimics, pre-miR, or plasmid-encoded miRNA genes [11]. On 
the other hand, the second approach aims to inhibit the levels of oncomiRs, which are 
frequently overexpressed in cancer, allowing the restoration of the expression of tumor-
suppressor targets. Different methodologies of oncomiR inhibition are being developed 
by using single-stranded antisense, anti-miR oligonucleotides (AMOs), locked nucleic 
acid (LNA) anti-miRs, antagomiRs, miRNA sponges, and small molecule inhibitors of 
miRNAs (SMIRs) [11,16–20]. 

While the theory behind miRNA-based therapy is somehow straightforward, the 
challenges of this approach reside in its delivery. The presence of multiple ribonucleases 
and reticuloendothelial system clearance in the blood make miRNAs unstable in the 
circulation. Moreover, unmodified miRNA antagonists and miRNA mimics are unable to 
cross the cell membrane or the vascular endothelium due to their negative charges [21]. 
The efficacy of miRNA delivery depends also on blood perfusion in tumors and cell-
specific delivery. Not only the tumor microenvironment, tumor-associated immune cells 
especially can nonspecifically uptake and capture miRNAs, but also, it is essential to 
prevent the disruption of the healthy tissue [21–23]. Therefore, to overcome these 
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systemic delivery strategies (Table 1). 

Despite the difficulty of getting bench-based microRNAs to the bedside, several 
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in phase I and phase II clinical trials. In fact, in 2018, the FDA approved the first siRNA 
drug, Patisiran, to be employed in the treatment of a rare polyneuropathy caused by 
transthyretin-mediated amyloidosis [24–26]. 

  

Figure 1. Decoding ncRNA biology from the bench to bedside in lymphoma. Deregulation of miRNAs and lncRNAs
has been shown to play an important role during the process of B-cell lymphomagenesis. MiRNAs and lncRNAs can
function both as oncogenes and as tumor suppressor genes. The study of altered miRNA/lncRNA expression will permit
the identification of potential candidates to be use as therapeutics (to restore tumor-suppressive miRNAs/lncRNAs) or
as therapeutic targets (to inhibit the levels of oncogenic miRNAs/lncRNAs) to be tested first in preclinical models and in
subsequent clinical trials in lymphoma patients.

2. miRNA-Based Therapies in NHL

Acting as oncogenic or as tumor suppressors, miRNAs represent a class of master
regulators of malignant transformation and progression and, thus, represent powerful
candidates as therapeutics (in the role of miRNA mimics) or as therapeutic targets (in the
role of antimirs). The first strategy has the rational of targeting tumor-promoting mRNAs
via restoring the tumor-suppressive miRNAs in tumor cells by either using synthetic
double-stranded miRNA mimics, pre-miR, or plasmid-encoded miRNA genes [11]. On
the other hand, the second approach aims to inhibit the levels of oncomiRs, which are
frequently overexpressed in cancer, allowing the restoration of the expression of tumor-
suppressor targets. Different methodologies of oncomiR inhibition are being developed by
using single-stranded antisense, anti-miR oligonucleotides (AMOs), locked nucleic acid
(LNA) anti-miRs, antagomiRs, miRNA sponges, and small molecule inhibitors of miRNAs
(SMIRs) [11,16–20].

While the theory behind miRNA-based therapy is somehow straightforward, the
challenges of this approach reside in its delivery. The presence of multiple ribonucleases
and reticuloendothelial system clearance in the blood make miRNAs unstable in the
circulation. Moreover, unmodified miRNA antagonists and miRNA mimics are unable to
cross the cell membrane or the vascular endothelium due to their negative charges [21]. The
efficacy of miRNA delivery depends also on blood perfusion in tumors and cell-specific
delivery. Not only the tumor microenvironment, tumor-associated immune cells especially
can nonspecifically uptake and capture miRNAs, but also, it is essential to prevent the
disruption of the healthy tissue [21–23]. Therefore, to overcome these obstacles, numerous
miRNA delivery methodologies are being developed, both local and systemic delivery
strategies (Table 1).

Despite the difficulty of getting bench-based microRNAs to the bedside, several
companies are developing miRNA-based drugs, some of which are already being tested
in phase I and phase II clinical trials. In fact, in 2018, the FDA approved the first siRNA
drug, Patisiran, to be employed in the treatment of a rare polyneuropathy caused by
transthyretin-mediated amyloidosis [24–26].
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Table 1. Summary of the miRNA mimics or inhibitors tested in vivo.

Chemical
Modifications

Delivery
Systems miRNAs Target

Strategy Delivery Route Target Disease Ref.

Lipid-based
miR-34a Restoration

Intratumoral
Tail vein DLBCL [27]

Lipid-based
Subcutaneous MM [28,29]

Viral-based

LNA

miR-155 Inhibition

Tail vein Waldenstrom
macroglobulinemia [30]

PNA Peptide-based Intravenous
B-cell lymphoma

[31]

PNA Polymer-based Intravenous
Intratumoral [32]

Viral-based miR-15a/16 Restoration Intravenous
Intraperitoneal CLL [33]

Viral-based miR-144/451 Restoration Subcutaneous B-cell lymphomas [34,35]

Viral-based miR-181a Restoration Subcutaneous DLBCL [36,37]

Viral-based miR-27b Restoration Subcutaneous DLBCL [38]

Lipid-based miR-28 Restoration Intratumoral BLDLBCL [39]Viral-based Intravenous

Lipid-based miR-21 Inhibition Subcutaneous MM [40]

Viral-based miR-17∼92
cluster Inhibition Intratumoral DLBCL [41]

2′ O-methyl-group EV-based miR-125 Inhibition Intraperitoneal AML [42]

Abbreviations: LNA: locked nucleic acid, PNA: peptide nucleic acids, DLBCL: diffuse large B-cell lymphoma, MM: multiple myeloma,
CLL: chronic lymphocytic leukemia, BL: Burkitt lymphoma, and AML: acute myeloid leukemia.

2.1. Local Delivery

Intratumoral injection or local administration of miRNA mimics or inhibitors has
shown effective gene silencing and antitumoral effects, with reduced nonspecific uptake by
normal healthy tissue and reduced toxicity and immunogenicity compared with systemic
delivery. However, the local delivery of miRNAs is limited to localized and readily accessi-
ble primary tumors such as melanoma, breast cancer, or cervical cancer. The therapeutic
potential of miR-34a replacement therapy was shown in a xenograft model of DLBCL,
where the intratumoral administration of synthetic miR-34a mimics resulted in tumor
growth inhibition [27]. Trang et al., using an aggressive human non-small cell lung cancer
(NSCLC) xenograft model, showed that the intranasal delivery of a lentiviral vector ex-
pressing let-7a resulted in an increased expression of let-7 in the lungs and the subsequent
growth inhibition of KRAS-dependent lung tumors. Moreover, locally polymer-based de-
livered let-7b led to a 60–70% reduction of the tumor burden [43]. Sureban et al. developed
a nanoparticle-mediated intratumoral delivery of DCAMKL-1-specific siRNA, capable of
inducing let-7a and miR-144 expression, which, in turn, repressed proto-oncogene c-Myc
and Notch-1 in colorectal cancer xenografts, resulting in tumor growth inhibition [44].

Despite the advantages of the local delivery of miRNAs, this type of approach is
primarily limited by the tumors’ location and stage. Therefore, the development of sys-
temic delivery systems is essential to broaden the spectrum to other types of cancers and
metastatic cancers. To improve the binding affinity, stability, and target modulation, two
converging strategies are applied: chemical modifications of miRNAs and the development
of delivery vehicles to encapsulate miRNAs.

2.2. Systemic Delivery

Advances in the chemical modifications of miRNAs, such as the addition of a 2′-O-
methyl group; locked nucleic acid (LNA) oligonucleotides; peptide nucleic acids (PNAs);
phosphorothioate-like groups; and cholesterol-, biotin-, and amino-modified oligonu-
cleotides, are being investigated. The addition of a 2′-O-methyl or 2′-O-methoxyethyl
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group to ribose was shown to enhance the binding affinity and stability of anti-miRNA
while efficiently and specifically silence the targeted endogenous miRNAs in numerous
tissues, such as the bone marrow [19,45]. LNA-mediated anti-miR-155, targeting the seed
region of miR-155, showed a significant inhibition of cell proliferation of low-grade B-
cell lymphomas in vitro and decreased the tumor burden in a xenograft mouse model of
Waldenstrom macroglobulinemia (WM) [30]. Cheng et al. showed that miR-155 oncomiR,
one of the most extensively studied miRNAs for its therapeutic potential, can be silenced by
linking PNA anti-miR-155 to a peptide with a low pH-induced transmembrane structure
(pHLIP). This conjugation efficiently inhibited the tumor growth and increased mouse
survival in a mouse model of lymphoma [31]. LNA anti-mir-122 systemic administration
was shown to downregulate, in a dose-dependent manner, liver-specific miR-122, which
prevents hepatitis C virus (HCV) replication. The promising results of the LNA anti-mir-
122 drug as a preventive therapy for HCV-induced hepatocellular carcinoma (HCC) led to
phase II trials for the treatment of HCV infection [46]. Despite the chemical modifications,
modified miRNAs have reduced tumor uptake and biodistribution due to rapid renal
and hepatic clearances, which results in short half-lives [21]. Therefore, several viral and
nonviral vectors are being developed as miRNA delivery systems (Figure 2).
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2.3. Vectors-Based Delivery Systems
2.3.1. Viral Vectors

Viral vectors, such as lentivirus, adenovirus, and adeno-associated virus (AAV), can
carry and deliver miRNA mimics or antagonists to the nuclei of tumor cells. Moreover,
the conjugation of targeting moieties to viral capsid proteins by genetic manipulation
allows specific delivery into the tumors by enhancing the affinity between viral vectors and
cancer-specific receptors [21]. In a study by Kasar et al., the systemic lentiviral delivery of
miR-15a/16 restored the expression of these miRNAs in a New Zealand Black (NZB) mouse
model of CLL [33]. The viral-mediated delivery of miR-144/451 restored their expression,
resulting in the growth inhibition of a B-cell line xenograft in vivo [34,35]. Similarly,
the viral-mediated restoration of miR-181a (downregulated in human DLBCL) and miR-
27b (downregulated in human DLBCL and splenic marginal zone lymphoma (SMZL))
resulted in the growth inhibition of a human DLBCL-cell line xenograft [36–38]. The
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restoration of miR-28 by both viral vectors or as synthetic, clinically amenable molecules
was shown to inhibit tumor growth in human Burkitt (BL) and DLBCL xenografts and in
a primary BL murine model after intratumor or systemic administration [39]. Lentivirus-
based miR-34a replacement or miR-34a synthetic mimics induced growth inhibition and
apoptosis in multiple myeloma (MM) cells in vitro and exerted a powerful antitumor
activity in MM xenografts in SCID mice and in a SCID-synth-hu model [29]. Su et al.
demonstrated the potential of simultaneous targeting multiple oncomiRs, which are usually
upregulated in DLBCL but not in normal cells, as a therapeutic strategy for B-NHL. In
this study, they used a synthesized interfering long noncoding RNA (i-lncRNA) that
simultaneously inhibited 13 oncomiRs, including five miR-17~92 cluster miRNAs, by
competing with the corresponding target mRNAs for binding oncomiRs. Moreover, the
treatment approach involving adenovirus-mediated i-lncRNA expression was shown to
significantly inhibit human DLBCL xenograft growth [41]. Despite their common use due
to their high efficiency, viral-based miRNA delivery systems are still associated with high
immunogenicity, toxicity, and size limitations, which impose a serious obstacle to clinical
applications. Therefore, nonviral vectors, such as lipid, polymer, inorganic, and extra-
cellular vesicle carrier-based approaches, are rising as preferred alternatives for research
and clinical studies.

2.3.2. Nonviral Vectors

Lipid-based nanoparticles are the most frequently used nanodelivery systems be-
cause of their easy synthesis, high stability, loading efficiency, low immunogenicity, and
versatility of administration routes [47]. To date, there have been several commercially
available cationic liposomes that have been routinely used for miRNA delivery, such as
Lipofectamine® (Invitrogen, Carlsbad, CA, USA), TransIT® 2020 (Mirus Bio LLC, Madison,
WI, USA), SiPORT™ (Invitrogen, Carlsbad, CA, USA), SilentFect™ (Bio-Rad Laboratories,
Inc. Hercules, CA, USA), and Oligofectamine™ (Invitrogen, Carlsbad, CA, USA) [48]. The
main obstacle that limits the clinical application of cationic lipids is their low delivery
efficiency in vivo. To overcome this problem, several new methods for synthesizing lipid
nanocomplexes have been developed. For example, the development of neutral liposomes
and the conjugation of a polyethylene glycol (PEG) functional group to cationic lipids
prevents phagocytosis and prolonged circulation, thus enhancing the overall efficacy [20].
The administration of a lipid-based miR-34a mimic, either intratumorally or systemically
(using a neutral lipid emulsion (NLE)), resulted in a 95% and 76% reduction in tumor
growth, respectively, in a DLBCL mouse model [27]. MiR-28a-5p, whose expression is
frequently reduced in human B-cell neoplasia and associated with the downregulation
of downstream BCR-signaling effectors, such as PI3K and AKT, has shown therapeutic
potential as a replacement therapy for B-NHL. The administration of synthetic miR-28a-5p
mimicked using a liposome delivery approach, impaired proliferation and survival of
lymphoma cells, and abrogated tumor growth in MD901 DLBCL and Ramos human BL
xenograft mouse models and in a λ-MYC transgenic mouse BL model [39]. Conversely, the
lipid-based delivery of miR-21 inhibitors significantly inhibited tumor growth in a human
MM xenograft model [40]. More recently, several approaches have emerged to enhance the
targeted liposome-based miRNA delivery to specific cells. For example, Di Martino et al.
synthesized a stable nucleic acid lipid particle (SNALPS) carrying miR-34a, which showed
high-vesicle loading, good transfection efficiency, and stability in the serum. Moreover,
SNALPS-mediated miR-34a delivery efficiently inhibited MM cell growth in vitro and
in vivo, confirming the high potential of this carrier in miRNA-based therapy [28].

Polymer-based delivery methods primarily use polyethylenimine (PEI), which results
from the conjugation of positively charged amine groups with an anionic RNA, preventing
RNA degradation and promoting cellular uptake and intracellular release [49]. However,
the use of PEIs has been limited in the current clinical research due to their low trans-
fection efficiency and cytotoxicity. The use of other polymers, such as PEG, a nonionic
and hydrophilic polymer covalently fused to PEI, can reduce toxicity by improving its
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biocompatibility. Avci et al. proved that PEG/PEI nanocomplex polymeric vectors im-
proved the stability and transfection efficiency of miR-150 in human leukemia cells [50].
Another approach that has been employed is the FDA-approved biomaterial poly(lactide-
co-glycolide) (PLGA), a copolymer of poly lactic acid (PLA) and poly glycolic acid with a
well-documented utility for sustained drug release and clinical use. The systemic delivery
of PNA anti-miR-155 conjugates encapsulated in PLGA polymer nanoparticles efficiently
inhibited miR-155, which, in turn, resulted in reduced tumor growth in vivo, suggesting a
therapeutic potential in B-cell tumor models [32].

The advancements in nanotechnology have led to the development of various inor-
ganic compound-based nanoparticles as excellent nanocarriers for miRNA delivery both
in vitro and in vivo. Although there is a lack of studies when compared to other types
of vectors previously discussed, the majority of studies have focused mainly on gold,
Fe3O4-based, and silica-based nanoparticles [51–53]. Inorganic compound-based delivery
systems have received attention specially due to their high bioactivity, biocompatibility, and
chemical stability in vivo [54]. Gold nanoparticles (AuNPs) have shown low cytotoxicity
and immunogenicity, and given their physicochemical, optical, and electronic properties,
they have been considered as an excellent nonviral miRNA delivery system. A study by
Ghosh et al. demonstrated that PEG-conjugated AuNPs are able to successfully deliver
miR-1 to cancer cells, showing a high transfection efficiency and low cytotoxicity [55]. More-
over, a multifunctional AuNP was synthesized to simultaneously deliver three anticancer
agents—AS1411, doxorubicin, and anti-miR221—to drug-resistant leukemia cells. These
nanoparticles were able to induce the miR-221-mediated reduction of cell proliferation and
clonogenic potential, induce apoptosis, and sensitize drug-resistant cells, enhancing the
chemotherapy efficacy [56].

In recent years, since the discovery of extracellular vesicles (EVs) as natural carriers
of biomolecules like miRNAs involved in cell-to-cell communication, the exploitation of
EVs for therapeutic applications has been under study. The intrinsic characteristics of EVs,
including stability in circulation and biocompatibility, as well as low immunogenicity and
toxicity, render them attractive miRNA delivery vehicles. Moreover, the manipulation
of their various membrane ligands allows targeted cargo delivery to specific cells and
tissues [57]. Usman et al. showed that blood cell-derived EVs carrying anti-miR-125b
AMOs efficiently downregulated miR-125 in acute myeloid leukemia (AML) cells in vitro
and effectively suppressed leukemia progression in a mouse model [42].

Despite their efficacy and promising potential as a delivery vehicle in conjunction with
the targeting ligand on their surfaces, the mass production of EVs and effective packaging
methods remain a challenge.

2.4. Targeting of miRNAs via CRISPR/Cas9

In the past few years, the development of a CRISPR–Cas9 system unveiled a world
of new opportunities for the therapeutic targeting of not only coding but also noncoding
genes [58]. The CRISPR/Cas9 system has emerged as an excellent option for miRNA
therapeutic inhibition. This state-of-the-art genome editing tool permits the inhibition
of miRNA expression by targeting their biogenesis sites, resulting in a functional knock-
out [59]. Specifically, the CRISPR-Cas9- mediated inhibition of miRNA can be achieved by
introducing indels (insertions and deletions) in the terminal loop or 5′ region of pre-miRNA,
which disrupts Drosha processing [60,61]. Moreover, Chang et al. also reported miRNA
knockouts by targeting sequences within/adjacent to Drosha and Dicer processing sites in
the secondary stem–loop structures of primary miRNA, which are crucial for processing
miRNA biogenesis [62]. In this study, Chang et al. not only demonstrated efficient and
specific decreases in mature miRNA levels in vitro with the minimized crossing off-target
effects among miRNA members of the same family or those with highly conserved se-
quences but, also, the in vivo long-term stability of CRISPR/Cas9 miRNA knockdown for
up to 30 days [62].
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Interestingly, CRISPR/Cas9 technology permits not only the inhibition of a single
miRNA but also the simultaneous inhibition of multiple miRNAs. Narayanan et al. per-
formed a CRISPR/Cas9 mutagenesis strategy to abrogate the activity of an entire miRNA
family. They screened 45 mutations in 10 miRNA genes both in silico and in vivo and
demonstrated that 99% of CRISPR/Cas9 mutations altered the critical sequences within
each hairpin primary miRNA structure, blocking the recognition by miRNA biogenesis
machinery and thus inhibiting the miRNA family expression in vivo [63].

Despite the recent research regarding the promising utility of CRISPR/Cas gene
editing technology as a cancer therapeutic approach, there is still a lack of information
when it comes to targeting miRNAs compared to targeting coding genes.

3. MicroRNA-Based Combinatorial Cancer Therapy

Although NHL patients may initially respond to treatment, most patients relapse
within the first 2 years after the initial treatment and often develop chemotherapy resis-
tance [64,65]. The acquisition of drug-resistant mutations in tumor cells due to selective
pressure ultimately results in the limited efficacy of cancer therapies [66].

The combination of different therapies, targeting different mechanisms, has been
proposed as an option to overcome therapeutic resistance. Given the ability of miRNAs
to target multiple genes of different resistance-mediating pathways, the modulation of
their levels is attractive as miRNA-based combinatorial cancer therapy. The rationale of
this approach is to use miRNA-based therapy to sensitize cancer cells to other anticancer
therapies. To date, studies have identified in vitro various miRNAs involved in the mod-
ulation of human lymphomas cell sensitivity to chemotherapy [67–71]. Leivonen et al.
demonstrated that the human shMIMIC lentiviral-mediated transduction of miR-370-3p,
miR-381-3p, and miR-409-3p in SU-DHL-4 cells resulted in the downregulation of the
phosphatidylinositol (PI), MAPK, and BCR-signaling pathways, which, in turn, enhanced
the chemosensitivity of DLBCL cells to rituximab or doxorubicin in vitro [71]. Another
study showed that miR-34a-5p is also associated with the chemosensitivity of lymphoma
cells. The lentivirus transduction of miR-34a-5p resulted in the decreased cell viability of
human DLBCL cell lines treated with doxorubicin, which seems to be associated with the
downregulation of FOXP1 [69]. Enhanced drug sensitivity was also observed in human
DLBCL cell lines treated with miRNA mimics of miR-197, miR-199a-3p, miR-497-5p, and
miR-187, exhibiting increased apoptosis and decreased cell viability when combined with
doxorubicin or vincristine treatment [68,70,72]. In the study of Tian et al., the transfection
of a miR-497 mimic into human MM cell lines enhanced the bortezomib treatment efficacy,
shown by the reduction of cell viability in addition to the cell cycle arrest and reduced
colony formation [73]. 2′-O-Methylation-modified hsa-miR-324-5p potentiates the anti-MM
activity of bortezomib in vitro and in vivo by inhibiting MDR proteins and regulating BCL2
family gene expressions [74]. Conversely, the inhibition of miR-21 and miR-155 by miRNA
inhibitors significantly increased the cytotoxic effect of the CHOP regime or doxorubicin
and rituximab, respectively, in human DLBCL or BL cell lines. Moreover, the modulation
of drug resistance by these miRNAs seems to be associated with the downregulation of
MDR1 in the case of miR-21 and LMP1 for miR-155, both involving the activation of the
PI3K/AKT/mTOR pathway [67,75,76]. A study performed by Sun et al. demonstrated a
miR-148b mimic-induced sensitivity to CHOP using human DLBCL xenografts in mouse
models, and this effect seems to be associated with Ezrin downregulation [77]. Moreover,
miR-148b has been also associated with modulation of the radiation response by NHL cells.
Upregulated miR-148b by miR-148b mimic transfection resulted in significantly enhanced
cell death compared to the controls, which the authors suggested could be due to the
promotion of radiation-induced apoptosis by miR-148b [78]. Following the same line of
thought, both in vitro and in vivo studies by Wu et al. demonstrated that an induced miR-
150 expression by lentiviral-mediated transfection in NK-/T-cell lymphoma cells enhances
the radiosensitivity by inhibiting the AKT pathway [79].
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Even though several studies have proven the potential of miRNA-based combinations
as a way to enhance the current cancer therapy efficacy, further investigations are needed,
especially concerning the selection of miRNAs that are particularly relevant to the specific
cancer type and associated with the therapy-resistant pathways.

4. LncRNA-Targeted Therapeutics

Despite the tissue- and cell-specific expression characteristics of lncRNAs, making
them attractive therapeutic targets, only recently have they become the focus of investi-
gations. Similar to miRNA-targeting approaches, lncRNAs can be targeted by different
methods based on their potential function. The knockdown of oncogenic lncRNAs can be
achieved by using a siRNA strategy that induces a dicer- and argonaute-dependent cleav-
age or by using chemically modified ASOs that target the lncRNAs for RNase H-dependent
degradation. Alternatively, lncRNA transcription can be modulated by steric blocking the
gene promoter or by performing genome-editing techniques, such as CRISPR/Cas9. The
last approach to target lncRNA functions is by steric block lncRNA–protein interactions or
by inhibiting the formation of a secondary structure via ASOs.

The previously mentioned chemical modifications and delivery strategies of miRNA-
based therapeutics are also applied in lncRNA-based therapy in order to increase the
stability and specificity and to increase the intracellular uptake in vivo [80].

4.1. LncRNA-Targeting by Nucleic Acid Therapeutics

Presently, there are two major strategies of nucleic acid therapeutics to target lncRNAs
based on double-stranded RNA-mediated interference (RNAi) and single-stranded ASOs.

An RNAi-targeting strategy is essentially based on the use of small interfering RNAs
(siRNAs), which transiently target the lncRNA of interest, and short hairpin RNAs (shRNAs),
which are stably expressed. The in vitro knockdown of lncRNAs by RNAi has been per-
formed successfully in numerous cell lines, including lymphoma cell lines. For example,
the siRNA-induced knockdown of MALAT1 in mantle cell lymphoma (MCL) cell lines has
resulted in decreased cell viability and colony formation, increased cell apoptosis, and cell
cycle arrest at the S/G1 transition [81]. However, the in vivo inhibition of lncRNA using
siRNA is more challenging, especially due to inefficient delivery systems and a lack of
bioavailability of siRNAs in animals [82]. Guo et al. used BALB/c nude mice to determine
the effect of lncRNA MCM3AP-AS1 on cell proliferation and tumor growth. The group
observed that MCM3AP-AS1 knockdown improved lymphoma sensitivity to doxorubicin
by inhibiting cell proliferation and enhancing apoptosis in vitro and resulted in reduced
tumor growth in vivo [83]. Cheng et al. achieved TUG1 knockdown by transfecting lym-
phoma cells with siRNAs using lipid-based delivery, which resulted in decreased DLBCL
cell growth and promoted apoptosis in vitro. Moreover, the subcutaneous injection of
si-TUG1 cells in nude mice resulted in a dramatic decrease of tumor growth and lung
metastatic nodules [84].

However, the efficiency of the RNAi approach has been questioned, specifically regard-
ing the susceptibility of nuclear- and enhancer-associated lncRNAs to RNAi machinery,
predominantly located in the cytoplasm. To overcome this obstacle, usually, several siRNA
sequences are screened to determine the more effective path to knock down a specific
lncRNA [85].

Alternatively, ASOs or gapmers, which are synthetic chimeric ASO-containing
LNA/DNA mixmers, use a DNA/RNA hybrid strategy to target RNA by using the base
pairing rules. Compared to RNAi, ASOs were shown to be more efficient in knocking down
nuclear lncRNAs while still efficient for cytoplasmatic lncRNAs, whereas cytoplasmatic
lncRNAs are more efficiently silenced by RNAi [85]. Additionally, the ASO-based approach
has been proven successful in both preclinical studies (animal models) and human clinical
trials, with ASOs being recently approved by the FDA for clinical use in neurodegenerative
diseases [86].
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The LNA-gapmeR-mediated knockdown of NEAT1 in MM cells resulted in the in-
hibition of cell proliferation while triggering apoptosis in vitro and antitumor activity in
in vivo in a murine MM model with optimal tumor uptake and without systemic toxicity.
Moreover, LNA-gapmeR treatment enhanced the drug sensitivity of MM cells to anti-MM
drugs, revealing a synergistic effect [87].

The major drawbacks of both RNAi and ASO strategies remain the incomplete and
transient knockdown of lncRNAs and unpredictable off-target effects, which represent
critical obstacles for clinical application [80].

4.2. Targeting of lncRNA-Expressing Loci via CRISPR/Cas9

The recent advances in genome editing technology such as CRISPR/Cas9 provide
a powerful alternative method for transcriptional silencing lncRNAs both in vitro and
in vivo.

Loss-of-function of a specific lncRNA can be achieved, for example, by a CRISPR
deletion (CRISPR-del) approach or CRISPR inhibition (CRISPRi). CRISPR-del provides
perhaps the most straightforward approach, in which CRISPR–Cas9 complexes induce
double-stranded breaks at sites lacking lncRNA loci, and by the nonhomologous end-
joining process, the target fragment is removed [88]. The most efficient manner to silence
lncRNAs is by deleting small regions containing the promoter and transcriptional start
site (TSS) [89]. For example, David et al. used CRISPR-mediated deletion of the CRNDE
locus in MM cells and observed a decrease in cell proliferation and adhesion, increased
dexamethasone sensitivity, and reduced tumor growth in vivo [90].

Alternatively, the most preferable method is the transcriptional repression of lncRNA
by CRISPRi. This methodology uses a catalytically inactive Cas9 fused to transcriptional
repressors in which the resulted fusion protein is the target of a specific gene promoter by
an RNA-guided targeting platform [91]. In this instance, Raffeiner et al. used CRISPRi to
target MYC-regulated noncoding genes in human B cells and successfully identified 320
noncoding loci that are involved in cell growth in human lymphoid cell lines. Moreover, the
transcriptional repression of any of the selected lncRNAs diminished cell proliferation [92].

The major disadvantages of CRISPR-Cas9 targeting lncRNAs are the complex ar-
chitecture of the genomic loci bordering different lncRNA genes, which may lead to the
disturbance of neighboring or overlapping genes, leading to false-positive phenotypic
changes. In fact, a study by Goyal et al. showed that only 38% of 15,929 identified lncRNA
loci could be safely manipulated by CRISPR applications [93].

4.3. Small Compounds Targeting lncRNAs

Lastly, lncRNA silencing can be achieved by interfering with secondary and tertiary
structures of specific lncRNAs using small molecules. The premise of this therapeutic
approach is to disrupt the lncRNA spatial structure or block lncRNA–protein interactions.
With this in mind, Pedram Fatemi et al. developed a tool to quantify lncRNA–protein inter-
actions and identified small molecules with the ability to modulate their interactions. Based
on their analysis, they reported that a small compound known as ellipticine could inhibit
the interaction between BDNF-AS–EZH2 and HOTAIR–EZH2 [94]. Another identified
druggable lncRNA was MALAT1, which presented a triple-helix structure at the 3′ end. Ab-
ulwerdi et al. used a small molecule microarray strategy and identified multiple MALAT1
ENE triplex-binding compounds capable of modulating MALAT1 downstream genes [95].
Another interesting example was demonstrated by Mercatelli et al. in their study in which
HULC downregulation, using small-molecule YK-4-279, resulted in a reduction of TWIST1
expression by unleashing miR-186 and permitting its binding to TWIST1 [96].

5. Clinical Trials for miRNA and lncRNA-Based Drug Candidates

Given the promising preclinical results, some miRNA-based drug candidates are
currently in phase I and phase II clinical trials for the treatment of diverse pathologies,
including cancer (Table 2). Mirna Therapeutics, Inc. (Carlsbad, CA, USA) developed the
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first miRNA-based cancer therapy to enter clinical trials, MRX34, a liposome-encapsulated
miR-34 mimic. The clinical trial (NCT01829971 [97]) included patients diagnosed with
primary liver cancer, NSCLC, lymphoma, melanoma, multiple myeloma, or renal cell
carcinoma to evaluate the safety of MRX34. However, due to severe immune-related
adverse responses in five patients, the FDA terminated the phase Ib study. The cause
of the severe adverse effects remains unclear but is now under investigation in preclin-
ical trials [98]. A phase I clinical trial (NCT02369198 [99]) using an epidermal growth
factor receptor (EGFR) antibody-coated bacterial-derived minicell system loaded with
miR-16 mimic (MesomiR-1) showed an effective inhibition of tumor growth. During this
trial, MesomiR-1 was intravenously administered to 26 patients with malignant pleural
mesothelioma or non-small cell lung cancer (NSCLC) refractory to the standard therapy
to determine the maximum tolerated dose, allowing the initiation of a phase II clinical
trial [100]. Based on the results of this trial, additional studies are needed to investigate the
antitumor activity of TargomiRs in combination with chemotherapy or immune checkpoint
inhibitors [101]. MiRagen Therapeutics, Inc. (Boulder, CO, USA) initiated a phase I clinical
trial (NCT02580552 [102]) to determine the efficacy and safety of anticancer LNA anti-miR-
155 (MRG-106 or Cobomarsen) in patients diagnosed with mycosis fungoides, a subtype of
cutaneous T-cell lymphoma (CTCL). Since cobomarsen showed an efficient reduction of
the tumor burden while maintaining an acceptable safety profile during this trial, phase II
clinical trials with CTCL patients (NCT03837457 [103]/NCT03713320 [104]) were initiated
to assess the efficacy of cobomarsen compared to vorinostat, an FDA-approved treatment
for CTCL [26].

Table 2. miRNA and lncRNA-based therapies in clinical trials.

Drug/Therapy
Agent

ClinicalTrials.Gov
Identifier

Phase/Trial
Status Disease

MRX34
(miR-34 mimic)

NCT01829971
[97]

Phase I
(terminated)

Primary liver cancer, NSCLC, Lymphoma,
Melanoma, MM, Renal cell carcinoma

MesomiR-1
(miR-16 mimic)

NCT02369198
[99]

Phase I
(completed)

Malignant pleural mesothelioma,
NSCLC

MRG-106 or Cobomarsen
(anti-miR-155)

NCT02580552
[102]

Phase I
(completed)

CTCL (Mycosis fungoides), CLL,
ABC-DLBCL, ATLL

NCT03837457
[103]

Phase II
(terminated) CTCL (Mycosis fungoides)

NCT03713320
[104]

Phase II
(terminated)

Andes-1537
NCT02508441

[105]
Phase I

(terminated) Advanced unresectable solid tumors

NCT03985072
[106]

Phase I
(recruiting)

Gallbladder and biliary tract carcinoma; Cervical
carcinoma; Gastric carcinoma; Pancreatic

carcinoma, Colorectal carcinoma.

Abbreviations: NSCLC: non-small cell lung carcinoma, MM: multiple myeloma, CTCL: cutaneous T-cell lymphoma, CLL: chronic
lymphocytic leukemia, ABC-DLBCL: diffuse large B-cell lymphoma (ABC subtype), and ATLL: adult T-cell leukemia/lymphoma.

Currently, the number of clinical trials involving lncRNA-targeting strategies is increas-
ing; however, they are mainly focused on solid tumors. For example, the FDA approved
a phase I clinical trial of Andes-1537, an ASO that targets mitochondrial lncRNAs for
advanced metastatic cancer (NCT02508441 [105]/ NCT03985072 [106]).

6. Conclusions

Despite the best efforts to uncover the regulatory role of miRNAs and lncRNAs in
lymphoma, additional research is needed to better understand the complex functional
network behind miRNAs/lncRNAs regulatory interactions during lymphomagenesis in
order to translate this knowledge into clinical practice. Especially regarding lncRNA
biology and their function, this is still an area of investigation in its infancy.
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Theoretically, given the pleiotropic function of miRNAs and lncRNAs, the target of
these molecules could result in an efficient reversion of malignant phenotypes in mul-
tifactorial pathologies like lymphoma or any other cancer. In fact, the importance of
miRNA/lncRNA-based therapies is highlighted by the increasing number of preclinical
studies and clinical trials, especially after the groundbreaking achievement of mRNA-based
anti-COVID-19 vaccines.

The field of nanomedicine is now focusing their efforts on improving the pharma-
cokinetics and pharmacodynamics of miRNA/lncRNA-based therapeutics. The biggest
challenges in developing miRNA/lncRNA-based therapeutics are not only identifying
the best ncRNA candidate but, also, to optimize the delivery vehicles. The success of this
therapeutic approach depends on the development of highly stable delivery systems with
low cytotoxicity and tissue-specific targeting.
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Abstract: Research has been focusing on identifying novel biomarkers to better stratify non-Hodgkin
lymphoma patients based on prognosis. Studies have demonstrated that lncRNAs act as miRNA
sponges, creating ceRNA networks to regulate mRNA expression, and its deregulation is associated
with lymphoma development. This study aimed to identify novel circulating prognostic biomarkers
based on miRNA/lncRNA-associated ceRNA network for NHL. Herein, bioinformatic analysis was
performed to construct ceRNA networks for hsa-miR-150-5p and hsa-miR335-5p. Then, the prognostic
value of the miRNA–lncRNA pairs’ plasma levels was assessed in a cohort of 113 NHL patients. Bioin-
formatic analysis identified MALAT1 and NEAT1 as hsa-miR-150-5p and has-miR-335-5p sponges,
respectively. Plasma hsa-miR-150-5p/MALAT1 and hsa-miR335-5p/NEAT1 levels were significantly
associated with more aggressive and advanced disease. The overall survival and progression-free
survival analysis indicated that hsa-miR-150-5p/MALAT1 and hsa-miR335-5p/NEAT1 pairs’ plasma
levels were remarkably associated with NHL patients’ prognosis, being independent prognostic
factors in a multivariate Cox analysis. Low levels of hsa-miR-150-5p and hsa-miR-335-5p combined
with high levels of the respective lncRNA pair were associated with poor prognosis of NHL patients.
Overall, the analysis of ceRNA network expression levels may be a useful prognostic biomarker for
NHL patients and could identify patients who could benefit from more intensive treatments.

Keywords: non-hodgkin lymphoma; miRNA; lncRNA; ceRNA network; prognosis; biomarker

1. Introduction

Non-Hodgkin lymphomas (NHL) are a heterogenous class of lymphoproliferative ma-
lignancies, characterized by infiltration of lymphoid tissues [1]. The majority of NHL cases
comprises the aggressive diffuse large B-cell lymphoma (DLBCL) and the indolent follicular
lymphoma (FL), accounting for about 65% of all NHL cases [1]. Moreover, the latest GLOBO-
CAN data indicate that NHL represents the most common hematological malignancy
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worldwide, corresponding to approximately 3% of cancer diagnoses and cancer deaths [2].
The standard therapy regime for NHL treatment remains the anthracycline-containing
chemotherapy (cyclophosphamide, doxorubicin, vincristine, prednisone—CHOP) com-
bined with anti-CD20 agent, Rituximab (R-CHOP) [1]. However, despite the improvement
in patients’ outcome after Rituximab introduction, approximately 20–50% of patients are re-
fractory ab initio or ultimately relapse, with these patients presenting only a 20–40% 2-year
overall survival rate [3–5]. In the past decade, the advance of gene-expression profiling
and next-generation sequencing provided substantial insights about the etiology and the
molecular background of the different entities comprising NHL, but the underlying molec-
ular mechanisms still remain unclear. One of the main challenges in NHL management
continues to be the ability to reliably stratify patients according to their risk of recurrence.
Current clinical prognostic factors are associated with unpredictability in outcome within
the individual risk groups, reflecting the biological heterogeneity of NHL, and emphasize
the impending need of more precise and biologically based risk factors [6,7]. The main goal
is to change from a clinical relapse to a molecular relapse evaluation in order to allow a
more precise prognostic stratification, allowing early secondary therapeutic interventions.

Circulating non-coding RNAs, namely microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs), have emerged as a potential alternative to monitor the kinetics of the dis-
ease to be analyzed as “liquid biopsy” [8]. Since these molecules can be detected in a variety
of biological fluids and due to their intrinsic stability, they represent a promising strategy as
potential non-invasive diagnostic, prognostic, treatment response and disease monitoring
biomarkers [9]. MiRNAs is the class of ncRNAs most studied over the years, especially
due to their relevant biological function in gene regulation [10]. MiRNAs are characterized
as small ncRNA with ~22 nucleotides of length, that function as gene regulators at the
post-transcriptional level, through binding to the 3′ untranslated region (UTR) of a target
mRNA, which results in their repression or degradation [11]. Dysregulated expression of
miRNAs has been reported in lymphomas [12]. The expression levels of hsa-hsa-miR-27a,
hsa-hsa-miR-142, hsa-miR-199b, hsa-miR-222, hsa-miR-302, hsa-miR-330, hsa-miR-425, and
hsa-miR-519 seemed to be associated with OS of R-CHOP treated patients with DLBCL [13].
Recently, lncRNAs have emerged as a new level of gene expression regulation, playing an
important role in lymphoma development [14]. LncRNAs are >200 nt long transcripts with
no protein-coding capacity [15]. Moreover, lncRNAs regulate gene expression at multiple
levels, by interacting not only with RNA but also with DNA and proteins [16]. Interestingly,
Salmena et al. first proposed the hypothesis of “competing endogenous RNA (ceRNA)
network”, where lncRNAs act as endogenous molecular sponges of miRNAs to regulate
the expression of mRNAs [17]. Huang et al. reported that lncRNA LINC00857 regulates
the hsa-miR-370-3p/CBX3 axis by competing for hsa-miR-370-3p binding, resulting in
modulation of DLBCL cell proliferation and apoptosis [18]. Another recent study observed
that lncRNA SNHG8 acts as a sponge to hsa-miR-335-5p, promoting proliferation while
inhibiting apoptosis of DLBCL cells [19]. Even though most lncRNAs have not yet been
characterized, the majority of them have shown great potential and clinical value [20,21].

It is clear that miRNAs and lncRNAs have a synergetic role in an intricated method to
fine-tune gene expression; however additional studies are needed to further define the role
of ncRNAs in clinical practice as potential new predictive and prognostic biomarkers. Hsa-
miR-150-5p has been described as one of the players involved in B cell differentiation and as
a potential non-invasive B cell lymphoma biomarker [22,23]. On the other hand, numerous
studies showed that hsa-miR-335-5p is dysregulated in several cancers, such as breast
cancer, lung cancer, colorectal cancer, and ovarian cancer [24–27]. Given the role of hsa-
miR-335-5p in proliferation, apoptosis, migration, and invasion, this miRNA has attracted
widespread attention as a potential prognosis biomarker. In fact, B cell CLL/lymphoma 2
like 2 (BCL-W or BCL2L2), which is an anti-apoptotic member of the Bcl-2 protein family,
is identified as a possible target of hsa-miR-335-5p based on the results of bioinformatics
analysis, indicating a potential role of this miRNA in NHL pathophysiology [28,29].
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In the present study, we sought to analyze the potential of hsa-miR-150-5p and hsa-
miR-335-5p as prognostic biomarkers, by studying their expression profile and their respec-
tive target lncRNAs in plasma samples of NHL patients.

2. Results
2.1. LncRNA-miRNA—mRNA Network Construction

ceRNA is a well-known regulatory mechanism of lncRNAs. LncRNA sponges a va-
riety of miRNAs to inhibit its expression and reduce the regulatory effect on the target
mRNA [17]. The target recognition of hsa-miR-150-5p and hsa-miR-335-5p were ana-
lyzed via StarBase database and the miRNA–lncRNA pairs were identified. The analysis
identified 17 lncRNAs targeting hsa-miR-150-5p, of which MALAT1 presented the higher
CLIP Data evidence (Figure 1a,b). Concerning the analysis of the lncRNAs targeting
hsa-miR-335-5p, 14 lncRNAs were identified, of which NEAT1 presented the higher CLIP
Data evidence (Figure 1c,d). Therefore, both MALAT1 and NEAT1 were selected to be
analyzed in plasma samples of NHL patients.
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LncRNAs that target hsa-miR-150-5p according to StarBase database analysis; (b) details about the 
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Figure 1. In silico analysis of the lncRNAs targeting hsa-miR-150-5p and hsa-miR-335-5p.
(a) LncRNAs that target hsa-miR-150-5p according to StarBase database analysis; (b) details about
the binding site of hsa-miR-150-5p on MALAT1, predicted by StarBase database; (c) lncRNAs that
target hsa-miR-335-5p according to StarBase database analysis; (d) details about the binding site of
hsa-miR-335-5p on NEAT1, predicted by StarBase database.

Then, miRTarBase database was employed to identify target mRNAs that are sup-
pressed by hsa-miR-150-5p and hsa-miR-335-5p. According to miRTarBase analysis, the
largest known online database of validated miRNA:mRNA interactions, we retrieved the
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list of mRNAs that were validated with strong evidence methods (Western blot, qRT-PCR
or luciferase assay), which are listed in Figure 2a,c, in order to perform the functional
annotation and enrichment analysis. To explore the biological impact, we analyzed the
validated targets with the STRINGapp Protein Query from Cytoscape software. The identi-
fied targets were filtered into a protein–protein interaction (PPI) network with 33 nodes
and 52 edges for hsa-miR-150-5p targets and 31 nodes and 62 edges for the hsa-miR-335-5p
targets, presenting a significant enrichment (p = 4.17 × 10−7 and p = 1×10−16, respectively).
We also applied a Markov clustering (MCL), which resulted in the clustering of the proteins
according to their STRING interaction score (Figure 2b,d). Finally, we integrated the data
from hsa-miR-150-5p and hsa-miR-335-5p identified targets and constructed the complete
lncRNA–miRNA–mRNA network (Figure 3).
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For the functional enrichment analysis, we used an FDR threshold of p < 0.05, and the
redundant terms were eliminated using a redundancy cutoff of 0.5, which resulted in a total
of 54 enriched terms among the KEGG, Reactome and GO categories for hsa-miR-150-5p
and 47 enriched terms for hsa-miR-335-5p. The enriched terms for each category are
represented in Figure 4, representing only the top 20 enriched terms for GO Biological
Process and KEGG pathways. Analyzing the functionally enriched terms for the hsa-
miR-150-5p targets, we can observe that the majority of the targets are involved in major
cancer pathways, including TP53, NOTCH3, SP1, STAT5B, EP300 and VEGFA, and they are
associated with miRNA deregulation in cancer, all of which are well established involved
factors in NHL development. In fact, concerning the GO molecular processes terms, we can
observe that the enriched terms are associated with the regulation of cell proliferation and
cell apoptosis, and the cellular response to organic substances. In the functional analysis
of hsa-miR-335-5p targets through KEGG pathways, we could find PI3K/Akt and Wnt
pathways, highly associated with miRNA deregulation, all central signaling pathways
involved in the development and progression of NHL.
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2.2. hsa-miR-150-5p, hsa-miR-335-5p, MALAT1 and NEAT1 Expression Levels in NHL Patients’
Plasma Samples

We evaluated the plasma expression levels of hsa-miR-150-5p and hsa-miR-335-5p in
113 NHL patients by qRT–PCR. The expression levels of hsa-miR-150-5p and hsa-miR-335-5p
in the plasma were significantly lower in patients with high grade lymphoma compared to
low grade lymphoma (p = 0.015 and p = 0.034, respectively) (Figure 5).
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Figure 5. Expression levels of hsa-miR-150-5p and hsa-miR-335-5p in plasma samples of NHL
patients’ groups according to lymphoma grade. Hsa-miR-150-5p and hsa-miR-335-5p presented
lower plasma levels in patients with high grade lymphoma compared to patients with low grade
lymphoma (p = 0.015 and p = 0.034, respectively). * p < 0.05.

The plasma levels of MALAT1 and NEAT1 were higher in patients with high grade
lymphoma compared to low grade lymphoma (p = 0.035 and p = 0.018, respectively)
(Figure 6).
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Figure 6. Expression levels of MALAT1 and NEAT1 in plasma samples of NHL patients’ groups
according to lymphoma grade. MALAT1 and NEAT1 presented higher plasma levels in patients
diagnosed with high grade lymphoma compared to low grade lymphoma (p = 0.035 and p = 0.018,
respectively). * p < 0.05.

2.3. Association of miRNAs and lncRNAs Plasmatic Levels and the Clinicopathological
Characteristics of NHL Patients

In this study, the mean of each transcript expression levels of the 113 patients were
used as the threshold, and patients were divided into a high-level expression group (with an
expression level above the mean expression level) and a low-level expression group (with an
expression level below the mean). The association between the plasma expression levels and
the clinicopathological features of the patients is summarized in Supplementary Table S1.
The analysis revealed that low levels of miRNA-150 are associated with III/IV stages
(p = 0.015), high levels of LDH (p = 0.020) and higher IPI and FLIPI scores (p = 0.043 and
p = 0.034, respectively). Lower expression levels of hsa-miR-335-5p were associated with
III/IV stages (p = 0.010), higher ECOC (p = 0.037) and higher IPI score (p = 0.012). Moreover,
no correlation between age and gender and the expression levels of both miRNAs was
found. Concerning the expression levels of MALAT1, high levels of the transcript are
associated with advanced stages (p = 0.018) and higher IPI and FLIPI scores (p = 0.034 and
p = 0.025, respectively). Similarly, high levels of NEAT1 are also associated with III/IV
stages (p = 0.018), presence of B symptoms (p = 0.038) and higher IPI score (p = 0.032).

2.4. miRNAs and lncRNAs Impact on Overall Survival and Progression-Free Survival of
NHL Patients

Patients were divided in terciles according to the transcript levels using the −∆Ct values
of each miRNA and lncRNA (high, intermediate, and low levels), in order to analyze the
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association between OS and PFS of NHL patients and the expression levels of the transcripts.
The Kaplan–Meier estimate and log-rank tests revealed that NHL patients with lower levels
of hsa-miR-150-5p and hsa-miR-335-5p, and higher levels of MALAT1 and NEAT1 present
worse OS (hsa-miR-150-5p: p = 0.019; hsas-miR-335-5p: p = 0.040; MALAT1: p = 0.020;
NEAT1: p = 0.001) and worse PFS (hsa-miR-150-5p: p = 0.004; hsa-miR-335-5p: p = 0.003;
MALAT1: p = 0.011; NEAT1: p = 0.003) than those with higher levels of hsa-miR-150-5p
and hsa-miR-335-5p and lower levels of MALAT1 and NEAT1 (Figure 7).

Int. J. Mol. Sci. 2022, 23, 201 8 of 18 
 

 

the transcripts. The Kaplan–Meier estimate and log-rank tests revealed that NHL patients 
with lower levels of hsa-miR-150-5p and hsa-miR-335-5p, and higher levels of MALAT1 
and NEAT1 present worse OS (hsa-miR-150-5p: p = 0.019; hsas-miR-335-5p: p = 0.040; 
MALAT1: p = 0.020; NEAT1: p = 0.001) and worse PFS (hsa-miR-150-5p: p = 0.004; hsa-miR-
335-5p: p = 0.003; MALAT1: p = 0.011; NEAT1: p = 0.003) than those with higher levels of 
hsa-miR-150-5p and hsa-miR-335-5p and lower levels of MALAT1 and NEAT1 (Figure 7). 

 

(a) 

(b) 

Figure 7. OS (a) and PFS (b) of NHL patients according to plasma levels of hsa-miR-150-5p, hsa-
miR-335-5p, MALAT1 and NEAT1. 

Then, three groups were established considering the combination of the plasma 
levels of each ceRNA pair, hsa-miR-150-5p/MALAT1 plasma levels and hsa-miR-335-
5p/NEAT1 plasma levels which allowed the definition of high-, intermediate- and low-
risk groups (Table 1). For the analysis of the hsa-miR-150-5p-MALAT1 pair, the low-risk 
group was constituted of patients combining high expression of hsa-miR-150-5p and low 

Figure 7. OS (a) and PFS (b) of NHL patients according to plasma levels of hsa-miR-150-5p,
hsa-miR-335-5p, MALAT1 and NEAT1.

Then, three groups were established considering the combination of the plasma levels
of each ceRNA pair, hsa-miR-150-5p/MALAT1 plasma levels and hsa-miR-335-5p/NEAT1
plasma levels which allowed the definition of high-, intermediate- and low-risk groups
(Table 1). For the analysis of the hsa-miR-150-5p-MALAT1 pair, the low-risk group was
constituted of patients combining high expression of hsa-miR-150-5p and low expression of
MALAT1. The intermediate-risk group combined both patients with high hsa-miR-150-5p
and high MALAT1 expression and patients with low hsa-miR-150-5p and low MALAT1 ex-
pression. The high-risk group combined patients with a low expression of hsa-miR-150-5p
and high expression of MALAT1. Concerning ceRNA pair hsa-miR-335-5p-NEAT1, the
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low-risk group was constituted of patients combining high expression of hsa-miR-335-5p
and low expression of NEAT1. The intermediate-risk group combined both patients with
high hsa-miR-335-5p and high NEAT1 expression and patients with low hsa-miR-335-5p
and low NEAT1 expression. The high-risk group combined patients with a low expression
of hsa-miR-335-5p and high expression of NEAT1. Given the results, we observed that the
significance of the prognostic value is improved when expression levels of the miRNAs
were combined with the respective lncRNA pair (p < 0.001) (Figure 8).

Table 1. Definition of high-, intermediate- and low-risk groups considering the combination of
the plasma levels of each ceRNA pair, hsa-miR-150hsa-miR-150-5p/MALAT1 plasma levels and
hsa-miR-335hsa-miR-335-5p/NEAT1 plasma levels.

Groups hsa-miR-150-5p-MALAT1 hsa-miR-335-5p-NEAT1

Low-risk ↑hsa-miR-150 +↓MALAT1 ↑hsa-miR-335 +↓NEAT1

Intermediate-risk ↑hsa-miR-150 +↑MALAT1
↓hsa-miR-150 +↓MALAT1

↑hsa-miR-335 +↑NEAT1
↓hsa-miR-335 +↓NEAT1

High-risk ↓hsa-miR-150 +↑MALAT1 ↓hsa-miR-335 +↑NEAT1
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Figure 8. OS and PFS of NHL patients according to plasma levels of miRNA/lncRNA pairs (p < 0.001).

Multivariate analysis was conducted with significant clinical parameters associated
with patients’ prognosis and revealed that low expression of hsa-miR-150-5p and high
expression of MALAT1 were independent poor prognostic factors of OS and PFS (OS:
p = 0.020 and p = 0.026; PFS: p = 0.027 and p = 0.021, respectively) (Supplementary Table S2).
Similarly, regarding the hsa-miR-335-5p-NEAT1 ceRNA pair, low levels of hsa-miR-335-5p
and high levels of MALAT1 were observed to be also independent poor prognostic factors
of OS and PFS (OS: p = 0.037 and p = 0.002; PFS: p = 0.009 and p = 0.040, respectively)
(Supplementary Table S3). Patients with low hsa-miR-150-5p/high MALAT1 and low
hsa-miR-335-5p levels/high NEAT1 levels present a higher risk of death and disease
progression compared to patients with high levels of hsa-miR-150-5p/low levels MALAT1
and high levels of hsa-miR-335-5p/low levels NEAT1.

3. Discussion

Despite the improvements in NHL patients’ overall survival, there is still an un-
predictability factor in the outcome within individual risk groups, with a considerable
percentage of patients being refractory ab initio or ultimately relapse, with poor 2-year
overall survival rates [3–5]. This unpredictability in patients’ outcome can be the reflection



Int. J. Mol. Sci. 2022, 23, 201 10 of 17

of the pathological and molecular heterogeneity of NHL. The IPI systems are the current
methodology used to infer risk stratification and predict the NHL patients’ outcome. How-
ever, the IPI systems do not consider factors inherent to the molecular heterogeneity of
patients, leading to the critical need of identifying additional molecular prognostic biomark-
ers. In the last decade, several studies have demonstrated the contribution of miRNAs to
lymphoma development, implying their potential as novel biomarkers in cancer diagnosis
and prognosis [14]. More recently, a new class of ncRNA, the lncRNAs, has emerged also
as important regulators of gene expression, and their deregulation has been implicated in
the initiation and progression of cancer, showing great potential as predictive biomarkers.
However, the majority of studies focused on solid tumors [30–32].

Given the ability of lncRNA to sponge miRNAs and consequently inhibiting their
inhibitory function over target mRNAs, in this study, we investigated the prognostic value
of lncRNAs and miRNAs by analyzing lncRNAs–miRNAs pairs’ expression in plasma
samples of NHL lymphomas. According to our results, hsa-miR-150-5p, hsa-miR-335-5p,
MALAT1 and NEAT1 were differentially expressed in patients with high grade lymphomas
when compared to low grade lymphoma patients, indicating their involvement in the
pathogenesis and prognosis of NHL. Specifically, lower levels of hsa-miR-150-5p and
hsa-miR-335-5p and higher levels of MALAT1 and NEAT1 were associated with worse
clinicopathologic characteristics, such as higher clinical stage and higher IPI/FLIPI scores
and predicted poor prognosis and poor survival rates in NHL patients.

According to our bioinformatics analysis using StarBase database, the lncRNA MALAT1
was identified as a direct target of hsa-miR-150-5p. Interestingly, MALAT1 was shown to
be involved in the maintenance of early-stage hematopoietic cell proliferation potential [33].
During B cell activation, MALTA1 is differentially expressed and was identified as a AID
target, which is involved in both somatic hypermutation and class-switch recombination
in activated B cells [34]. MALAT1 can regulate gene expression transcriptionally, by act-
ing as a scaffold on interchromatin clusters, for example by interacting with EZH2 and
SUZ12, two components of the PRC2 complex. In mantle cell lymphoma, MALAT1 was
found upregulated and associated with advanced disease stage and lower overall survival,
similarly to our obtained results. Wang et al. reported that overexpressed MALAT1 inter-
acts with EZH2, highly expressed in B-cell lymphomas, facilitating the complex binding
to gene promoters which results in suppression of p21 and p27 expression and increase
c-Myc expression [35,36]. Furthermore, it was shown that MYC binds to the upstream
region of has-miR-150 leading to its expression repression [37]. Intriguingly, MYC and
EZH2 create a positive loop that constantly leads to MYC and EZH2 overexpression, and
both act together to silence tumor suppressor miRNAs in aggressive lymphoma cells,
such as hsa-miR-150 [37]. On the other hand, MALAT1 can also regulate gene expres-
sion post-transcriptionally by acting as a ceRNA sequestering miRNAs. For example, in
acute myeloid leukemia, MALAT1 regulates cells migration, proliferation and apopto-
sis, by releasing CXCR4 from the regulatory inhibition of hsa-miR-146 [38]. In multiple
myeloma, MALAT1 regulates proliferation and adhesion of multiple myeloma cells via
hsa-miR-181-5p/Hippo-YAP axis. Moreover, a study by Gu et al. reported that MALAT1 is
overexpressed in multiple myeloma, and regulates cell proliferation, apoptosis, and cell-
cycle through the ceRNA network involving the hsa-miR-509-5p/Foxp1 pathway [39]. Very
recently, MALAT1 was reported to directly bind to hsa-miR-150, releasing their suppressive
effect on the target mRNAs, promoting cell proliferation and inhibiting apoptosis [40,41].
Therefore, we propose that MALAT1 ensures downregulation of hsa-miR-150, required for
development and progression of NHL cells by two mechanisms. Firstly, MALAT1 induces
transcriptional inhibition of hsa-miR-150 by EZH2/MYC axis. Secondly, MALAT1 ensures
the maintenance of low hsa-miR-150 levels by directly sponging it, inhibiting its repressive
function on target mRNAs.

We also constructed hsa-miR-150-5p network to explore their role in NHL progno-
sis. Using a bioinformatics approach, we identified a central hsa-miR-150-related PPI
network linked to MYB, TP53, SP1, STAT5B, NOTCH3, EP300 and CREB1. This PPI net-
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work was enriched in cell proliferation and cell cycle regulation, regulation of apoptosis,
regulation of immune system pathways, and act as central players in cancer pathogenesis
as demonstrated in the KEGG pathway analysis. In fact, the identified members of the
hsa-miR-150-related PPI network have been associated with NHL development and pro-
gression. A top predicted target of hsa-miR-150-5p was MYB, a transcription factor and
well-established regulator of the hematopoietic cell development and proliferation, with
key target genes involved in cell cycle, cell proliferation and growth, differentiation, and
survival, such as MYC, CCNB1, BCL2, BIRC5, and CDK1 [42–47]. In summary, the overall
results show an intricate network involving MALAT1-EZH2-MYC-miR-150-MYB. Specifi-
cally, we hypothesize that upregulated MALAT1 concomitantly with EZH2 induces MYC
expression, which binds to the hsa-miR-150 promoter region inhibiting its expression. More-
over, MALAT1 further ensures inhibition of hsa-miR-150 function post-transcriptionally by
sponging hsa-miR-150. Thus, by downregulating hsa-miR-150 both transcriptionally and
post-transcriptionally, MALAT1 unleashes MYB from hsa-miR-150-mediated repression
resulting in high cell proliferation.

On the other hand, NEAT1 was identified as one of the lncRNA targets of hsa-miR-335-5p.
NEAT1 has been identified as a cancer driver, playing a role in tumor initiation and progres-
sion, and its expression was found deregulated in several cancers [48–54]. Given the role of
NEAT1 in cancer, several studies have been trying to unravel the molecular mechanisms
regulating its expression and its targets. Recently, a study by Liu et al. reported that NEAT1
is transcriptionally regulated by MYC, inducing its transcription [55]. Interestingly, a study
by Zhu et al. demonstrated that NEAT1 regulates chromatin remodeling through increas-
ing acetylation levels at MYC promoter, inducing its expression, in colorectal cancer [56].
Growing evidence has demonstrated that NEAT1 can function as a ceRNA by sponging
several miRNAs. In nasopharyngeal carcinoma NEAT1 targets hsa-miR-34a-5p which
in turn activates Wnt/β-catenin signaling promoting tumor cell proliferation, migration,
invasion, and EMT [57]. Ding et al. reported that by negatively regulating hsa-miR-34a-5p
expression, NEAT1 upregulates BCL-2 expression resulting in promotion of cell prolif-
eration and inhibition of apoptosis [58]. In breast cancer, NEAT1 serves as a ceRNA to
modulate ZEB1 function by sponging hsa-miR-448, promoting cancer progression [59].
Concerning cervical cancer, hsa-miR-133a appears downregulated by NEAT1, which in
turn results in upregulation of SOX4 and cervical cancer progression [60]. In multiple
myeloma, NEAT1 forms a positive feedback loop with SP1, in which NEAT1 induces SP1
expression by sequestering hsa-miR-29b-3p, and SP1 targets NEAT1 promoter region induc-
ing NEAT1 transcription, and collectively promoting tumor cell survival [61]. NEAT1 was
found increased in T-cell acute lymphoblastic leukemia, in which it upregulates NOTCH1
expression via sponging hsa-miR-146b-5p, and in multiple myeloma in which via inhibition
of hsa-miR-214 it promotes M2 macrophage polarization by inducing the expression and
release of B7-H3, resulting in the activation of JAK2/STAT3 signaling [62,63].

Several studies have been unraveling the role of hsa-miR-335-5p as a tumor suppres-
sor in several cancers, such as inhibiting cell invasion and metastasis in thyroid cancer,
epithelial–mesenchymal transition in NSCLC, cell proliferation and metastasis in osteosar-
coma, and cancer cell growth in colorectal cancer [64–67]. Moreover, hsa-miR-335-5p
interplay with lncRNAs has also been described to play a regulatory role in the develop-
ment and progression of osteosarcoma, cervical cancer, and bladder cancer [68–70]. In
fact, NEAT1 was shown to sponge hsa-miR-335-5p, releasing ROCK1 from its suppression,
which promotes cell proliferation, migration, and invasion in gastric cancer [71]. Moreover,
by sequestering hsa-miR-335-5p, NEAT1 induces AKT phosphorylation and c-MET expres-
sion in hepatocellular carcinoma cells [72]. However, whether hsa-miR-335-5p regulates
NHL remains to be further investigated. A recent study indicates a possible role of hsa-
miR-335-5p in DLBCL cells via SNHG8 sponging hsa-miR-335-5p, promoting proliferation
and inhibiting apoptosis [19].

Using a bioinformatics analysis, we identified an hsa-miR-335-related PPI network
linked to proteins such as MYC, ZEB2, SP1, SOX4, and BCL2L2. This PPI network was
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enriched in negative regulation of cell death, positive regulation of cell proliferation and
deregulation of miRNAs in cancer pathogenesis as demonstrated in the KEGG pathway
analysis. Interestingly, not only NEAT1 and hsa-miR-335-5p were shown to directly interact
with each, in which NEAT1 functions as hsa-miR-335-5p sponge, but also there is an
overlap of downstream targets, such as MYC, ZEB2, SP1, SOX4, and BCL2L2. Therefore, we
hypothesize a potential involvement of NEAT1-mediated suppression of hsa-miR-335-5p
leading to promotion of proliferation signaling networks and inhibition of apoptosis with
potential involvement in NHL progression.

Only very recently, the interplay between lncRNAs and miRNAs is being unraveled,
and few studies have reported the deregulation of lncRNA–miRNA in NHL tissue samples
and cell lines, and their abnormal expression levels were associated with poor prognosis.
Our study introduces circulating miRNAs and their associated lncRNAs as novel comple-
mentary biomarkers in NHL prognosis. Despite the novelty of our study by introducing
the analysis of ceRNA network components as useful circulating biomarkers for NHL
prognosis, our study presents a few limitations. It would be interesting to also evaluate the
expression of mRNAs related to the identified ceRNA networks and analyze their clinical
value. Moreover, future studies should focus on validating and clarifying the biological
function of the identified circulating transcripts, by, for example, performing in vitro stud-
ies to modulate the expression of the transcripts and investigate their influence on tumor
cell properties (e.g., cell proliferation and cell apoptosis).

4. Materials and Methods
4.1. Construction of CeRNA Regulatory Network and Functional Analysis

First, miRNA–lncRNA interactions were evaluated using the StarBase database
(https://starbase.sysu.edu.cn/ (accessed on 13 January 2020)) with the default parameters
(clade: mammal, genome: human, assembly: hg19, number of supporting experiments: ≥3,
pan-cancer ≥ 2) [73].

Next, miRTarBase (https://bio.tools/mirtarbase (accessed on 20 June 2021)) (only
validated by strong evidence methods) was used to retrieve miRNA-targeted mRNAs [74].
To analyze the protein–protein interaction (PPI) networks the Search Tool for the Retrieval of
Interacting Genes (STRING) database was used. The STRINGapp of the Cytoscape software
(v3.8.2, Cytoscape Consortium, San Diego, CA, USA) was used to construct and visualize
the protein interaction network of the selected target genes. The functional enrichment
analysis of Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Reactome pathways was performed using the STRING enrichment analysis tool.
According to the Jaccard index, the enrichment results were filtered, and redundant terms
were removed. The interaction networks were constructed using Cytoscape visualization
software (https://cytoscape.org/ (accessed on 22 September 2021)) [75].

4.2. Study Population

The study included 113 patients diagnosed with B-cell NHL (high grade lymphomas
versus low grade lymphomas), from Caucasian ethnicity, older than 18 years and without
known familiar cancer history. Patients were admitted and treated at a Portuguese Hospital
between January 2016 and June 2020. Clinical, laboratory and pathology data were collected
by reviewing the medical records of each patient. Patient’s clinical information included
gender, age, international prognostic index (IPI) score, B symptoms, serum LDH levels,
Ann Arbor stage, Eastern Cooperative Oncology Group (ECOG) performance status and
treatment regime and treatment response and are summarized in Table 2. Patients who
had central nervous system involvement, previous immunosuppressive treatments, or who
were associated with HIV or HBV infections were excluded. This study was conducted
according to the principles of the Helsinki declaration and ethics committee of the hospital.
All individuals signed written informed consent in order to participate in the study.

https://starbase.sysu.edu.cn/
https://bio.tools/mirtarbase
https://cytoscape.org/


Int. J. Mol. Sci. 2022, 23, 201 13 of 17

Table 2. Patients’ clinicopathologic characteristics.

Clinical-Pathological Characteristics N (%)
N = 113

Age

≤60 years 53 (46.9%)

>60 years 60 (53.1%)

Gender

Female 57 (50.4%)

Male 56 (49.6%)

Grade

Low (indolent) 55 (48.7%)

High (aggressive) 58 (51.3%)

Subtype of NHL

Follicular 40 (35.4%)

Diffuse large B-cell 58 (51.3%)

Marginal Zone 15 (13.3%)

Stage

I/II 43 (38.1%)

III/IV 70 (61.9%)

LDH serum levels

Normal 67 (59.3%)

High 45 (39.8%)

Unknown 1 (0.9%)

ECOG

0–1 97 (85.8%)

≥2 14 (12.4%)

Unknown 2 (1.8%)

B symptoms

Absent 80 (70.8%)

Present 33 (29.2%)

IPI Score
(high grade tumors)

Low-risk (0–1) 17 (29.3%)

Intermediate-risk (2–3) 25 (43.1%)

High-risk (4–5) 14 (24.1%)

Unknown 2 (3.4%)

FLIPI score
(low grade tumors)

Low-risk (0–1) 18 (32.7%)

Intermediate-risk (2) 18 (32.7%)

High-risk (3, 4, 5) 19 (34.5%)

BM involvement

Negative 81 (71.7%)

Positive 32 (28.3%)

4.3. RNA Extractions and qPCR

Blood samples were taken at baseline before starting therapy. Peripheral blood samples
were centrifuged for 5 min at 3000 rpm at room temperature to separate the plasma
fraction, followed by preparation of platelet-free plasma (PFP) by centrifugating at 2500× g
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for 15 min at 16 ◦C. Supernatant was then transferred into a new centrifuge tube and
centrifuged again at 16 ◦C 2500× g for 15 min [34]. Supernatant was aliquoted and stored
at −80 ◦C until use. MiRNA isolation from PFP samples were performed using the GRS
microRNA kit (Grisp®) according to laboratory procedures, and total RNA isolation was
performed using Plasma/Serum RNA Purification Kit (Norgen® Biotek Corp. Thorold,
ON, Canada). MiRNA and RNA concentration and purity were measured using the
NanoDrop Lite spectrophotometer (Thermo Scientific®, Waltham, MA, USA). Synthesis of
cDNA was carried out using TaqMan® MicroRNA Reverse Transcription kit and TaqMan®

MicroRNA assay (Applied Biosystems®, Waltham, MA, USA). cDNA was synthesized from
lncRNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems®,
Waltham, MA, USA) in accordance with manufacturer’s instructions. Quantification of
the miRNA and lncRNA expression levels were performed by qPCR using a StepOneTM
qPCR Real-Time PCR machine, using 1× TaqMan® Gene Expression Master mix (Thermo
Fisher Scientific®) and 1× probes TaqMan®MicroRNA Assays (hsa-miR-150-5p: 000473
and hsa-miR-335-5p: 002185) and using TaqMan® Noncoding RNA assays (MALAT1:
Hs00273907 and NEAT1: Hs01008264_s1) (Thermo Fisher Scientific®). Expression levels
of miRNAs were normalized to hsa-miR-16 (hsa-miR-16: 000391) and expression levels
of lncRNAs were normalized to GAPDH (GAPDH: Hs99999905_m1) endogenous control.
Two technical replicates were made for each sample. The amplification conditions were a
holding stage 95 ◦C for 20 s, followed by 45 cycles of 95 ◦C for 1 s, and 60 ◦C for 20 s. Data
analysis was made using StepOneTM Sofware v2.2 (Applied Biosystems®, Foster City, CA,
USA) with the same baseline and threshold set for each plate.

4.4. Statistical Analysis

Statistical analysis was performed using SPSS (version 26.0; IBM Company, Chicago,
IL, USA) and GraphPad Prism (version 7.0; GraphPad Software, Inc. San Diego, CA, USA)
software. The 2-∆∆Ct method (Livak method) and the Student’s t-test or Mann–Whitney
U test were used to evaluate statistical differences in the normalized expression of the
miRNAs and lncRNAs. For association analyses between transcripts’ expression levels
and clinicopathological features was used Chi-square test. Overall survival (OS) and
progression-free survival (PFS) curves were generated using Kaplan–Meier method and
compared using the log-rank test. OS time was determined from the date of diagnosis to the
date of mortality or the last follow-up. PFS time was determined from the date of diagnosis
to the date of disease progression, recurrence, mortality or last follow-up. Cox regression
was used to analyze the prognostic value of the miRNAs/lncRNAs expression levels on
the progression-free and overall survival. p < 0.05 was considered statistically significant.

5. Conclusions

Analysis of plasma levels of hsa-miR-150-5p/MALAT1 and hsa-miR-335-5p/NEAT1
pairs could be useful novel non-invasive prognostic biomarkers for NHL. Plasma hsa-
miR-150-5p/MALAT1 and hsa-miR-335-5p/NEAT1 levels were associated with patient
clinical outcome, where patients with low hsa-miR-150-5p/high MALAT1 and low hsa-
miR-335-5p/high NEAT1 present worse overall survival and progression-free survival.
Therefore, our results could shed light on the development of precision medicine with the
identification of miRNA–lncRNA profiles that permits the identification of risk patients,
improving the management of NHL patients.
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Abstract: Non-Hodgkin lymphoma (NHL) is characterized by a great variability in patient out-
comes, resulting in the critical need for identifying new molecular prognostic biomarkers. This study
aimed to identify novel circulating prognostic biomarkers based on an miRNA/lncRNA-associated
ceRNA network for NHL. Using bioinformatic analysis, we identified the miRNA-lncRNA pairs,
and using RT-qPCR, we analyzed their plasma levels in a cohort of 113 NHL patients to assess their
prognostic value. Bioinformatic analysis identified SNHG16 and SNHG6 as hsa-miR-20a-5p and
hsa-miR-181a-5p sponges, respectively. Plasma levels of hsa-miR-20a-5p/SNHG16 and hsa-miR-
181a-5p/SNG6 were significantly associated with more aggressive disease and IPI/FLIPI scores.
Moreover, we found that patients with risk expression profiles of hsa-miR-20a-5p/SNHG16 and
hsa-miR-181a-5p/SNHG6 presented a higher risk of positive bone marrow involvement. Moreover,
hsa-miR-20a-5p/SNHG16 and hsa-miR-181a-5p/SNHG6 pairs’ plasma levels were associated with
overall survival and progression-free survival of NHL patients, being independent prognostic factors
in a multivariate Cox analysis. The prediction models incorporating the ceRNA network expres-
sion analysis improved the predictive capacity compared to the model, which only considered the
clinicopathological variables. There are still few studies on using the ceRNA network as a poten-
tial prognostic biomarker, particularly in NHL, which may permit the implementation of a more
personalized management of these patients.

Keywords: non-Hodgkin lymphoma; miRNA; lncRNA; ceRNA network; prognosis; biomarker

1. Introduction

Non-Hodgkin lymphomas (NHLs) are a heterogenous group of lymphoproliferative
malignancies in which the majority of cases arise from B cells during different stages of
normal B-cell differentiation [1]. The latest GLOBOCAN data from 2020 indicate that
NHL represents the most common hematological malignancy worldwide, corresponding
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to approximately 6% of cancer diagnoses and 3% of cancer deaths [2]. The most preva-
lent subtypes of NHL are the aggressive diffuse large B-cell lymphoma (DLBCL) and
the indolent follicular lymphoma (FL), accounting for about 65% of all B-cell NHLs [3].
The combined anthracycline-containing chemotherapy (cyclophosphamide, doxorubicin,
vincristine, prednisone–CHOP) with an anti-CD20 agent, Rituximab (R-CHOP), remains
the standard therapy regime for NHL treatment [3]. Despite the improvement in patients’
outcomes, approximately 20–50% of patients are refractory ab initio or relapse at a later
stage, which is alarmingly associated with a poor response to following chemotherapy
lines, presenting only a 20–40% 2-year overall survival rate [4–6]. In clinical practice, the In-
ternational Prognostic Index (IPI) is currently used to predict the outcome of NHL patients,
classifying them into risk groups with different ranges of different overall-survival-based
clinical factors [7,8]. Nevertheless, the very heterogenous nature of NHL, which is due
to various genetic abnormalities and clinical features, results in highly variable treatment
responses and ultimately unpredictable outcomes, even within the individual risk groups.
Therefore, the unpredictability in patients’ outcome indicates there is a clinical need for
additional biological biomarkers allowing for accurate prediction of prognoses and the
monitoring of treatment response. Moreover, one of the established parameters that influ-
ences NHL patients’ prognoses is bone marrow involvement (BMI), which is correlated
with a worse prognosis. Currently, BM aspiration and biopsy remain the gold standards
for BM staging. However, not only are these procedures are considered invasive, raising
the question of their routine use, especially in patients with a low probability of BMI, but
they also do not necessarily reflect the overall condition of the BMI [9]. Therefore, given
the relevance of assessing BMI in patients’ prognoses, there is a need to introduce new
methodologies and improve the current methods. In this instance, it would be interesting
to identify new molecular biomarkers to analyze in liquid biopsies for diagnosing BMI,
allowing for the convenient and continuous collection and the ability to dynamically mon-
itor patients to assess prognosis and response to treatment, guide treatment and detect
early recurrence.

In recent years, an increasing number of non-coding RNAs (ncRNAs), including
microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have emerged as attractive
biomarker candidates with clinical potential [10]. Due to their intrinsic stability, they can
be detected not only in tissue samples but also in biological fluids, such as blood, which
opens a great opportunity to monitor the kinetics of the disease using a non-invasive
approach [11].

MiRNAs are a class of small ncRNAs ~22 nucleotides in length that act as central post-
transcriptional regulators of gene expression. MiRNAs bind to the 3′ untranslated region
(UTR) of a target mRNA, resulting in their repression or degradation [12,13]. Despite the
majority of studies being focused on solid tumors, the deregulation of miRNA expression
has also been reported in lymphomas [14].

On the other hand, a new regulatory layer was added to the intricate regulation of
gene expression involving lncRNAs, a >200 nt-long transcript [15]. In fact, the deregulation
of lncRNAs is already associated with the development and progression of lymphoma [16].
LncRNAs perform an intricate regulatory function acting at different levels including
epigenetic, transcriptional, post-transcriptional and translation regulation, as well as post-
translational modification [17]. Recently, Salmena et al. proposed a new form of lncRNA-
mediated regulation through a “competing endogenous RNA (ceRNA) network”, where
lncRNAs function as endogenous molecular miRNA sponges, resulting in the release of
mRNAs from the inhibitory action of miRNAs [18]. For example, lncRNA LINC01857
promotes cell proliferation and suppresses apoptosis of DLBCL cells by modulating the
miR-141-3p/MAP4K4 axis [19]. Although most lncRNAs have not yet been functionally
characterized, they have been showing potential for use as prognostic biomarkers, similarly
to miRNAs [20,21].

The study of the interaction between miRNAs and lncRNAs is still in its infancy,
especially in NHL, with the underlying molecular mechanisms remaining largely unclear.
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Moreover, additional studies are needed to further establish ncRNAs as potential new
predictive and prognostic biomarkers for use in clinical practice in order to improve NHL
patients’ management. Therefore, in the present study, we analyzed the potential of miR-
NAs and lncRNAs as prognostic biomarkers of NHL patients by investigating the plasma
expression levels of has-miR-20a-5p ahashsa-miR-181a-5p and their respective lncRNA with
which they form a ceRNA network. Hsa-miR-20a-5p is one of the components of the miR-
17-92 cluster (comprising miR-17, miR-18a, miR-19a, miR-19b-1, miR-20a and miR-92-1),
which was demonstrated to play a central role during the stages of B-cell development,
and its deregulated expression was shown to have oncogenic potential [22–24]. In fact,
B-cell-specific miR-17∼92 transgenic mice developed lymphomas with high penetrance
which phenotypically resemble human lymphomas, including DLBCL, demonstrating
the role of this cluster as a driver of B-cell lymphomagenesis [25]. Similarly, miR-181a-5p
was also shown to be differentially expressed during the development stages of B cells; in
particular, miR-181a-5p ectopic overexpression in common lymphoid progenitors results
in increasing the total number of B cells, demonstrating its role in the fine-tuning of B-cell
development [26–28].

2. Materials and Methods
2.1. Construction of CeRNA Regulatory Network and Functional Analysis

StarBase database (https://starbase.sysu.edu.cn/ (accessed on 30 January 2020)) was
used to determine miRNA-lncRNA interactions by applying the following parameters:
clade: mammal, genome: human, assembly: hg19, number of supporting experiments: ≥3,
pan-cancer ≥ 1 [29].

The miRNA-targeted mRNAs, which were only validated by strong evidence meth-
ods, were retrieved using miRTarBase (https://bio.tools/mirtarbase (accessed on 3 June
2021)) [30]. The protein–protein interaction (PPI) networks were analyzed using the Search
Tool for the Retrieval of Interacting Genes (STRING) database. Construction and visu-
alization of the protein interaction network of the selected target genes were realized
using the STRINGapp of the Cytoscape software (v3.8.2, Cytoscape Consortium, San
Diego, CA, USA)). STRING enrichment analysis tool was used to retrieve the functional
enrichment analysis of Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Reactome pathways. The enrichment results were filtered, and redundant
terms were removed according to the Jaccard index. Cytoscape visualization software
(https://cytoscape.org/, (accessed on 10 September 2021)) was used to construct the final
interaction networks [31].

2.2. Study Population

The study included 113 patients diagnosed with B-cell NHL (high-grade lymphomas
versus low-grade lymphomas), of Caucasian ethnicity, older than 18 years and without
known familial cancer history, as described in a previous study [32,33]. Patients were
admitted and treated at a Portuguese hospital between January 2016 and June 2020. Patients’
clinical information is summarized in Table 1.

https://starbase.sysu.edu.cn/
https://bio.tools/mirtarbase
https://cytoscape.org/
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Table 1. Patients’ clinicopathologic characteristics.

Clinical–Pathological Characteristics N (%)
N = 113

Age

≤60 years 53 (46.9%)

>60 years 60 (53.1%)

Gender

Female 57 (50.4%)

Male 56 (49.6%)

Grade

Low (indolent) 55 (48.7%)

High (aggressive) 58 (51.3%)

Subtype of NHL

Follicular 40 (35.4%)

Diffuse large B cell 58 (51.3%)

Marginal Zone 15 (13.3%)

Stage

I/II 43 (38.1%)

III/IV 70 (61.9%)

LDH serum levels

Normal 67 (59.3%)

High 45 (39.8%)

Unknown 1 (0.9%)

ECOG

0–1 97 (85.8%)

≥2 14 (12.4%)

Unknown 2 (1.8%)

B symptoms

Absent 80 (70.8%)

Present 33 (29.2%)

IPI Score (high-grade tumors)

Low risk (0–1) 17 (29.3%)

Intermediate risk (2–3) 25 (43.1%)

High risk (4–5) 14 (24.1%)

Unknown 2 (3.4%)

FLIPI score (low-grade tumors)

Low risk (0–1) 18 (32.7%)

Intermediate risk (2) 18 (32.7%)

High risk (3, 4, 5) 19 (34.5%)

BM involvement

Negative 81 (71.7%)

Positive 32 (28.3%)
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2.3. RNA Extractions and qPCR

Blood samples were obtained at baseline before starting therapy. Peripheral blood
samples were centrifuged for preparation of platelet-free plasma (PFP) samples, as previ-
ously described [34]. Supernatant was aliquoted and stored at −80 ◦C until use. The GRS
microRNA kit (Grisp®, GRiSP Research Solutions, Porto, Portugal) was used to isolate the
miRNA portion according to laboratory procedures, while Plasma/Serum RNA Purification
Kit (Norgen®, Biotek Corp. Thorold, ON, Canada)) was used for total RNA isolation, ac-
cording to manufacturer’s instructions. Using NanoDrop Lite spectrophotometer (Thermo
Scientific®,, Waltham, MA, USA), the RNA concentration and purity were determined.
Taqman® MicroRNA Reverse Transcription kit along with Taqman® MicroRNA assay (Ap-
plied Biosystems®, Waltham, MA, USA) were used to carry out the cDNA synthesis for the
miRNAs. For the analysis of lncRNA expression, the cDNA synthesis was performed using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems®, Waltham, MA,
USA in accordance with manufacturer’s instructions. Using qPCR, the miRNA and lncRNA
expression levels were quantified using a StepOneTM qPCR Real-Time PCR machine, and
the following reaction mix components: 1xTaqMan® Gene Expression Master mix (Thermo
Fisher Scientific®) and 1x probes TaqMan® MicroRNA Assays (hsa-miR-20a-5p: 000580 and
hsa-miR181a-5p: 000480) and TaqMan® Noncoding RNA assays (SNHG16: Hs01598403_g1
and SNHG6: Hs00417251_m1) (Applied Biosystems®, Waltham, MA, USA). MiRNAs ex-
pression levels were normalized to hsa-miR-16 (000391), and lncRNA expression levels
were normalized to GAPDH (Hs99999905_m1) endogenous control. Each sample had
two technical replicates. The amplification conditions were: a holding stage 95 ◦C for 20s,
followed by 45 cycles of 95 ◦C for 1s and 60 ◦C for 20 s. Data analysis was performed
using StepOneTM Sofware v2.2 (Applied Biosystems®, Waltham, MA, USA), with the same
baseline and threshold set for each plate, to generate threshold cycle (Ct) values for all the
genes in each sample.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS (version 26.0; IBM Company, Chicago,
IL, USA) and GraphPad Prism software (version 7.0; San Diego, CA, USA). Student’s t-test
or Mann–Whitney U test was used to evaluate statistical differences in the normalized
expression (−∆Ct) of the miRNAs and lncRNAs among the different groups. Additionally,
the 2−∆∆Ct method (Livak method) was used to calculate the relative changes in gene
expression between the different groups.

Receiver operating characteristic (ROC) analysis was performed to assess the prog-
nostic accuracy, and the AUC was calculated. Overall survival (OS) and progression-free
survival (PFS) curves were generated using Kaplan–Meier method and compared using the
log-rank test. OS time was determined from the date of diagnosis to the date of mortality
or the last follow-up. PFS time was determined to extend from the date of diagnosis to the
date of disease progression, recurrence, mortality or last follow-up. Cox regression was
used to analyze the prognostic value of the miRNAs/lncRNAs expression levels on the
progression-free and overall survival. p < 0.05 was considered statistically significant.

3. Results
3.1. lncRNA-miRNA-mRNA Network Construction

LncRNAs have the ability to sponge a variety of miRNAs to inhibit their regulatory
effect on target mRNAs, creating a ceRNA network [18]. The StarBase database was used
to identify the lncRNAs that target hsa-miR-20a-5p and hsa-miR-181a-5p (Figure 1). The
analysis identified 40 lncRNAs targeting hsa-miR-20a-5p and 35 lncRNAs targeting hsa-
miR-181a-5p. For the subsequent analysis, we filtered the results by gene type=processed
transcript and gene name = SNHG to obtain the respective lncRNAs from the biotype
small nucleolar RNA host gene (SNHG), an emergent class of lncRNAs that have been
involved in the induction of proliferation, cell cycle progression, invasion and metastasis of
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cancer cells, making this class of transcripts a viable and attractive biomarker for cancer
development and progression [33].
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Figure 1. In silico analysis of the lncRNAs targeting hsa-miR-20a-5p and hsa-miR-181a-5p.
(a) lncRNAs that target hsa-miR-20a-5p according to StarBase database analysis; (b) details about
the binding site of hsa-miR-20a-5p on SNHG16, predicted by StarBase database; (c) lncRNAs that
target hsa-miR-181a-5p according to StarBase database analysis; (d) details about the binding site of
hsa-miR-181a-5p on SNHG6, predicted by StarBase database.

Subsequently, the mirTarBase database, the largest known online database of validated
miRNA:mRNA interactions, was used to identify target mRNAs of hsa-miR-20a-5p and hsa-
miR-181a-5p. According to miRTarBase analysis, we filtered the list of mRNAs by Homo
Sapiens species and retrieved the interactions that were only validated with strong evidence
methods (Western blot, qRT-PCR or luciferase assay), which are listed in Figure 2. In order
to perform the functional annotation and enrichment analysis, we analyzed the validated
targets with the STRINGapp Protein Query from Cytoscape software. The identified targets
were filtered into a protein–protein interaction (PPI) network with 63 nodes and 270 edges
for hsa-miR-20a-5p targets and 66 nodes and 256 edges for the hsa-miR-181a-5p targets,
presenting a significant enrichment (p = 1 × 10−16 and p = 1 × 10−16, respectively). We
also applied Markov clustering (MCL), which resulted in the clustering of the proteins
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according to their STRING interaction score (Figure 2b,d). Finally, we integrated the data
from hsa-miR-20a-5p and hsa-miR-181a-5p identified targets and constructed the complete
lncRNA-miRNA-mRNA network (Figure 3).
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For the functional enrichment analysis, we used a false discovery rate (FDR) threshold
of p < 0.01, and the redundant terms were eliminated using a redundancy cutoff of 0.5,
which resulted in a total of 236 enriched terms among the KEGG, Reactome and GO
categories for hsa-miR-20a-5p and 218 enriched terms for hsa-miR-181a-5p. The enriched
terms for each category after being filtered are represented in Figure 4, which shows only
the top 20 enriched terms for the GO Biological Process and KEGG analysis.

Analyzing the functionally enriched terms for the hsa-miR-20a-5p targets, we could ob-
serve that the majority of the targets, including the CCND1, CCND2, SMAD7/4, E2F3/E2F1,
STAT3, CDKN1A, MYC, PTEN and MAPK family, are involved in the regulation of central
cell functions, such as regulation of cell proliferation, cell cycle and transcription, according
to GO terms analysis, highlighting their involvement in hematopoietic or lymphoid organ
development. Among the functionally enriched terms in the KEGG and Reactome path-
ways, we could find major cancer signaling pathways, such as FoxO, MAPK, JaK-STAT
and p53, all of which are involved in NHL development. In the functional analysis of
hsa-miR-181a-5p targets through GO terms analysis, we observed that several targets are
involved in the cellular protein modification process, regulation of protein kinase activity,
cell proliferation and apoptosis, with indications of their involvement in hematopoietic
or lymphoid organ development. In the KEGG and Reactome pathways, we could find
p53, JAK-STAT and MAPK signaling pathways and cytokine signaling in the immune sys-
tem, which is highly associated with miRNA deregulation, demonstrating that all central
signaling pathways are involved in the development and progression of NHL.

3.2. miRNA and lncRNA Expression Levels in NHL Patients’ Plasma Samples

We evaluated the plasma expression levels of hsa-miR-20a-5p and hsa-miR-181a-5p in
113 NHL patients using quantitative real-time PCR. The expression levels of hsa-miR-20a-
5p were significantly higher (fold change = 2.83) in patients with high-grade lymphoma,
whereas hsa-miR-181a-5p levels were significantly lower (fold change = 0.33) compared to
low-grade lymphoma patients (p = 0.003 and 0.013, respectively) (Figure 5).
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Figure 5. Expression levels of hsa-miR-20a-5p and hsa-miR-181a-5p in plasma samples of NHL
patient groups according to lymphoma grade. Patients with high-grade lymphoma presented higher
levels of hsa-miR-20a-5p and lower levels of hsa-miR-181a-5p compared to patients with low-grade
lymphoma (p = 0.003 and 0.013, respectively). The graphics represent the−∆CT of miRNA expression
normalized to the endogenous control (mean ± SD).

Next, the plasma expression levels of SNHG16 and SNHG6 were evaluated, and we ob-
served higher plasma levels of both lncRNAs in patients with high-grade lymphomas com-
pared to low-grade lymphomas (SNHG16: fold change = 1.63; SNHG6: fold change = 2.08)
(p = 0.029 and p < 0.001, respectively) (Figure 6).
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Figure 6. Expression levels of SNHG16 and SNHG6 in plasma samples of NHL patient groups
according to lymphoma grade. SNHG16 and SNHG6 presented higher plasma levels in patients
diagnosed with high-grade lymphoma compared to low-grade lymphoma (p = 0.029 and p < 0.001,
respectively). The graphics represent the −∆CT of miRNA expression normalized to the endogenous
control (mean ± SD).

3.3. miRNAs and LncRNAs Plasma Levels According to IPI and FLIPI Score

We next examined the association of the plasma expression levels of hsa-miR-20a-5p,
hsa-miR-181a-5p and lncRNAs SNHG16 and SNHG6 with the IPI scores and FLIPI scores of
the NHL patients. The analysis revealed that higher levels of hsa-miR-20a-5p, SNHG16 and
SNHG6 were associated with higher IPI and FLIPI scores. On the contrary, we observed
a negative association between hsa-miR-181a-5p levels and IPI/FLIPI scores. Specifically,
lower levels of hsa-miR-181a-5p were associated with higher IPI and FLIPI scores (Figure 7).
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Figure 7. Expression levels of hsa-miR-20a-5p, hsa-miR-181a-5p, SNHG16 and SNHG6 in plasma
samples of NHL patient groups according to IPI and FLIPI scores. High levels of hsa-miR-20a-5p,
SNH16 and SNHG6 were associated with higher IPI and FLIPI scores, while low levels of hsa-miR-
181a-5p were associated with higher IPI and FLIPI scores. The figures represent the −∆CT of miRNA
expression normalized to the endogenous control (mean ± SD).

Given the ceRNAs expression analysis, three groups were established considering the
combination of the plasma levels of each ceRNA pair, hsa-miR-20a-5p and SNHG16 plasma
levels and hsa-miR-181a-5p and SNHG6 plasma levels, which allowed for the definition of
high-, intermediate- and low-risk groups. For the analysis of the hsa-miR-20a-5p:SNHG16
pair, the low-risk group included patients with low levels of hsa-miR-20a-5p and SNHG16;
the intermediate-risk group combined both patients with high hsa-miR-20a-5p and low
SNHG16 levels and patients with low hsa-miR-20a-5p and high SNHG16 expression; and
the high-risk group included patients with high levels of hsa-miR-20a-5p and high levels of
SNHG16. Concerning the ceRNA pair hsa-miR-181a-5p:SNHG6, the low-risk group was
composed of patients with high expression of hsa-miR-181a-5p and low expression of SNH6.
The intermediate-risk group combined both patients with high hsa-miR-181a-5p and high
SNHG6 expression and patients with low hsa-miR-181a-5p and low SNHG6 expression.
The high-risk group combined patients with a low expression of hsa-miR-181a-5p and high
expression of SNHG6 (Table 2).

Table 2. Definition of high-, intermediate- and low-risk groups considering the combination of the
plasma levels of each ceRNA pair, hsa-miR-20a-5p/SNHG16 and hsa-miR-181a-5p/SNHG6 plasma
levels(upwards arrow represents transcript upregulation, downwards arrow represents transcript
downregulation).

Groups hsa-miR-20a-5p/SNHG16 hsa-miR-181a-5p/SNHG6

Low risk ↓hsa-miR-20a-5p + ↓SNHG16 ↑hsa-miR-181a-5p + ↓SNHG6

Intermediate risk ↓hsa-miR-20a-5p + ↓SNHG16
↓hsa-miR-20a-5p + ↑SNHG16

↑hsa-miR-181a-5p + ↑SNHG6
↓hsa-miR-181a-5p + ↓SNHG6

High risk ↑hsa-miR-20a-5p + ↑SNHG16 ↓hsa-miR-181a-5p + ↑SNHG6
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3.4. miRNA and lncRNA Expression Levels in NHL Patients’ Plasma Samples according to Bone
Marrow Involvement

Considering the risk groups previously defined based on the expression levels of
each ceRNA pair, we could observe that high-risk profiles were associated with a higher
risk of presenting BMI (Table 3). Patients with a low expression of hsa-miR-181a-5p with
high expression levels of SNHG16 had a higher risk of having positive BMI (p = 0.010).
Conversely, a higher risk of positive BMI was associated with high expression of hsa-miR-
20a-5p and high expression of the SNHG6 profile (p = 0.023).

Table 3. The association between the risk groups considering the plasma levels of each ceRNA pair
and the presence of bone marrow involvement in NHL patients.

Risk Groups n Negative BMI (n) Positive BMI (n) OR
(95% CI) p

hsa-miR-20a-5p/SNHG16
0.023Low/intermediate risk 59 48 11 1

High risk 36 21 14 2.91
(1.14–7.46)

hsa-miR-181a-5p/SNHG6
0.010Low/intermediate risk 56 46 28 1

High risk 48 10 20 3.28
(1.35–8.02)

Next, ROC analysis was performed to explore the clinical value of each ceRNA pair
levels in the diagnosis of BMI in NHL patients (Figure 8). Results show an AUC of 0.704
for SNHG16/hsa-miR-20a-5p (95% CI 0.579-0.829, p = 0.003) and, finally, an AUC of 0.721
for the ceRNA pair SNHG6/hsa-miR-181a-5p (95% CI 0.579-0.803, p = 0.002).

Biomedicines 2022, 10, 1322 12 of 21 
 

3.4. miRNA and lncRNA Expression Levels in NHL Patients’ Plasma Samples according to 
Bone Marrow Involvement 

Considering the risk groups previously defined based on the expression levels of 
each ceRNA pair, we could observe that high-risk profiles were associated with a higher 
risk of presenting BMI (Table 3). Patients with a low expression of hsa-miR-181a-5p with 
high expression levels of SNHG16 had a higher risk of having positive BMI (p = 0.010). 
Conversely, a higher risk of positive BMI was associated with high expression of hsa-miR-
20a-5p and high expression of the SNHG6 profile (p = 0.023). 

Table 3. The association between the risk groups considering the plasma levels of each ceRNA pair 
and the presence of bone marrow involvement in NHL patients. 

Risk Groups n Negative BMI (n) Positive BMI (n) OR 
(95% CI) p 

hsa-miR-20a-5p/SNHG16     

0.023 
Low/intermediate risk 59 48 11 1 

High risk 36 21 14 
2.91 

(1.14–7.46) 
hsa-miR-181a-5p/SNHG6     

0.010 
Low/intermediate risk 56 46 28 1 

High risk 48 10 20 
3.28 

(1.35–8.02) 

Next, ROC analysis was performed to explore the clinical value of each ceRNA pair 
levels in the diagnosis of BMI in NHL patients (Figure 8). Results show an AUC of 0.704 
for SNHG16/hsa-miR-20a-5p (95% CI 0.579-0.829, p = 0.003) and, finally, an AUC of 0.721 
for the ceRNA pair SNHG6/hsa-miR-181a-5p (95% CI 0.579-0.803, p = 0.002). 

(a) (b) 

Figure 8. Plasma levels of ceRNA pair as biomarkers of BM involvement in NHL patients. ROC 
curve analysis of plasma levels of (a) SNHG16/hsa-miR-20a-5p and (b) SNHG6/hsa-miR-181a-5p 
ceRNA pair as diagnostic biomarkers differentiating positive BM involvement patients from nega-
tive BM involvement patients. 

3.5. miRNAs’ and LncRNAs’ Impact on Overall Survival and Progression-Free Survival of NHL 
Patients 

For the analysis of the OS and PFS, patients were divided in terciles according to the 
transcript levels using the –ΔCT values of each miRNA and lncRNA (high, intermediate 
and low levels), in order to analyze the association between the OS and PFS of NHL pa-
tients and the expression levels of hsa-miR-20a-5p, hsa-miR-181a-5p, SNHG16 and 
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curve analysis of plasma levels of (a) SNHG16/hsa-miR-20a-5p and (b) SNHG6/hsa-miR-181a-5p
ceRNA pair as diagnostic biomarkers differentiating positive BM involvement patients from negative
BM involvement patients.

3.5. miRNAs’ and LncRNAs’ Impact on Overall Survival and Progression-Free Survival of
NHL Patients

For the analysis of the OS and PFS, patients were divided in terciles according to the
transcript levels using the –∆CT values of each miRNA and lncRNA (high, intermediate
and low levels), in order to analyze the association between the OS and PFS of NHL
patients and the expression levels of hsa-miR-20a-5p, hsa-miR-181a-5p, SNHG16 and
SNHG6. Kaplan–Meier analysis and log-rank tests revealed that lower plasma levels of
hsa-miR-181a-5p were associated with lower OS and PFS (log-rank test: p = 0.017 and
p = 0.033; HR: 0.200, p = 0.032; HR: 0.450, p = 0.048, respectively). On the other hand, higher
plasma levels of hsa-miR-20a-5p, SHNG16 and SNHG6 were associated with worse OS
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and PFS (hsa-miR-20a-5p: p = 0.038 and p = 0.006, HR: 2.834 p = 0.037, HR: 3.898 p = 0.001;
SNHG16: p = 0.004 and p = 0.022, HR: 4.481 p = 0.002, HR: 2.346 p = 0.029; SNHG6: p = 0.028
and p = 0.015, HR: 2.621 p = 0.043, HR: 2.325 p = 0.022, respectively) (Figure 9 and Table 4).
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Table 4. The results of the univariate analysis for overall survival and 5-year progression-free survival.

Characteristic OS 5-Year PFS

HR (95% CI) p HR (95% CI) p

miR-20a levels
(Low/Inter vs. High) 2.834 (1.007–7.979) 0.037 3.898 (1.676–9.045) 0.001

miR-181a levels
(Low/Inter vs. High) 0.200 (0.046–0.871) 0.032 0.450 (0.194–1.046) 0.048

SNHG16 levels
(Low/Inter vs. High) 4.481 (1.672–12.005) 0.002 2.346 (1.100–5.004) 0.029

SNHG6 levels
(Low/Inter vs. High) 2.621 (1.029–6.675) 0.043 2.325 (1.147–4.710) 0.022

When considering the previously defined risk groups, we observed that the signifi-
cance of the prognostic value was improved when expression levels of the miRNAs were
combined with the respective lncRNA pair (Figure 10), showing that patients from the
high-risk group from each ceRNA pair presented a significant lower OS and PFS than
patients from the intermediate- and low-risk groups.
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Multivariate analysis was conducted with significant clinical parameters associated
with patients’ prognosis and revealed that high levels of both hsa-miR-20a-5p and SNHG16
were independent prognostic factors of poor patient prognosis regarding OS and PFS
(OS: p = 0.034 and p = 0.007; PFS: p = 0.002 and p = 0.030) (Tables 5 and 6). Moreover,
low expression of hsa-miR-181a-5p and high expression of SNHG6 were independent
prognostic factors associated with a poorer prognosis of NHL patients (OS: p = 0.035 and
p = 0.047; PFS: p = 0.029 and p = 0.032) (Tables 5 and 6). In order to compare the predictive
ability of death and progression of the different variables, the c index was calculated for
each model. Thus, Model 1, which incorporates age at diagnosis, tumor stage, tumor
grade, presence of B symptoms, LDH serum levels and ECOG status, presented a predictive
capacity with a c index of 0.608 for OS and 0.645 for PFS. Interestingly, when miRNA and
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corresponding lncRNA plasma levels were added to the previous variables, we observed
an increase in the predictive capacity for each model created for both OS and PFS.

Table 5. The results of the multivariate analysis for overall survival regarding each ceRNA
network pair.

Characteristic
OS

HR (95% CI) p c Index

Model 1

Age (≤60 years vs. >60 years) 2.446 (0.788–7.596) 0.122

0.608

Lymphoma grade (Low vs. High) 2.338 (1.112–4.915) 0.025
B symptoms (Absent vs. Present) 1.116 (0.355–3.508) 0.081

Stage (I/II vs. III/IV) 3.311 (1.705–5.546) 0.029
ECOG (0–1 vs. ≥2) 2.418 (1.326–5.722) 0.036

LDH levels (normal vs. high) 2.696(1.656–4.388) 0.037

Model 2

Age (≤60 years vs. >60 years) 2.584 (0.826–19.353) 0.105

0.689

Lymphoma grade (Low vs. High) 3.824 (1.167–12.536) 0.027
B symptoms (Absent vs. Present) 1.743 (0.197–2.805) 0.661

Stage (I/II vs. III/IV) 3.999 (0.826–9.353) 0.085
ECOG (0–1 vs. ≥2) 4.447 (1.221–6.200) 0.024

LDH levels (normal vs. high) 1.887 (0.676–5.267) 0.225
hsa-miR-20a-5p levels (Low/Inter vs. High) 3.129 (1.090–8.984) 0.034

SNHG16 levels (Low/Inter vs. High) 4.393 (1.488–8.969) 0.007

Model 3

Age (≤60 years vs. >60 years) 2.589 (0.790–8.426) 0.116

0.703

Lymphoma grade (Low vs. High) 3.717 (1.097–12.590) 0.035
B symptoms (Absent vs. Present) 1.744 (0.210–2.638) 0.647

Stage (I/II vs. III/IV) 2.489 (1.080–5.486) 0.040
ECOG (0–1 vs. ≥2) 4.701 (1.349–6.381) 0.015

LDH levels (normal vs. high) 1.043 (0.321–3.387) 0.244
hsa-miR-181a-5p levels (Low/Inter vs. High) 0.207(0.41–1.032) 0.035

SNHG6 levels (Low/Inter vs. High) 2.801 (1.015–7.728) 0.047

Table 6. The results of the multivariate analysis for 5-year progression-free survival for each ceRNA
network pair.

Characteristic
5-Year PFS

HR (95% CI) p c Index

Model 1

Age (≤60 years vs. >60 years) 2.025 (1.040–3.944) 0.038

0.645

Lymphoma grade (Low vs. High) 2.315 (1.403– 3.820) 0.001
B symptoms (Absent vs. Present 1.644 (0.312–1.329) 0.234

Stage (I/II vs. III/IV) 2.437 (1.149–5.167) 0.020
ECOG (0–1 vs. ≥2) 1.402 (1.040–7.720) 0.057

LDH levels (normal vs. high) 1.509 (0.855–2.662) 0.156

Model 2

Age (≤60 years vs. >60 years) 2.456 (0.993–6.073) 0.052

0.810

Lymphoma grade (Low vs. High) 2.223 (1.021–4.840) 0.044
B symptoms (Absent vs. Present) 1.762 (0.256–2.263) 0.624

Stage (I/II vs. III/IV) 3.994 (1.378–11.580) 0.011
ECOG (0–1 vs. ≥2) 3.205 (1.151–8.921) 0.026

LDH levels (normal vs. high) 2.158 (0.989–4.714) 0.053
hsa-miR-20a-5p levels (Low/Inter vs. High) 3.875 (1.619–9.279) 0.002

SNHG16 levels (Low/Inter vs. High) 3.658 (1.410–9.491) 0.030

Model 3

Age (≤60 years vs. >60 years) 2.760 (1.127–6.760) 0.026

0.709

Lymphoma grade (Low vs. High) 2.368 (1.114–5.035) 0.025
B symptoms (Absent vs. Present) 1.968 (0.935–4.142) 0.074

Stage (I/II vs. III/IV) 3.052 (1.027–9.065) 0.045
ECOG (0–1 vs. ≥2) 2.901 (2.939–4.216) 0.021

LDH levels (normal vs. high) 1.433 (0.668–3.075) 0.355
hsa-miR-181a-5p levels (Low/Inter vs. High) 0.374 (0.154–0.906) 0.029

SNHG6 levels (Low/Inter vs. High) 2.183 (0.142–0.783) 0.032
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Therefore, an increased risk of death and disease progression was found in patients
with low hsa-miR-181a-5p levels/high SNHG6 levels and high hsa-miR-20a-5p levels/high
SNHG16 levels.

4. Discussion

Despite the remarkable improvements in outcomes, the intrinsic heterogeneity of
NHL is reflected in the unpredictability of tumor behavior and, consequently, in the
patient’s outcome [4–6]. Therefore, there is an urgent need to improve current patient
prognosis stratification schemes by identifying molecular biomarkers that reflect tumor
heterogeneity and clinical behavior. Given the precision medicine era that are currently
in, it is now recognized that tissue biopsy, such as BM biopsy and BM aspirate, does not
reliably reflect, either temporally and spatially, the whole genomic profile of the tumor.
Moreover, they are considered invasive, complex procedures for obtaining samples, and
are difficult to reproduce. Circulating tumor-associated components, such as miRNAs
and lncRNAs, which can be easily assessed, have potential as lymphoma biomarkers,
allowing for a personalized patient follow-up. Among the different lncRNA functions,
there is an increasing interest in studying lncRNAs as miRNA sponges, which function
as an extra layer of the post-transcriptional regulatory machinery to modulate miRNA-
mediated gene expression. Moreover, integration of regulatory layers, such as the ceRNA
network, represents not only an opportunity to dissect aberrant cellular functions behind
the complex process of lymphomagenesis, but also an interesting approach to select more
feasible biomarkers with functional relevance. The joint detection of lncRNAs and miRNAs
can significantly improve the specificity and sensitivity of liquid-biopsy-based diagnosis
and prognosis and increase our understanding of prognostic and predictive phenotypes,
eventually leading to better patient follow-up. Therefore, in this study, we aimed to
investigate for the first time the prognostic value of the ceRNA network by analyzing the
lncRNA-miRNA dynamic pair’s expression in plasma samples of NHL patients, not only
as predictors of the overall clinical outcomes, but also as biomarkers of important clinical
determinants of disease progression, such as BMI. Our results show that hsa-miR-20a-5p,
hsa-miR-181a-5p, SNHG16 and SNGH6 were differentially expressed in patients with
high-grade lymphomas when compared to low-grade lymphoma patients, and their levels
were statistically associated with IPI/FLIPI score, demonstrating their involvement in
NHL prognosis. Moreover, the defined risk groups based on ceRNA pair levels could help
determine the presence of BMI. Specifically, we determined whether NHL patients with
high-risk expression profiles of hsa-miR-20a-5p/SNHG16 and hsa-miR-181a-5p/SNHG6
presented a higher risk of presenting a positive BMI. Moreover, we observed that high
levels of hsa-miR-20a-5p, SNHG16 and SNHG6, and low levels of hsa-miR-181a-5p were
associated with shorter OS and PFS, which was supported by the multivariate analysis that
demonstrated that each transcript is an independent prognosis predictor. These results
are further reinforced by the C-index analysis, where the models incorporating the ceRNA
network expression analysis clearly improved the predictive capacity compared to the
model which only considered the clinicopathological variables.

According to our bioinformatics analysis, lncRNA SNHG16 was identified as one of
the hsa-miR-20a-5p sponges. SNHG16 has been widely described as an oncogenic factor in a
variety of cancers, including B-cell lymphoma [34]. In fact, Zhu et al. reported that SNHG16
was upregulated in diffuse large B-cell lymphoma tissues and cell lines [34]. Functionally,
SNHG16 was shown to induce cell proliferation, cell cycle and invasion and to inhibit
apoptosis in the majority of human cancers [35–37]. However, the biological function of
SNHG16 and its underlying mechanism in NHL are still unknown. SNHG16 transcription
has been shown to be regulated by several transcription factors, such as c-Myc, STAT3
and TFAP2A [37,38]. Li et al. demonstrated that c-Myc recruits histone acetyltransferase
and induces RNA polymerase II clearance to upregulate SNHG16 transcription, resulting
in enhanced cell proliferation, migration and invasion and inhibited cell apoptosis in
tumor cells [39]. Furthermore, in another study by Christensen et al., SNHG16 expression
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was positively modulated by Wnt-regulated transcription factors, including c-Myc [37].
On the other hand, SNHG16 can act as a scaffold on interchromatin clusters regulating
gene expression, for example, by interacting with EZH2. The expression of p21 was
shown to be directly inhibited by SNHG16 via recruitment of EZH2, which induces cell
cycle, cell proliferation and inhibits apoptosis [36]. Moreover, silencing of SNHG16 leads
to p21 upregulation and cyclin D1 and cyclin B1 downregulation [40]. SNHG16 can
also post-transcriptionally regulate gene expression by acting as a ceRNA sequestering
miRNAs. In diffuse large B-cell lymphoma, SNHG16 was shown to sponge miR-497-5p,
releasing PIM1 from miR-497-5p-mediated inhibition, which promotes proliferation, cell
cycle and inhibits apoptosis of lymphoma cells [34]. Knockdown of SNHG16 in multiple
myeloma cells suppressed cell proliferation, induced cell arrest and promoted the apoptosis
via inducing cleaved-Caspase-3, cleaved-Caspase-9, Foxa3a and Bax expression, while
inhibiting CCND1, Bcl-2, Cyclin D1, PI3K and p-AKT. The SNHG16 effect was shown to be
due to sponging miR-342-3p [41]. Li et al. reported that SNHG16 competitively binds to
miR-4500, upregulating STAT3 and leading to cell proliferation, migration, invasion and the
epithelial–mesenchymal transition process as well as inhibiting cell apoptosis [42]. Zhang
et al. reported that SNHG16 acts as a ceRNA, sponging miR-17-5p to upregulate p62, which
culminates in the activation of the mTOR/PI3K/AKt pathway and NF-κB signaling to
promote proliferation of tumor cells and to repress apoptosis [43]. Recently, it was shown
that SNHG16 contains a binding site for hsa-miR-20a-5p, acting as a ceRNA to inhibit its
inhibitory function.

MiR-20a-5p is a well-established NHL-associated miRNA belonging to the miR-17-92
cluster, which regulates different stages of B-cell development and central tolerance [22–24].
According to our results, similarly to its target lncRNA SNHG16, hsa-miR-20a-5p was also
found to be upregulated in the plasma samples of NHL patients. In fact, the miR-17-92
cluster is frequently found to be overexpressed due to genomic amplification (q31.3) in
several lymphomas, including DLBCL and FL [44]. Moreover, overexpression of miR-20a
is associated with c-Myc expression, whose concomitant expression promoted the onset
of tumors and increased their growth in a mouse model of B cell lymphoma [45]. c-Myc
is not only involved in the transcription of SNHG16, but can also bind to the promoter
region of miR-20a, inducing its expression [46]. Diverse targets of has-miR-20a-5p have been
identified that could explain its oncogenic role in NHL. Most notably, miR-20a targets PTEN,
whose inhibition results in the activation of the PI3K/AKT pathway, one of the central
pathways in NHL development [47–49]. Additionally, miR-20a targets CDKN1A/p21,
which is a cell cycle inhibitor enforcing cell cycle arrest in G1/S [50]. The oncogene function
of miR-20a-5p was also shown to be associated with the inhibition of early growth response
(EGR)2, thus promoting cell proliferation and cell cycle progression [51]. Therefore, we
propose that the upregulation of both hsa-miR-20a-5p and the corresponding lncRNA
pair SNHG16 is due to the preponderant action of the deregulated MYC in lymphomas,
which acts as a transcription factor of both genes in order to promote lymphoma cells’
proliferation and survival.

Concerning hsa-miR-181a-5p, SNHG6 was found to be one of the lncRNAs acting as a
ceRNA. SNHG6 has been found to be significantly overexpressed in different tumors, and
is also associated with poor clinical outcomes [52]. In a recent study analyzing lncRNA-
mediated ceRNA networks in Hodgkin lymphoma, SNHG6 was reported as upregulated,
and highly associated with patients’ relapse [53]. Therefore, SNHG6 has been characterized
as an oncogenic lncRNA involved in the regulation of cell differentiation, proliferation,
apoptosis and multidrug resistance [54,55]. Similar to SNHG16, SNHG6 regulates gene
expression transcriptionally by recruiting EZH2 to promoter regions of different tumor
suppressor genes, such as P27 and P21, and represses their expression through methylation
of their promoters [55,56]. Moreover, SNHG6 was identified as a molecular sponge of
miR-101, miR-214 and miR-4465, all of which target EZH2 [57–59]. Therefore, SNHG6 can
modulate the function of EZH2 at multiple levels. By competitively sponging miR-101,
SNHG6 also regulates the expression of ZEB1, promoting cell migration and EMT [55]. As
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determined by our bioinformatics analysis, SNHG6 was identified as targeting miR-181a.
In fact, SNHG6 was also shown to act as a molecular decoy for all four members of the
miR-181 family. Overexpression of SNHG6 represses miR-181a, which in turn induces
JAK2 expression and promotes tumor cell proliferation [60]. Moreover, SNHG6-mediated
inhibition of miR-181a was shown to induce proliferation, cell cycle progression and
migration and invasion and inhibits apoptosis via upregulation of E2F5 [61]. Using a
bioinformatics analysis, we identified an miR-181a-related PPI network linked to proteins
such as E2F5, CDKN1B, the MAPK family, BCL-2/BCL2L11 and MET signaling (KRAS
and STAT3). This PPI network was enriched in cytokine signaling in the immune system,
positive regulation of cell proliferation, cell cycle and deregulation of miRNAs in cancer
pathogenesis, as demonstrated in the KEGG and Reactome pathway analysis. Interestingly,
when analyzing the Go terms, one of the most enriched was hematopoietic or lymphoid
organ development, emphasizing the involvement of miR-181a in the hematologic system
and its possible involvement in NHL pathogenesis. In fact, a study by Kozloski et al.
reported that miR-181a is a negative regulator of the NF-kB signaling pathway in DLBCL
cells, inhibiting tumor cell proliferation and viability [62]. Overall, SNHG6 and miR-181a
were shown to directly interact with each, in which SNHG6 functions as an miR-181a
decoy; furthermore, there was an overlap of downstream targets, specially involving
the MAPK signaling pathway, whose aberrant activation has been previously described
in NHL [63]. Therefore, we hypothesize a potential involvement of SNHG6-mediated
suppression of miR-181a leading to promotion of proliferation signaling networks and
inhibition of apoptosis assisting in NHL progression.

5. Conclusions

Although several studies have identified miRNAs and lncRNAs in NHL, the number
of functional studies on miRNA-lncRNA interplay is still limited, which precludes the
defined diagnostic and prognostic importance of the ceRNA network in NHL patients.
This approach narrows the scope of research and enhances the prediction accuracy to
identify candidate biomarkers with great potential for the diagnosis, prognosis and as
therapeutic targets for NHL patients. Moreover, the majority of studies focus on the
expression profile in tissue samples and cell lines, with very few studies analyzing their
expression levels in the circulation of NHL patients and viewing them as novel less invasive
complementary biomarkers in NHL prognosis. Plasma levels of the miR-20a/SNHG16 pair
and miR-181a/SNHG6 could serve as new prognostic biomarkers for NHL. In our study,
plasma levels of hsa-miR-20a-5/SNHG16 and hsa-miR-181a-5p/SNHG6 were associated
with patient clinical outcome, where patients with high hsa-miR-20a-5p/high SNHG16
and low hsa-miR-181a-5p/high SNHG6 presented worse OS and PFS. Therefore, our
results indicate that these ceRNA pairs could function as NHL prognostic biomarkers to
better identify risk patients and consequently could help improve patients’ management.
Despite the new approach of our study to identify new circulating NHL biomarkers by
introducing the analysis of ceRNA network components, it would be interesting to also
analyze the expression of the target mRNAs involved in the identified ceRNA networks
and, consequently, analyze their clinical value. Additionally, future studies should focus
on validating these results on a larger patient cohort and clarify the biological function
of the identified transcripts by performing in vitro studies that permit the modulation
of the transcripts’ expression and, consequently, investigate their influence on tumor
cells’ properties.
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A B S T R A C T

There has been a shift in the paradigm of Non-Hodgkin lymphomas, changing from the classical genetic aber-
ration-based model to a more complex and dynamic model involving tumor microenvironment interactions. In
this instance, exosomes have emerged as important mediators in intercellular communication by providing
survival and proliferation signals, licensing immune evasion and acquisition of drug resistance. The capability to
transfer molecular cargo made exosomes a focus of research to understand cancer pathogenesis and its pro-
gression pathways. Several studies identified exosomes transporting tumor-released components in peripheral
blood and focused on understanding their clinical relevance in the diagnosis, prognostic and in monitoring
cancer progression. Moreover, due to their biophysical properties and physiological function, exosomes have
drawn attention as potential therapeutic target and drug delivery vehicles. This review will discuss the function
of exosomes in Non-Hodgkin lymphomagenesis, highlight their potential as diagnosis and prognosis biomarkers,
and as new therapeutic opportunities in lymphoma management.

1. Introduction

Lymphomas are a heterogeneous group of clonal neoplasms, char-
acterized by infiltration of lymphoid tissues. They can arise from B and
T lymphocytes, and natural killer (NK) cells, at different stages of dif-
ferentiation (Swerdlow et al., 2016). In the latest World Health Orga-
nization (WHO) lymphomas classification, more than 80 lymphoma
subtypes were categorized, according to morphology, im-
munophenotype, genetic alterations and clinical findings (Swerdlow
et al., 2016). Moreover, the majority of lymphoma cases are B-cell
lymphomas, which overall, are divided into Hodgkin’s lymphoma (ac-
counting for ∼10 %) and non-Hodgkin lymphoma (NHL) (Elenitoba-
Johnson and Lim, 2018). In the past years, diverse studies have focused
on uncover the risk factors associated with the development of NHL.
These factors include autoimmune disorders (rheumatoid arthritis,
Sjögren syndrome, and systemic lupus erythematosus), infections (He-
licobacter pylori, Epstein-Barr virus, Hepatitis C virus), obesity, ge-
netics, ethnicity, family history and occupational factors (Cerhan et al.,

2014; Fallah et al., 2014; Anderson et al., 2014).
Concerning the management of NHL, the recognition that the ad-

dition of rituximab to an anthracycline-containing chemotherapy re-
gimen (cyclophosphamide, doxorubicin, vincristine, prednisone – R-
CHOP) significantly improves treatment outcomes, was a major turning
point (Armitage et al., 2017). However, despite the substantial per-
centage of patients who achieves durable remissions after R-CHOP
treatment, this current standard of care is still associated with sub-
stantial toxicity and, more importantly, one-third of patients presents
refractory disease or relapsed in the first 2–3 years after treatment
(Roschewski et al., 2013; Larouche et al., 2010). Moreover, patients
with relapsed or refractory disease often develop chemotherapy re-
sistance and the ones that remain sensitive undergo high-dose che-
motherapy followed by autologous stem cell transplantation (ASCT),
but the success rate is still reduced (Roschewski et al., 2014). Therefore,
there is an imperative need to broaden our knowledge about this pa-
thology in order to enhance the ability to predict the efficacy, response
rate, and safety of a selected drug. The inclusion of additional
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prognostic markers based on the biology of lymphoma and the devel-
opment of novel treatment approaches are an imperative clinical need
(Espirito Santo and Medeiros, 2013; Li et al., 2017a; Paiva et al., 2008).

In fact, recently our understanding of the complex biology of NHL
has greatly improved. Not only NHL is considered a paradigm of
translocation-based tumors, particularly B-cell NHL, but also, now it is
established the role of tumor microenvironment (TME) in the acquisi-
tion of key characteristics that allow cancer development, progression
and drug resistance development (Hanahan and Weinberg, 2011; Scott
and Gascoyne, 2014). TME is highly diversify and dynamic, being
composed by immune cells, stromal cells, blood vessels and extra-
cellular matrix (Tarte, 2017).

The cell–cell contact-dependent mechanisms and/or soluble mes-
sengers have been long ago established as forms by which tumor cells
can communicate and modulate TME composition (Ungefroren et al.,
2011). Recently, a new system of cell communication was described
involving transfer of information via extracellular vesicles (EVs)
(Bebelman et al., 2018). EVs are involved in short and long-distance
delivery of cellular contents, and their structure prevents cargo’s de-
struction and it is essential to direct the horizontal information transfer
(Maas et al., 2017). EVs consist of a heterogeneous group of lipid bi-
layer particles, which size can range from 15 nm to 10 microns and they
are virtually released by all cell types (normal and tumor). Depending
on their size they can be classified into exosomes, microvesicles (ecto-
somes), microparticles and oncosomes (Maas et al., 2017). Several
studies have been shedding light on how EVs shape cell function. Re-
cently it has been demonstrated that EVs are involved in the com-
partmental regulation of hematopoiesis in the bone marrow (BM)
(Hornick et al., 2016; Kumar et al., 2018).

Particularly, the interest in circulating exosomes has been con-
tinuously increasing in the past few years. Since these entities can be
detected in a variety of biological fluids and carry variable cellular
constituents (proteins, nucleic acids and lipids), they represent a pro-
mising strategy to use as potential biomarkers with diagnostic and
prognostic relevance, holding the potential to be used as cancer liquid
biopsy (Halvaei et al., 2018). For example, studies showed that exo-
somes carry genomic DNA (exoDNA) as double-stranded DNA which
reflects the mutational status of the derived cancer cells (Möhrmann
et al., 2018). Driver mutations in KRAS and TP53 were detected in
exoDNA fragments in patients with pancreatic cancer (Yang et al.,
2017; Katz et al., 2017). In another study involving the analysis of
urinary exosomes from bladder cancer patients, were identified somatic
mutations and copy number variations in exoDNA with similar pattern
to those observed in the tumor tissue, underlining exoDNA as an useful
source of information on genomic alterations in the tumor (Lee et al.,
2018).Therefore, the better understanding of the interplay between
lymphoma cells and their microenvironment is crucial to comprehend
not only the differences observed between the pathogenesis and prog-
nosis of NHL subtypes, but also has the potential as new therapeutic
targets and/or exosome-based cancer therapy.

The focus of this review is to discuss recent advances in the field of
exosomes as players in NHL development and uncover their role in the
crosstalk tumor-TME, development of drug resistance, as well as their
potential use as biomarkers and therapeutic opportunities.

2. Biogenesis and properties of exosomes

Contrary to the biogenesis of larger microvesicles, exosome’s bio-
genesis initiates with the inward budding of endosomal membrane
given rise to multivesicular bodies (MVBs), characterized by the accu-
mulation of multiple small intraluminal vesicles (ILVs) (Colombo et al.,
2014). Next, MVBs cargo is sorted during maturation, where some of
the formed MVBs are directed to lysosomal degradation, while the re-
maining can dock and fuse with the plasma membrane, resulting in the
release of ILVs into the extracellular milieu, after which they are called
exosomes (Fig. 1) (Samanta et al., 2017). The ubiquitinated proteins

present in ILVs are sorted by the endosomal sorting complexes required
for transport (ESCRT) machinery (Fig. 1A) (Stoorvogel, 2015). The
ESCRT machinery consists of four different complexes ESCRT-0, -I, -II,
-III, together with the AAA ATPase vacuolar protein-associated sorting
4 (VPS4) complex (Christ et al., 2017). A study developed by Baietti
et al. disclosed a little more about the role of ESCRTs in exosome bio-
genesis, by showing that syntenin interacts with ALIX, an ESCRT-
III-binding protein, mediating the budding process and the production
of exosomes (Baietti et al., 2012a). Moreover, syntenin-ALIX exosome
pathway is responsible for mediating the sorting of syndecans into
exosomes through their binding to syntenin (Baietti et al., 2012a).
Vesicular transport and sorting can also be regulated by ESCRT-in-
dependent pathway which is less understood. Some authors showed
that lipids are also involved in these processes, such as sphingosine-1-
phosphate and ceramide, tetraspanin-enriched microdomains and
sphingomyelinase (Bissig and Gruenberg, 2013). Trajkovic et al.
showed that inhibition of neutral sphingomyelinase 2 (nSMase2), an
enzyme involved in ceramide production, reduced exosomal release of
proteolipid protein (PLP) and EGFP-CD63 from Oli-neu cells and EGFP-
CD63-transfected PC-3 cells, respectively (Trajkovic et al., 2008).
Moreover, phospholipase D2 (PLD2), an enzyme involved in phospha-
tidic acid (PA) production from phospholipids, was shown to function
as an effector of small GTPase ADP ribosylation factor 6 (ARF6), in
syntenin-ALIX exosome biogenesis and budding into MVs (Ghossoub
et al., 2014).

Exosome secretion is an oriented process, however the specific
molecular motors involved are still unknown. MVBs anchorage and
fusion to the cell membrane seem to be mediated by RAB-GTPase family
(such as Rab27 and Rab35), as well as their trafficking within the cell
(Fig. 1B) (Ostrowski et al., 2010; Hsu et al., 2010). Proteins such as
Rab27b and Rab27, synaptotagmin-like 4 and exophilin 5 are involved
in the regulation of MVBs’ docking at the plasma membrane (Ostrowski
et al., 2010). Interestingly, RAB7 seems to be not only involved in
targeting MVEs to lysosomes but also to be essential to exosome release
(Baietti et al., 2012b; Rocha et al., 2009). This dual function is appar-
ently mediated by the ubiquitylation status of RAB7 (Song et al., 2016).
Some studies showed that SNARE proteins (soluble NSF attachment
receptor) and synaptotagmin family members are apparently also in-
volved in the process of MVEs fusion with the plasma membrane to
release ILVs as exosomes (van den Bogaart and Jahn, 2011). Moreover,
Ca2+ may have a regulatory role in the activation of the SNARE com-
plexes leading to exosome secretion (Savina et al., 2005; Messenger
et al., 2018).

Despite the diverse studies focusing in uncovering the molecular
components of exosome biogenesis, the detailed mechanism needs to be
further studied. For example, Mazzeo and colleagues observed that
PKD1/2 regulates MVBs maturation and exosome secretion, by func-
tioning as major effector of DGKα in the regulation of MVBs secretory
traffic in T and B cells (Mazzeo et al., 2016).

Proteomic studies showed that secreted exosomes display a selective
assemblage of membrane components such as cell surface receptors,
antigen presentation proteins and major histocompatibility complex
(MHC) and tetraspanins (CD63, CD81, CD9, and CD82) (Mathivanan
et al., 2010; Colombo et al., 2013; van Niel et al., 2011).

The process of exosome biogenesis is extremely complex and there
is still a lot to uncover. It is important to understand that this process
can vary depending on the cell type and cargo and can be modulated by
the different stimuli that the cell receives. Therefore, depending on the
context, different machineries and sorting mechanisms can act con-
comitantly or sequentially on producing heterogeneous populations of
ILVs and exosomes (Colombo et al., 2014; Lo Cicero et al., 2015).

After the release into the extracellular space, exosomes can act lo-
cally by altering the behavior of neighboring cells or enter in circulation
and act at distant anatomic sites (Xu et al., 2018). After docking over
plasma membrane of target cells, exosomes can promote functional
responses and phenotypic changes in different ways. Exosomes can
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directly stimulate cell surface receptors of recipient cells as shown by
exosomes derived from B cells and dendritic cells, which induce specific
antigenic response by presenting antigens to T cells (Raposo et al.,
1996; Zitvogel et al., 1998). Moreover, exosomes may directly fuse with
plasma membrane or be endocytosed by the recipient cells, resulting in
the release of intraluminal content in the cell cytoplasm. Some of the
mediators involved in this process have been already identified in-
cluding SNAREs, Rab proteins, SM-proteins, and several proton pumps
(McKelvey et al., 2015). Additionally, exosome uptake by the recipient
cells is dependent of sphingolipid- and cholesterol-enriched micro-
domains present in the plasma membrane known as lipid rafts (Simons
and Vaz, 2004). When the integrity of these microdomains is disrupted
by the depletion of plasma membrane cholesterol, cellular exosome
uptake is inhibited (Svensson et al., 2013). A study by Vardaki et al.
demonstrated that Bcl-xL present in stroma exosomes is a caspase-3
substrate and that its cleaved form is required for exosomes’ uptake by
myeloma and lymphoma cells, which in turn results in their increased
proliferation (Vardaki et al., 2016).

These processes enable the direct exchange of proteins and lipids
which can activate diverse responses and processes in target cells. For
instance, bladder cancer–derived exosomes can transfer TGFβ to fi-
broblasts and induce SMAD pathway activation, triggering their dif-
ferentiation into cancer-associated fibroblasts (CAFs) (Ringuette Goulet
et al., 2018). Exosomes not only display an unique lipid membrane
composition, but also can function as lipid carriers by transporting di-
verse lipid species including eicosanoids, fatty acids and cholesterol, as
well as lipid related enzymes, therefore contributing to the regulation of
various bioactive lipids (Record et al., 2014; Skotland et al., 2017).
Additionally, the most fascinating aspect of exosome’s cargo is their
ability to transfer genetic information and induce epigenetic changes.
Exosomes protect nucleic acids such as DNA, miRNA, other non-coding
RNAs and mRNA, from extracellular degrading enzymes, and modulate

the function of the recipient cells (Balaj et al., 2011; Valadi et al., 2007;
Kalluri and LeBleu, 2016). For example, recent studies have reported
that exoDNA not only can be transfer to recipient cells but apparently
has pathophysiological significance. ExoDNA localized to and enter the
nuclear membrane where increases the coding mRNA and protein levels
in the recipient cells (Cai et al., 2015). When in the nucleus, exoDNA
seems to recruit and combine with transcription factors, initiating its
transcription (Cai et al., 2013; Chen et al., 2013). Moreover, the
transferred DNA was reported to have pathophysiological implications
in vitro and in vivo. Normal neutrophils begin to express BCR/ABL, in-
volved in the pathogenesis of chronic myeloid leukemia (CML), after
incubation with CML cell line K562 EVs, resulting in their decreased
phagocytic activity in vitro (Chen et al., 2013). An in vivo study sup-
ported the previous results by inducing CML characteristics in mice
after injection of K562 EVs carrying BCR/ABL hybrid gene (Cai et al.,
2014). Transfer of exosomal RNAs, such as miRNAs, was shown to have
a central role in the regulation of relevant biologic processes on the
recipient cells. The internalization of exosomal miRNAs can induce
phenotypic changes and modulate the activity of the recipient cells by
regulating their mRNA and protein expression (Higuchi et al., 2018;
Fang et al., 2018). Bayraktar et al. gives an interesting point of view by
describing exosome-derived miRNAs as hormones given their ability to
reach distant target cells and influence their behavior (Bayraktar et al.,
2017). Depending on their targets, miRNAs can play oncogenic or onco-
suppressor functions. Interestingly, tumor cells seem to exploit exo-
somes to shuttle oncogenic miRNAs that promote angiogenesis, induce
epithelial mesenchymal transition and immune evasion; or to extrude
tumor suppressor miRNAs, leading to the expression of cellular onco-
genes (Pucci et al., 2018). In fact, exosomal miRNAs were proven to
play a role during NHL lymphomagenesis, lymphoma progression and
metastization and the development of chemoresistance (Li et al., 2019).
For instance, exosomal miRNAs-derived from lymphoma cells can
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induce the immune regulatory phenotype in macrophage by enhancing
the expression of immune mediator factors, essential to the formation of
an inflammatory niche (Higuchi et al., 2018; Li et al., 2019).

Therefore, it has been long gone the idea that exosomes are mere
cellular garbage disposals, being now recognized as important players
in intercellular communications, not only in normal physiological
processes, like inflammation, cell proliferation and immune response,
but also, implicated in the pathogenesis and progression of diseases
such as cancer (Dalvi et al., 2017; Osada-Oka et al., 2016; La Shu et al.,
2018; Li et al., 2018).

3. Microenvironment and Tumor crosstalk mediated by exosomes

Over the past decade, it has been established that tumor-derived
exosomes influence non-neoplastic cells to support tumor initiation,
progression and drug resistance, creating a permissive TME for tumor
growth and metastasis establishment.

One of the main obstacles to tumor progression and metastasis
formation is created by immune system surveillance. Briefly, cytotoxic
T lymphocytes (CTL) and NK cells are recruited to tumor site where
they undergo phenotypic and functional changes being redirected to a
pro-tumoral activity through the expression of various immune med-
iators and modulators, in order to facilitate tumor invasion, spreading,
and angiogenesis (Grivennikov et al., 2010). Therefore, the commu-
nication network designed to evade antitumor immune responses is
essential for cancer development.

Actually, exosomes play a central role as important mediators of
tumor immune escaping (Fig. 2). The presence of MHC class I and II
proteins on exosomes’ surface from B lymphocytes has been already
extensively characterized in multiple studies, proving the antitumor

activity of immune cells-derived exosomes (Lindenbergh and
Stoorvogel, 2018). Klinker et al. reported that human B cell-derived
lymphoblastoid cell lines induce antigen-specific apoptosis in auto-
logous CD4+ T cells by constitutively producing MHCII+FasL+ exo-
somes (Klinker et al., 2014). On the other hand, researchers are now
focusing on how immune-modulating exosomes released from tumor
cells support cancer development and progression. A study showed that
T- and B cell leukemia/lymphoma constitutively express mRNA and
protein NKG2D ligands (such as MICA/B and ULBP 1 and 2), which are
then secreted via exosomes. NKG2D ligand-bearing exosomes seem to
act as decoy through downregulation of the NKG2D receptor-mediated
cytotoxicity, ultimately impairing NK-cell activity and facilitating the
immune evasion of leukemia/lymphoma cells (Hedlund et al., 2011).
Furthermore, another mechanism of exploiting the exosome pathway to
modulate the activity of immune cells, particularly based on the in-
duction of inhibitory B cells, was shown in Yang et al. work where
exosomes released by melanoma and lymphoma cells promoted IL-10
expression in splenic B cells. In turn, the production of IL-10 promoted
regulatory B cells and subsequent inhibition of T cell proliferation and
TCR signaling (Yang et al., 2012). A study by Bohana-Kashtan et al. also
demonstrated that B-lymphoma cells evade complement-mediated lysis
through the phosphorylation of complement C9 by exosomal kinase
casein kinase 2 (CK2) (Bohana-Kashtan et al., 2005). In chronic lym-
phocytic leukemia (CLL), tumor-derived exosomes trigger CLL-asso-
ciated phenotypes in recipient monocytes by inducing cytokines re-
lease, such as C-C motif chemokine ligand 2 (CCL2), CCL4, and IL-6,
and the expression of PD-L1, suggesting an exosome-related in-
flammation and concurrent immune escape (Haderk et al., 2017).

Recent research has provided insights into how chemotherapy-ex-
posed cells exploit exosomes to alter their microenvironment and
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enhance tumor survival and progression. Myeloma cells exposed to
chemotherapy enhanced exosome secretion and modified exosome’s
proteome profile, including a dramatic elevation of surface’s heparinase
levels. Therefore, chemotherapy-induced exosomes (chemoexosomes)
bearing heparanase induced tumor cells’ heparan sulfate degrading
activity of the extracellular matrix. Moreover, chemoexosomes stimu-
lated macrophage migration and their secretion of TNF-α, an important
myeloma growth factor (Bandari et al., 2018).

The bone marrow hematopoietic niche consists of an important
microenvironment in cancer pathogenesis, especially in hematological
malignancies. In this context, it is not surprising that tumor cells take
advantage of exosomes capabilities as vehicles of growth factors, cy-
tokines, enzymes, angiogenic molecules, and genetic material to re-
program the bone marrow microenvironment. In fact, the ‘proof of
principle’ that tumor-derived exosomes educate and transform the bone
marrow environment was demonstrated by Peinado et al., who showed
that exosomes secreted by murine metastatic melanoma cells promoted
the formation of a pro-metastatic niche by mobilizing and reprograming
bone marrow progenitors toward a pro-vasculogenic and pro-metastatic
phenotype via induction of MET signaling which supports the meta-
static progression of melanoma cells (Peinado et al., 2012). Mesench-
ymal stem/stromal cells (MSCs) represent one of the central cellular
components of lymphoma microenvironment. Exosomes-derived from
adult T-cell leukemia/lymphoma (ATL) cells modulate the properties of
human MSCs by transferring miR-21, miR-155 and vascular endothelial
growth factor (VEGF), resulting in NF-κB activation leading to a change
in cellular morphology, increased proliferation and the induction of
gene expression of migration and angiogenic markers (El-Saghir et al.,
2016). A study by Lee et al. showed how MSCs help to create an im-
munosuppressive milieu that promotes tumor evasion of immune sur-
veillance. The co-injection of MSCs with B lymphoma cells resulted in
enhanced tumor growth in a murine model of lacrimal gland B-cell
lymphoma. Importantly, bone marrow-derived MSCs promoted the in-
creased of CD4+ cells, CD11b+ cells, CD4+Foxp3+ regulatory T cells
and myeloid-derived suppressor cells, and upregulation of immune-re-
lated factors including TNF-α, IL-1β, TGF-β1, and arginase (Lee et al.,
2017). Actually, a study showed that MSCs stimulated by TGF‐β and
IFN‐γ secrete exosomes that promote the differentiation of peripheral
blood mononuclear cells (PBMCs) into Tregs, which have an immune
suppression effect (Zhang et al., 2018). Lin et al. reported a new me-
chanism in which MSCs are endowed with the ability to promote
macrophage recruitment to tumor site, using a melanoma and lym-
phoma model. MSCs educated by tumor cell-derived exosomes pro-
duced CCR2 ligands, CCL2 and CCL7, responsible for macrophage in-
filtration, subsequently facilitating tumor growth (Lin et al., 2016). CLL
cells stablish a bi-directional crosstalk with BM-MSCs through exosomes
secretion, which induces platelet-derived growth factor receptor
(PDGFR) activation and downstream ERK and AKT phosphorylation in
BM-MSCs. In turn, PDGFR-induced BM-MSCs triggers VEGF secretion
which promotes CLL tumor survival (Ding et al., 2010, 2009; Ghosh
et al., 2010; Gehrke et al., 2011). Moreover, recent work has revealed
that MSCs and endothelial cells acquire an inflammatory phenotype
with the activation of NF-κB-dependent signaling induced by CLL exo-
somes. When analyzed the gene expression profiling of these cells, it
was observed a transcriptional reprogramming into pro-inflammatory
response similar to the gene signature of activated CAFs (Paggetti et al.,
2015).

Recently, Manček-Keber and colleagues reported that exosomes
derived from lymphoma B-cells harboring mutated MYD88 were able to
trigger the activation of proinflammatory signaling in mast cells and
macrophages, hence reprograming BM microenvironment into a tumor-
promoter niche (Mancek-Keber et al., 2018).

4. Exosomes in virus-related lymphomas

The association between viral agents, such as EBV, the Kaposi’s

sarcoma-associated herpesvirus (KSHV), and human immunodeficiency
virus type 1 (HIV-1), and the development of lymphomas, specially B-
cell lymphomas, has been long established (Castillo et al., 2014). Viral-
induced lymphomagenesis can be initiated by 3 main pathogenetic
mechanisms: (1) direct carcinogenesis due to cancer cell infection by
lymphotropic transforming viruses (EBV and KSHV) with consequent
activation of main signaling pathways that results in increased B-cell
proliferation and malignant transformation (Boshoff, 2011); (2) chronic
antigenic activation of lymphocytes receptors by viral antigens and
cytokines ultimately leading to clonal expansion of B-cell (Couronné
et al., 2018); and (3) immunodeficiency or immunosuppression cause
by virus-dependent Th and Tregs depletion, particularly HIV, inducing
specific immunological defects and initiating malignant transformation
(Carbone et al., 2014).

Several evidences have added a new level of complexity in virus-
induced lymphomagenesis by showing that oncogenic viruses can use
exosomes to modulate cellular microenvironment and evade immune
system recognition to survive and accelerate tumor progression
(Dolcetti, 2015).

Several studies have shown that EBV-infected B lymphocytes secrete
exosomes harboring viral and cellular components. EBV-derived exo-
somes contain Fas ligand (FasL) which triggers apoptosis of recipient
cells by the FasL-mediated extrinsic pathway (Ahmed et al., 2015).
Exosomes released by EBV-infected B cells transport the viral latent
membrane protein 1 (LMP1), which is proved to be a promoter of
lymphomagenesis. In fact, internalization of LMP1+ exosomes resulted
in enhanced proliferation, induction of activation-induced cytidine
deaminase (AID), production of circle and germline transcripts for IgG1
and B cell differentiation toward a plasmablast-like phenotype (Gutzeit
et al., 2014). Another study supporting the presence of LMP1 protein in
EBV-transformed cells reported that these exosomes also contain EBV-
encoded latent phase mRNAs, such as LMP1, LMP2, EBNA1 (Ep-
stein–Barr nuclear antigen 1), and EBNA2 (Epstein–Barr nuclear an-
tigen 2). These results seem to suggest that the exosomal mRNAs will
then be translated into the respectively oncogenic protein once inter-
nalized by the host recipient cells. Functionally, these EBV-encoded
oncogenic proteins are responsible for altering cellular gene transcrip-
tion and constitutively activating key signaling pathways, involved in
cell growth, apoptosis, cell motility, and angiogenesis (Canitano et al.,
2013).

Apart from oncoproteins, EBV-infected exosomes also transport
several viral and cellular miRNAs which regulate cellular processes and
manipulate TME. A study using Burkitt Lymphoma Mutu Cell Lines,
characterized the expression profile of exosomal miRNAs, observing the
expression of specific cellmiRNAs, such as miR-143, miR-877, miR-
4516-5p, miR-6087-5p, and miR-7704-5p. Moreover, they observed
that EBV-infected cells presented upregulation of exosomes biogenesis
and that multiple viral miRNAs were transferred to epithelial cells via
exosomes (Nanbo et al., 2018). Recently, Higuchi et al. reported that
exosomes secreted by EBV+ lymphoma cells, containing EBV-derived
ncRNAs such as BamHI fragment A rightward transcript (BART)
miRNAs and EBV-encoded RNA (EBER), induced an immune regulatory
phenotype in macrophages characterized by the expression of IL-10,
TNF-α and arginase 1. Additionally, the expression levels of EBV-en-
coded miRNAs were also associated with clinical outcome of diffuse
large B-cell lymphoma patients (Higuchi et al., 2018).

The lymphotropic herpesvirus KSHV is responsible for distinct
lymphoproliferative disorders including primary effusion lymphoma
(PEL), multicentric Castleman disease (MCD) and MCD-associated
plasmablastic lymphoma (Carbone and Gloghini, 2008). During KSHV
infection, gamma interferon-inducible protein 16 (IFI16) acts as a nu-
clear pattern recognition receptor and interacts with ASC and procas-
pase-1 to form a functional inflammasome complex and induces the
release of inflammatory cytokines (such as IL-1β and IL-18) to regulate
immune responses (Kerur et al., 2011). Singh et al. reported that KSHV-
infected cells release IFI16 and cleaved IL-1β via exosomes, probably as
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a way of disrupting IL-1β functions in order to reduce immune defense
(Singh et al., 2013). Global quantitative proteomics analysis of KSHV-
infected B-cell exosomes showed exosomes highly enriched in proteins
involved in the glycolysis pathway, cell death and survival, protein
synthesis, mTOR signaling, and remodulation of epithelial adherents
junctions, suggesting a role in cell anchorage or movement (Meckes
et al., 2013).

As observed in EBV-infected exosomes, KSHV also altered not only
the exosomal protein content but also the cellular and viral miRNAs
profile that fine-tunes host gene expression in order to promote viral
pathogenesis. Chugh et al. demonstrated for the first time the presence
of both KSHV-encoded miRNAs and host miRNAs, including members
of the miR-17–92 cluster, in exosomes of patients with KSHV-associated
malignancies and isolated from KSHV mouse models (Chugh et al.,
2013). The analysis of the exosomal miRNA targets showed the in-
volvement of key signaling pathways in KSHV pathogenesis and en-
hanced cell migration and IL-6 secretion in endothelial cells (Chugh
et al., 2013). A more recent study demonstrated that in order to ma-
nipulate the metabolic nature of the tumor microenvironment, KSHV
infected cells transfer virus-encoded microRNAs via exosomes, which
induce Warburg effect in the neighboring cells (Yogev et al., 2017).
KSHV-infected endothelial cells release exosomes containing miR-K12-
2-5p, miRK12-4-3p, miR-K12-4-5p, miR-K12-6-5p, miR-K12-8-3p, miR-
K12-10a-3p, miR-K12-11-3p, and miR-K12-12, which participate in a
metabolic shift toward aerobic glycolysis in non-infected cells, and ul-
timately supporting the growth of infected cells (Yogev et al., 2017;
Hoshina et al., 2016). Rainy et al. demonstrated that KSHV-infected
cells transfer miR-K12-11 via exosomes into T cells, where inhibits the
innate type-I interferons response to viral dsRNAs in a non-cell-auton-
omous mode and consequently promotes oncogenesis (Rainy et al.,
2016).

Taken together, the reported data clearly shows that oncogenic
viruses take advantage of exosomes traffic to enhance viral pathogen-
esis by modulation of the lymphoma microenvironment towards an-
giogenesis, metabolic switch, and immune dysfunction.

5. Exosomes and therapy resistance

The major progresses on understanding NHL biology in the last
decade have led to a great improvement in NHL treatment paradigm.
Particularly, since Coiffier et al. demonstrated that the combination of
rituximab and the established CHOP chemotherapy regime improve
patients’ therapy response, event-free survival (EFS) and overall sur-
vival (OS), when compared with CHOP regime alone (Coiffier et al.,
2002). Since then, other studies have showed and supported Coiffier
results, which resulted in the introduction of rituximab as a standard of
care of NHL patients (R-CHOP regime) (Pfreundschuh et al., 2011; Fu
et al., 2008; Coiffier et al., 2010).

Despite the major improvement in the outcome of NHL patients,
therapy response still remains highly variable and there is a consider-
able high percentage of patients that are primarily refractory or ex-
perience short-term relapse, presenting a poor prognosis (Camus and
Tilly, 2017; Li et al., 2017b). Moreover, the acquisition of che-
motherapy resistance still remains a major obstacle in the treatment of
these patients (Younes et al., 2016; Pérez-Callejo et al., 2015).

Diverse mechanisms of chemotherapy resistance have been already
established such as drug efflux from cancer cells, alterations in drug
metabolism and mutation of drug targets, microenvironment acid-
ification and augmentation of DNA repair mechanisms (Holohan et al.,
2013). Moreover, due to the exceptional adaptability of tumors, they
have the ability to activate survival pathways and inhibit cell death
mechanisms resulting also in drug resistance (Holohan et al., 2013).
Recently, a new mechanism of chemoresistance has emerged involving
exosomes. In fact, tumor exosomes have the ability to horizontally
transfer multi-drug resistance (MDR)-associated proteins and miRNAs
between tumor cells (Maia et al., 2018). Since the pioneer work of

Corcoran et al. that showed that exosomes can induce docetaxel re-
sistance in prostate cancer, more studies have been focused on un-
covering this new mechanism of resistance in other tumors (Corcoran
et al., 2012). In a recent study developed by Qin et al., exosomes re-
leased by cisplatin resistant lung cancer cells, induced drug resistance
in recipient cells through downregulation of exosomal miR-100–5p le-
vels and in turn increasing mTOR expression (Qin et al., 2017). On the
other hand, exosomes can induce tumor resistance by mediating drug
efflux, where drugs and their metabolites are extruded from the cell,
diminishing their cytostatic action (Robey et al., 2018). One of the most
studied mechanisms of drug resistance is the expression of ATP-binding
cassette (ABC) transporters, such as the multidrug resistance protein 1
(MDR1, also known as P-glycoprotein or P-gp) which is associated with
resistance to cytotoxic and targeted chemotherapy (Robey et al., 2018).
Actually, a study in B-cell lymphoma showed that exosomes seem to be
involved in the export of doxorubicin and pixantrone from the cell.
Moreover, depletion of ABCA3 by indomethacin suppresses exosome
biogenesis, and consequently enhances the nuclear trapping of the
drugs, increasing their cytostatic efficacy against DLBCL cell lines (Koch
et al., 2016). Therefore, the results suggest a potential alternative ap-
proach to overcome chemoresistance and increase drug efficacy by
targeting exosome biogenesis.

Exosomes can also modulate the effect of antibody drugs used in
target therapies, by interfering with their binding to tumor cells.
Tumor-derived exosomes transporting HER2 sequestrate the antibody
trastuzumab, attenuating its therapeutic action and resulting in tumor
aggressiveness and progression (Battke et al., 2011; Ciravolo et al.,
2012). Similar results were observed in lymphoma, demonstrating that
lymphoma-derived exosomes carrying CD20 act as decoy and protect
target cells from antibody action. In fact, exosomes carrying CD20
impaired therapeutic action of rituximab and antibody-dependent cell
mediated cytotoxicity (ADCC) by reducing drug bioavailability (Aung
et al., 2011).

As previously mentioned, tumors cells constantly communicate with
neighboring cells by exchanging exosomes. Therefore, it is not sur-
prising that exosomes secreted by stromal cells can also influence drug
resistance. Bone marrow stromal cells (BM-SCs)-derived exosomes in-
duce cell survival and chemoresistance of multiple myeloma cells to
bortezomib, by the activation of several survival pathways, including c-
Jun N-terminal kinase, p38, p53, and Akt (Wang et al., 2014). Another
study conducted by Wang and colleagues showed that BM-SCs’ exo-
somes protect human B-cell acute lymphoblastic leukemia cells from
etoposide-induced apoptosis leading to exosome-induced drug re-
sistance (Wang et al., 2017). Additionally, a recent work demonstrated
that B cell-derived CD19+ EVs enriched in CD39 and CD73 hydrolyze
ATP released from tumor cells treated with chemotherapy into adeno-
sine, which in turn inhibits CD8+ T cell activity and proliferation and
consequently reduces chemotherapy efficacy (Zhang et al., 2019)

Another obstacle to chemotherapy efficacy is the presence of cancer
stem cells (CSC) subpopulation within the tumor. One of the features of
CSCs is the induction of drug resistance in cancer cells. In fact, a study
by Koch R. and colleagues demonstrated that exosomes transporting
Wnt proteins induced a CSCs-like phenotype in cancer cells in a diffuse
large cell B cell lymphoma model. Moreover, the induction of this
phenotype is associated with increased expulsion of doxorubicin and
therefore the acquisition of drug resistance (Koch et al., 2014).

6. Exosomes as biomarkers

Since the observation that several tumor-released components can
be identified in peripheral blood, an increased number of studies have
been focusing their attention on understanding their clinical value in
the diagnosis, monitoring and as potential therapeutic targets in cancer.
The concept of “liquid biopsies”, encompassing the analysis of mRNA,
microRNA, circulating-tumor DNA, proteins or cancer metabolites,
emerges as a promising minimally invasive approach to assess tumor-

M. Fernandes, et al. Critical Reviews in Oncology / Hematology 144 (2019) 102825

6



specific changes and as a most informative predictor of patients’ out-
come or therapy response (Bardelli and Pantel, 2017). In this context,
exosomes have been viewed as a major step forward in the liquid
biopsies field. In fact, resembling to what it was observed in solid tu-
mors, FACS analysis showed that exosomes are also enriched in plasma
of patients with hematological malignancies when compared to healthy
individuals. Moreover, Caivano et al. identified tumor-related antigens
expressed in the exosomes, such as CD19 in B cell neoplasms, CD38 in
MM, CD13 in myeloid tumors, and CD30 in HL, and correlated exo-
some’s levels with the clinical features showing the potential of exo-
somes as biomarkers in hematological malignancies (Caivano et al.,
2015). Analysis of plasma samples from CLL patients also revealed
significantly high plasma levels of exosomes which decreased following
ibrutinib therapy (Yeh et al., 2015).

The RNA fraction represents the most abundant and diversified
constituent of exosomal cargo, gaining great attention in the field of
biomarkers discovery, especially exosomal miRNAs. Exosomal miRNAs
are highly stable in various body fluids, and interestingly were found to
remain stable at −208 °C for 5 years and to resist to freeze-thaw cycles
(Weber et al., 2010). Moreover, their levels and composition not only

differ between patients and healthy individuals but also between dis-
eases (Tomasetti et al., 2017). The specificity and central role of
miRNAs in post-transcriptional regulation in order to maintain the fine
tuning of several biological processes, have established their potential
as biomarkers.

In fact, accumulating evidence suggests that specific miRNA profiles
characterized each tumor, and that important signaling pathways and
exosome-released miRNAs change during carcinogenesis steps, in-
dicating that exosomal miRNAs could be an important diagnostic and
prognostic biomarker of cancer (Li et al., 2019; Palma et al., 2012;
Cortez et al., 2011; Madhavan et al., 2015; Matsumura et al., 2015).
Yeh et al. identified a distinct exosomal miRNA profile in plasma
samples of CLL patients, which include miR-29 family, miR-150, miR-
155, and miR-223 (Yeh et al., 2015). Analysis of plasma EV miRNA
repertoire of untreated classical HL patients showed enriched levels of
miR24-3p, miR127-3p, miR21-5p, miR155-5p, and let7a-5p. Inter-
estedly, following to treatment miRNA levels decreased matching a
complete metabolic response, and increased again in relapse patients
(van Eijndhoven et al., 2016). Exosome-derived miR-15a-3p, miR-21-5p
and miR-181a-5p seemed to be potential candidates miRNAs in the

Fig. 3. Schematic illustration of strategies for exosomal modification and cargo loading for the development of exosome-based cancer therapy. Some compounds
have been shown to interfere with exosomes either by silencing or inhibiting exosome biogenesis and trafficking or even by inhibit docking and secretion. Studies
demonstrated that disruption of exosome pathway resulted in tumor suppression and appears to be a promising strategy to increase therapy efficacy and overcome
drug resistance.
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differential diagnosis of DLBCL (Inada et al., 2014). In a study where
the entire plasma mirnome of DLBCL patients was evaluated, including
the exosomal counterpart, it was observed increased plasma levels of
miR-124 and miR-532-5p and low levels of miR-425, miR-141, miR-
145, miR-197, miR-345, miR-424, miR-128 and miR-122. Concerning
the correlation between baseline plasma miRNA profiles and patients’
outcome, they observed that plasma levels of miR-20a, 20b, 93 and
106a 106b were associated with higher mortality (Khare et al., 2017).
Feng and colleagues identified increased levels of miR-99a-5p and miR-
125b-5p in exosomes derived from DLBCL patients’ serum. Ad-
ditionally, exosomal miRNA levels were correlated with shorter pro-
gression-free survival time, and they can predict chemotherapeutic ef-
ficacy (Feng et al., 2019).

Exosomes analysis represents a major step forward in liquid biopsies
since they provide important information about the circulating tran-
scriptome. Exosomes’ special features permit not only to detect miRNAs
and lncRNAs, but also extracellular mRNA, which normally are
promptly degraded by RNase activity when in circulation, allowing the
identification of tumor-specific gene expression profiles (Siravegna
et al., 2017). However, compared to miRNAs, less is known about the
importance of exosomal mRNA as potential biomarker of cancer. A
study by Provencio et al. evaluated the prognostic implications of
pretreatment tumor-associated exosomal mRNA (C-MYC, BCL-XL, BCL-
6, NF-κβ, PTEN and AKT) in B-cell lymphomas. They showed that the
presence of BCL-6 and c-MYC mRNA was associated with worse pro-
gression-free survival (PFS) and overall survival (OS). Moreover, exo-
somal AKT mRNA positivity was associated with non-response to ri-
tuximab-based treatment (Provencio et al., 2017).

7. Exosomes as therapeutic target and drug delivery vehicles

Given the important role of tumor-derived exosomes in repro-
graming microenvironment to drive tumor progression and escape, it is
rational to think that inhibition or silencing of tumor exosomes would
be an interesting therapeutic strategy. Theoretically, either by silencing
or inhibiting exosome production (biogenesis and/or release) (Fig. 3),
by interfering with exosomes uptake by recipient cells, or by elim-
inating exosome from circulation (Vader et al., 2014).

The identification of key proteins involved in exosome biogenesis
gives some light on the development of small-molecules inhibitors of
enzymes or proteins involved in this process. For instance, in HeLa cells,
the silencing of ESCRT machinery resulted in reduction of exosome
secretion and modulated the content of their cargo (Colombo et al.,
2013). Modulation of syndecan-syntenin-ALIX axis can emerge as an-
other alternative to regulate the formation of exosomes (Baietti et al.,
2012b). A recent study identified various compounds that modulate
ESCRT-dependent and ESCRT-independent exosome biogenesis and/or
release in aggressive prostate cancer cells. Using quantitative high
throughput screen assay they validated tipifarnib, neticonazole, clim-
bazole, ketoconazole, and triadimenol as potent inhibitors giving light
on novel therapeutic strategies for advanced cancer (Datta et al., 2018).
The use of dimethyl amiloride, a compound known for its anti-ischemic
effects, was shown to also reduce exosome secretion in mice bearing
EL4 lymphoma, while enhancing the in vivo antitumor efficacy of the
chemotherapeutic drug. Moreover, the secretion inhibition of tumor
exosomes carrying HSP70 resulted in suppression of myeloid-derived
suppressor cells, followed by the inhibition of tumor growth (Chalmin
et al., 2010). The study developed by Peng et al. showed that the simple
upregulation of miR-34-5p, a downregulated miRNA in AML stem cells,
results in disruption of exosome shedding by inhibition of RAB27B and
promotes eradication of acute myeloid leukemia stem cells by inducing
senescence (Peng et al., 2018). Moreover, Datta et al. reported that
manumycin-A treatment, a natural product of microbes, resulted in
decreased of exosome biogenesis and release in a prostate cancer cell
line by supposedly interfering with the ESCRT machinery and Rab27a.
Interestingly, Datta’s results suggest that malignant and normal cells

have different mechanisms of exosome biogenesis, since marumycin-A
treatment did not affect exosome release from normal RWPE-1 cell line
(Datta et al., 2017). Actually, this observation is particularly important
since one of the major challenges of therapeutically interfere with
exosome biogenesis and release is to find approaches that have suffi-
cient specificity to tumor cells without altering normal cell function. A
study performed using an imatinib resistant chronic myeloid leukemia
cell line (K562IMT), revealed that dasitinib induces apoptosis by pre-
venting exosome release and autophagy through inhibition of beclin-1
and Vps34 (Liu et al., 2016). Moreover, ketotifen, an antihistaminic
mast cell stabilizer, was shown to reduce exosome release which re-
sulted in an increase in the sensitivity to doxorubicin by attenuating
drug exosomal export from the cell (Khan et al., 2018). Taking together
these results and the ones reported by Koch et al. in lymphoma, pre-
viously described in this review, highlight the potential of targeting
exosomes biogenesis and release as a promising strategy to overcome
drug resistance and increase therapy efficacy (Koch et al., 2016). On the
other hand, exosome uptake by recipient cells could also be targeted by
blocking surface adhesion molecules which are essential for exosome
docking and internalization, such as phosphatidylserine, ICAM1, sHS,
proteoglycans (van Niel et al., 2018). For example, disruption of cho-
lesterol-rich membrane microdomains located in lipid rafts by synthetic
nanoparticles seems to inhibit cellular exosome uptake. Plebanek et al.
developed a synthetic nanoparticle mimic of HDL which bonded to
scavenger receptor type B-1 (SR-B1) and consequently activated cho-
lesterol efflux and attenuated the influx of esterified cholesterol. Ulti-
mately, SR-B1 disruption resulted in cholesterol imbalance in the
plasma membrane potently inhibiting cellular exosome uptake
(Plebanek et al., 2015).

Another approach has been proposed based on the idea of removing
the exosomes from circulation as therapeutic adjuvant in cancer. The
authors suggested the extracorporeal hemofiltration of exosomes from
the entire circulation using an affinity plasmapheresis platform such as
the ADAPT™ system. This technology has the ability to trap tumor-de-
rived exosomes on a lectins or antibody-coated matrix during dialysis
(Marleau et al., 2012). For example, this approach could be applied in
breast cancer cases with overexpression of human epidermal growth
factor receptor-2 (HER-2), where HER-2-bearing exosomes could be
captured and removed using anti-HER-2 antibodies and thus improving
therapy efficacy and patient outcome (Marleau et al., 2012). Recently, a
new study regarding exosome depletion from circulation has emerged
but this time as a method of suppressing cancer metastasis. Treatment
with human-specific anti-CD9 and anti-CD63 antibodies reduced me-
tastasis to the lungs, lymph nodes, and thoracic cavity in a human
breast cancer xenograft mouse model. Additionally, in vitro and in vivo
analysis suggested that antibody-tagged exosomes are internalized and
eliminated by macrophages (Nishida-Aoki et al., 2017). Unfortunately,
there are no studies employing this type of approach in hematological
malignancies.

On the other hand, instead of looking into exosomes as therapeutic
targets, researchers are now exploring their ability to transport cargo
which makes them an attractive vehicle for therapeutic cargos delivery.
Exosomes’ “natural” features turn them into a desirable alternative of
therapy‐delivery vesicles: (1) exosomes nanometric-size facilitates their
transfer between cells; (2) exosomes structure and composition protect
molecules from the action of nucleases and proteases; (3) exosomes
have low immunogenicity and toxicity when compared with other
conventional delivery systems; and (4) the presence of specific surface
proteins and lipids stabilize exosomes in circulation and confer them
cell and tissue specific tropism (Luan et al., 2017).

Given their function, multiple studies have emerged evaluating and
testing exosomes as transporters of miRNAs, mRNAs, proteins, peptides,
and synthetic drugs (e.g., doxorubicin, curcumin, etc.) (Erkan et al.,
2017; Barile and Vassalli, 2017). The first obstacle is how to load
therapeutic agents into exosomes or exosomes mimetics. Active cargo
molecules can be incorporated into exosomes using two approaches,
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active or passive encapsulation (Luan et al., 2017). Passive loading
methods are simpler but still lack on loading efficiency. Exosomes can
be incubated directly with the substances (for example, curcumin, ac-
ridine orange, doxorubicin, or paclitaxel), and by concentration gra-
dient pressure the molecules diffuse into the exosomes (Sun et al., 2010;
Iessi et al., 2017; Srivastava et al., 2016; Kim et al., 2016a). Another
passive method is by incubating donor cells with a drug prior to exo-
some isolation, which then will be secreted in drug-loaded exosomes
(Pascucci et al., 2014). On the other hand, active methods rely on
techniques such as sonication, extrusion, incubation with membrane
permeabilizers or electroporation, which have as principal the disrup-
tion of exosome’s membrane allowing the drug to diffuse into the
exosomes (Kim et al., 2016b; Fuhrmann et al., 2015; Podolak et al.,
2010; Kamerkar et al., 2017). Electroporation is the method of choice to
load exosomes with siRNA or miRNA, for example Kamerkar et al.
engineered exosomes derived from normal fibroblast-like mesenchymal
cells to carry siRNA specific to oncogenic KrasG12D, a common mutation
in pancreatic cancer, resulting in cancer suppression and significantly
increased overall survival (Kamerkar et al., 2017). Lunavat et al. de-
veloped a study where they generated exosomes carrying cMyc siRNA,
which were able to reduce cMyc transcript and induced apoptosis in
mouse λ820 lymphoma cells (Lunavat et al., 2016).

The second major obstacle in engineering exosomes as targeted
vehicles is the selection and modification of surface peptides and pro-
teins for better cell recognition. Donor cells can be engineer by inserting
the gene encoding candidate proteins or peptides, which will fuse with
exosomal membrane proteins securing its insertion into the exosome
membrane (Stickney et al., 2016). Tian et al. modified dendritic cells to
express exosomal membrane protein (Lamp2b) fused to αv integrin-
specific iRGD peptide, which were then loaded with doxorubicin. iRGD
exosomes showed high delivery efficiency and anti-tumor effect on αv
integrin-positive breast cancer cells mouse model (Tian et al., 2014).
Another recent study engineered paclitaxel-loaded exosomes with
aminoethylanisamide-polyethylene glycol (AA-PEG) to directly target
sigma receptor, an overexpressed receptor in lung cancer cells. These
exosomes not only presented high loading capacity, high affinity to
cancer cells upon systemic administration, but also demonstrated im-
proved therapeutic effect (Kim et al., 2018). Qi et al. developed another
approach linking transferrin-conjugated superparamagnetic nano-
particles to transferrin receptor on exosome membrane and placing an
external magnet on the tumor site. This methodology allows the direct
targeting of tumor cells by the magnetic exosomes (Qi et al., 2016).

7.1. Immunotherapy

The recent evidences that tumor-derived exosomes contain en-
dogenous tumor antigens and that they interact with the immune
system opens the door toward development of novel immunotherapy
strategies. Based on these ideas, diverse studies are now emerging, and
several clinical trials have already started using exosomal-mediated
antitumor immunity as anticancer vaccines (Lener et al., 2015). A study
by Chen et al. assessed the efficacy of exosomes derived from heat-
shocked mouse B lymphoma cells (HS-Exo) in the induction of anti-
tumor immune responses. They demonstrated that HS-Exo were en-
riched in HSP60 and HSP90 and had the ability to induce a strong
antitumor immune response by activating T cell responses and func-
tional maturation of dendritic cells (Chen et al., 2006). Moreover,
exosomes isolated from ascites of T-Cell lymphoma-bearing mice ex-
pressing CD24 and HSP-90 induced tumor-specific humoral and cellular
immune responses by activating tumor-specific CD4+ and CD8+ IFN-γ
secreting cells (Menay et al., 2017). Chen et al. observed that dendritic
cells pulsed with DLBCL-derived exosomes induced clonal expansion of
T cells and secretion of IL-6 and TNFα, and inhibited secretion of im-
munosuppressive cytokine IL-4 and IL-10 by T helper 2 cells. Further-
more, exosomes-immunized T cells demonstrated a specific anti-lym-
phoma response (Chen et al., 2018).

In a clinical trial involving indolent NHL patients with measurable
disease, patients were vaccinated with autologous tumor-loaded den-
dritic cells. Clinical results showed that from the eighteen patients en-
gaged, 3 patients had continuous radiographic complete responses and
3 partial responses. The enhanced antitumor activity seemed to be as-
sociated with a reduction in CD4+CD25+FOXP3+ regulatory T cells, an
increase in CD3−CD56dimCD16+ natural killer cells, and maturation of
lymphocytes to the effector memory stage (Di Nicola et al., 2009).

8. Conclusion

In recent years, our understanding of the complexity of NHL lym-
phomagenesis has greatly improved. Studies’ initial focus on under-
standing the underlying mechanisms only with regard to genetic al-
terations in primary lymphoma cells, was long put aside, and now
directed their attention to TME contribution in tumor progression. In
fact, cancer is no longer viewed as an isolated entity but as a dynamic
and complex co-evolution of tumor cells and their reprogrammed mi-
croenvironment. The bystander cells present in the microenvironment
enable the licensing of malignant transformation by promoting blasts’
survival and resistance and suppressing anti-tumor function of immune
cells. A fair example of the change in paradigm was the emerging role of
immunotherapy in lymphoma treatment, which has greatly improved
patients’ outcome. Therefore, a profound understanding of the interplay
between lymphoma cells and TME can lead to the development of more
intricate approaches which re-educate host cells against lymphoma and
pave the way to enhance treatment efficacy. Recent advances in the
analysis of TME placed a spotlight on exosomes as vehicles of bidirec-
tional transfer of molecules between tumor cells and the TME. In the era
of liquid biopsies, circulating exosomes held a great promise as diag-
nostic and therapeutic tools and as such have become a prominent re-
search topic in oncology. In fact, increasing evidences suggest a mul-
tifunctional role of exosomes not only in lymphomageneses but also in
mediating immune dysfunction, virus infection, and drug resistance.
However, the number of studies reporting exosomal biomarkers in
lymphomas and their potential clinical value is still scarce. Moreover,
exosomes’ full potential for clinical application has yet to be reached
much due to lack of standardization of isolation and quantification
methods. Therefore, there is an urgent need to develop more sophisti-
cated and efficient technics to improve quality and purity of the isolated
exosomes, facilitating the validation of the results and their clinical
application. Indeed, the future progress in lymphoma largely depends
on uncovering the answers to the role of exosomes and will un-
doubtedly alter our view of lymphoma biology and will present a new
window of opportunity to precision diagnostics and innovative thera-
pies.

Authors’ contributions

Mara Fernandes was involved in the drafting and editing of the
manuscript. Ana L. Teixeira was involved in the revising of the manu-
script critically for the important scientific content. Rui Medeiros was
involved in the revising of the content and providing the final approval
of the version to be published. All authors read and approved the final
manuscript.

Funding

Mara Fernandes is a recipient of a research scholarship awarded by
LPCC-NRN (Portuguese League Against Cancer- Northern Branch). Ana
L. Teixeira is a post-doctoral fellow from FCT (Portuguese Foundation
for Science and Technology) (SFRH/BPD/111114/2015).

Declaration of Competing Interest

The authors declare no conflict of interest.

M. Fernandes, et al. Critical Reviews in Oncology / Hematology 144 (2019) 102825

9



Acknowledgements

We would like to thank Liga Portuguesa Contra o Cancro – Nucleo
Regional do Norte – LPCC-NRN (Portuguese League Against Cancer-
Northern Branch).

References

Ahmed, W., et al., 2015. Epstein-Barr virus-infected cells release Fas ligand in exosomal
fractions and induce apoptosis in recipient cells via the extrinsic pathway. J. Gen.
Virol. 96 (12), 3646–3659.

Anderson, L.A., et al., 2014. Common infection-related conditions and risk of lymphoid
malignancies in older individuals. Br. J. Cancer 110 (11), 2796–2803.

Armitage, J.O., et al., 2017. Non-Hodgkin lymphoma. Lancet 390 (10091), 298–310.
Aung, T., et al., 2011. Exosomal evasion of humoral immunotherapy in aggressive B-cell

lymphoma modulated by ATP-binding cassette transporter A3. Proc. Natl. Acad. Sci.
U. S. A. 108 (37), 15336–15341.

Baietti, M.F., et al., 2012a. Syndecan–syntenin–ALIX regulates the biogenesis of exo-
somes. Nat. Cell Biol. 14, 677.

Baietti, M.F., et al., 2012b. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes.
Nat. Cell Biol. 14 (7), 677–685.

Balaj, L., et al., 2011. Tumour microvesicles contain retrotransposon elements and am-
plified oncogene sequences. Nat. Commun. 2, 180.

Bandari, S.K., et al., 2018. Chemotherapy induces secretion of exosomes loaded with
heparanase that degrades extracellular matrix and impacts tumor and host cell be-
havior. Matrix Biol. 65, 104–118.

Bardelli, A., Pantel, K., 2017. Liquid biopsies, what we do not know (Yet). Cancer Cell 31
(2), 172–179.

Barile, L., Vassalli, G., 2017. Exosomes: Therapy delivery tools and biomarkers of dis-
eases. Pharmacol. Ther. 174, 63–78.

Battke, C., et al., 2011. Tumour exosomes inhibit binding of tumour-reactive antibodies to
tumour cells and reduce ADCC. Cancer Immunol. Immunother. 60 (5), 639–648.

Bayraktar, R., Van Roosbroeck, K., Calin, G.A., 2017. Cell-to-cell communication:
microRNAs as hormones. Mol. Oncol. 11 (12), 1673–1686.

Bebelman, M.P., et al., 2018. Biogenesis and function of extracellular vesicles in cancer.
Pharmacol. Ther. 188, 1–11.

Bissig, C., Gruenberg, J., 2013. Lipid sorting and multivesicular endosome biogenesis.
Cold Spring Harb. Perspect. Biol. 5 (10), a016816.

Bohana-Kashtan, O., Pinna, L.A., Fishelson, Z., 2005. Extracellular phosphorylation of C9
by protein kinase CK2 regulates complement-mediated lysis. Eur. J. Immunol. 35 (6),
1939–1948.

Boshoff, C., 2011. Unraveling virus-induced lymphomagenesis. J. Clin. Invest. 121 (3),
838–841.

Cai, J., et al., 2013. Extracellular vesicle-mediated transfer of donor genomic DNA to
recipient cells is a novel mechanism for genetic influence between cells. J. Mol. Cell
Biol. 5 (4), 227–238.

Cai, J., et al., 2014. Transferred BCR/ABL DNA from K562 extracellular vesicles causes
chronic myeloid leukemia in immunodeficient mice. PLoS One 9 (8), e105200.

Cai, J., et al., 2015. SRY gene transferred by extracellular vesicles accelerates athero-
sclerosis by promotion of leucocyte adherence to endothelial cells. Clin. Sci. (Lond.)
129 (3), 259–269.

Caivano, A., et al., 2015. High serum levels of extracellular vesicles expressing malig-
nancy-related markers are released in patients with various types of hematological
neoplastic disorders. Tumour Biol. 36 (12), 9739–9752.

Camus, V., Tilly, H., 2017. Managing early failures with R-CHOP in patients with diffuse
large B-cell lymphoma. Expert Rev. Hematol. 10 (12), 1047–1055.

Canitano, A., et al., 2013. Exosomes released in vitro from Epstein-Barr virus (EBV)-in-
fected cells contain EBV-encoded latent phase mRNAs. Cancer Lett. 337 (2), 193–199.

Carbone, A., Gloghini, A., 2008. KSHV/HHV8-associated lymphomas. Br. J. Haematol.
140 (1), 13–24.

Carbone, A., et al., 2014. Diagnosis and management of lymphomas and other cancers in
HIV-infected patients. Nat. Rev. Clin. Oncol. 11 (4), 223–238.

Castillo, J.J., et al., 2014. Viral lymphomagenesis: from pathophysiology to the rationale
for novel therapies. Br. J. Haematol. 165 (3), 300–315.

Cerhan, J.R., et al., 2014. Medical history, lifestyle, family history, and occupational risk
factors for diffuse large B-cell lymphoma: the InterLymph Non-Hodgkin Lymphoma
Subtypes Project. J. Natl. Cancer Inst. Monogr. 2014 (48), 15–25.

Chalmin, F., et al., 2010. Membrane-associated Hsp72 from tumor-derived exosomes
mediates STAT3-dependent immunosuppressive function of mouse and human
myeloid-derived suppressor cells. J. Clin. Invest. 120 (2), 457–471.

Chen, W., et al., 2006. Efficient induction of antitumor T cell immunity by exosomes
derived from heat-shocked lymphoma cells. Eur. J. Immunol. 36 (6), 1598–1607.

Chen, C., et al., 2013. Extracellular vesicle-mediated transfer of donor genomic DNA to
recipient cells is a novel mechanism for genetic influence between cells. J. Mol. Cell
Biol. 5 (4), 227–238.

Chen, Z., et al., 2018. Dual effect of DLBCL-derived EXOs in lymphoma to improve DC
vaccine efficacy in vitro while favor tumorgenesis in vivo. J. Exp. Clin. Cancer Res. 37
(1), 190.

Christ, L., et al., 2017. Cellular functions and molecular mechanisms of the ESCRT
membrane-scission machinery. Trends Biochem. Sci. 42 (1), 42–56.

Chugh, P.E., et al., 2013. Systemically circulating viral and tumor-derived MicroRNAs in
KSHV-Associated malignancies. PLoS Pathog. 9 (7), e1003484.

Ciravolo, V., et al., 2012. Potential role of HER2-overexpressing exosomes in countering

trastuzumab-based therapy. J. Cell. Physiol. 227 (2), 658–667.
Coiffier, B., et al., 2002. CHOP chemotherapy plus rituximab compared with CHOP alone

in elderly patients with diffuse Large-B-Cell lymphoma. N. Engl. J. Med. 346 (4),
235–242.

Coiffier, B., et al., 2010. Long-term outcome of patients in the LNH-98.5 trial, the first
randomized study comparing rituximab-CHOP to standard CHOP chemotherapy in
DLBCL patients: a study by the Groupe d’Etudes des Lymphomes de l’Adulte. Blood
116 (12), 2040–2045.

Colombo, M., et al., 2013. Analysis of ESCRT functions in exosome biogenesis, compo-
sition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell. Sci.
126 (Pt 24), 5553–5565.

Colombo, M., Raposo, G., Thery, C., 2014. Biogenesis, secretion, and intercellular inter-
actions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 30,
255–289.

Corcoran, C., et al., 2012. Docetaxel-resistance in prostate cancer: evaluating associated
phenotypic changes and potential for resistance transfer via exosomes. PLoS One 7
(12), e50999.

Cortez, M.A., et al., 2011. MicroRNAs in body fluids—the mix of hormones and bio-
markers. Nat. Rev. Clin. Oncol. 8, 467.

Couronné, L., et al., 2018. From hepatitis C virus infection to B-cell lymphoma. Ann.
Oncol. 29 (1), 92–100.

Dalvi, P., et al., 2017. Immune activated monocyte exosomes alter microRNAs in brain
endothelial cells and initiate an inflammatory response through the TLR4/MyD88
pathway. Sci. Rep. 7 (1), 9954.

Datta, A., et al., 2017. Manumycin A suppresses exosome biogenesis and secretion via
targeted inhibition of Ras/Raf/ERK1/2 signaling and hnRNP H1 in castration-re-
sistant prostate cancer cells. Cancer Lett. 408, 73–81.

Datta, A., et al., 2018. High-throughput screening identified selective inhibitors of exo-
some biogenesis and secretion: a drug repurposing strategy for advanced cancer. Sci.
Rep. 8, 8161.

Di Nicola, M., et al., 2009. Vaccination with autologous tumor-loaded dendritic cells
induces clinical and immunologic responses in indolent B-cell lymphoma patients
with relapsed and measurable disease: a pilot study. Blood 113 (1), 18–27.

Ding, W., et al., 2009. Bi-directional activation between mesenchymal stem cells and CLL
B-cells: implication for CLL disease progression. Br. J. Haematol. 147 (4), 471–483.

Ding, W., et al., 2010. Platelet-derived growth factor (PDGF)–PDGF receptor interaction
activates bone marrow–derived mesenchymal stromal cells derived from chronic
lymphocytic leukemia: implications for an angiogenic switch. Blood 116 (16),
2984–2993.

Dolcetti, R., 2015. Cross-talk between Epstein-Barr virus and microenvironment in the
pathogenesis of lymphomas. Semin. Cancer Biol. 34, 58–69.

Elenitoba-Johnson, K.S.J., Lim, M.S., 2018. New insights into lymphoma pathogenesis.
Annu. Rev. Pathol. Mech. Dis. 13 (1), 193–217.

El-Saghir, J., et al., 2016. ATL-derived exosomes modulate mesenchymal stem cells: po-
tential role in leukemia progression. Retrovirology 13 (1), 73.

Erkan, E.P., et al., 2017. Extracellular vesicle-mediated suicide mRNA/protein delivery
inhibits glioblastoma tumor growth in vivo. Cancer Gene Ther. 24 (1), 38–44.

Espirito Santo, A., Medeiros, R., 2013. Pharmacogenetic considerations for non-Hodgkin’s
lymphoma therapy. Expert Opin. Drug Metab. Toxicol. 9 (12), 1625–1634.

Fallah, M., et al., 2014. Autoimmune diseases associated with non-Hodgkin lymphoma: a
nationwide cohort study. Ann. Oncol. 25 (10), 2025–2030.

Fang, J.-H., et al., 2018. Hepatoma cell-secreted exosomal microRNA-103 increases
vascular permeability and promotes metastasis by targeting junction proteins.
Hepatology 68 (4), 1459–1475.

Feng, Y., et al., Exosome-derived miRNAs as predictive biomarkers for diffuse large B-cell
lymphoma chemotherapy resistance. Epigenomics. 0(0): pp. null.

Fu, K., et al., 2008. Addition of rituximab to standard chemotherapy improves the sur-
vival of both the germinal center B-cell-like and non-germinal center B-cell-like
subtypes of diffuse large B-cell lymphoma. J. Clin. Oncol. 26 (28), 4587–4594.

Fuhrmann, G., et al., 2015. Active loading into extracellular vesicles significantly im-
proves the cellular uptake and photodynamic effect of porphyrins. J. Control. Release
205, 35–44.

Gehrke, I., et al., 2011. Bone marrow stromal cell-derived vascular endothelial growth
factor (VEGF) rather than chronic lymphocytic leukemia (CLL) cell-derived VEGF is
essential for the apoptotic resistance of cultured CLL cells. Mol. Med. 17 (7-8),
619–627.

Ghosh, A.K., et al., 2010. Circulating microvesicles in B-cell chronic lymphocytic leu-
kemia can stimulate marrow stromal cells: implications for disease progression. Blood
115 (9), 1755–1764.

Ghossoub, R., et al., 2014. Syntenin-ALIX exosome biogenesis and budding into multi-
vesicular bodies are controlled by ARF6 and PLD2. Nat. Commun. 5, 3477.

Grivennikov, S.I., Greten, F.R., Karin, M., 2010. Immunity, inflammation, and cancer. Cell
140 (6), 883–899.

Gutzeit, C., et al., 2014. Exosomes derived from Burkitt’s lymphoma cell lines induce
proliferation, differentiation, and class-switch recombination in B cells. J. Immunol.
192 (12), 5852–5862.

Haderk, F., et al., 2017. Tumor-derived exosomes modulate PD-L1 expression in mono-
cytes. Sci. Immunol. 2 (13).

Halvaei, S., et al., 2018. Exosomes in Cancer liquid biopsy: a focus on breast cancer. Mol.
Ther. Nucleic Acids 10, 131–141.

Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell 144
(5), 646–674.

Hedlund, M., et al., 2011. Thermal- and oxidative stress causes enhanced release of
NKG2D ligand-bearing immunosuppressive exosomes in leukemia/lymphoma T and
B cells. PLoS One 6 (2), e16899.

Higuchi, H., et al., 2018. Role of exosomes as a proinflammatory mediator in the

M. Fernandes, et al. Critical Reviews in Oncology / Hematology 144 (2019) 102825

10

http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0005
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0005
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0005
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0010
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0010
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0015
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0020
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0020
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0020
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0025
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0025
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0030
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0030
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0035
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0035
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0040
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0040
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0040
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0045
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0045
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0050
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0050
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0055
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0055
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0060
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0060
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0065
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0065
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0070
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0070
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0075
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0075
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0075
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0080
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0080
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0085
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0085
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0085
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0090
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0090
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0095
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0095
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0095
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0100
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0100
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0100
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0105
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0105
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0110
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0110
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0115
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0115
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0120
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0120
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0125
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0125
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0130
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0130
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0130
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0135
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0135
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0135
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0140
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0140
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0145
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0145
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0145
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0150
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0150
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0150
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0155
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0155
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0160
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0160
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0165
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0165
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0170
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0170
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0170
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0175
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0175
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0175
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0175
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0180
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0180
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0180
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0185
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0185
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0185
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0190
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0190
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0190
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0195
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0195
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0200
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0200
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0205
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0205
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0205
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0210
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0210
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0210
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0215
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0215
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0215
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0220
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0220
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0220
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0225
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0225
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0230
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0230
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0230
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0230
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0235
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0235
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0240
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0240
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0245
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0245
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0250
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0250
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0255
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0255
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0260
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0260
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0265
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0265
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0265
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0275
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0275
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0275
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0280
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0280
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0280
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0285
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0285
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0285
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0285
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0290
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0290
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0290
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0295
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0295
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0300
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0300
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0305
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0305
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0305
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0310
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0310
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0315
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0315
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0320
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0320
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0325
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0325
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0325
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0330


development of EBV-associated lymphoma. Blood 131 (23), 2552–2567.
Holohan, C., et al., 2013. Cancer drug resistance: an evolving paradigm. Nat. Rev. Cancer

13, 714.
Hornick, N.I., et al., 2016. AML suppresses hematopoiesis by releasing exosomes that

contain microRNAs targeting c-MYB. Sci. Signal. 9 (444), ra88.
Hoshina, S., et al., 2016. Profile of exosomal and intracellular microRNA in gamma-

herpesvirus-Infected lymphoma cell lines. PLoS One 11 (9), e0162574.
Hsu, C., et al., 2010. Regulation of exosome secretion by Rab35 and its GTPase-activating

proteins TBC1D10A-C. J. Cell Biol. 189 (2), 223–232.
Iessi, E., et al., 2017. Acridine Orange/exosomes increase the delivery and the effec-

tiveness of Acridine Orange in human melanoma cells: a new prototype for ther-
anostics of tumors. J. Enzyme Inhib. Med. Chem. 32 (1), 648–657.

Inada, K., et al., 2014. Availability of circulating microRNAs As a biomarker for the early
diagnosis of diffuse large B-Cell lymphoma. Blood 124 (21), 2988.

Kalluri, R., LeBleu, V.S., 2016. Discovery of double-stranded genomic DNA in circulating
exosomes. Cold Spring Harb. Symp. Quant. Biol. 81, 275–280.

Kamerkar, S., et al., 2017. Exosomes facilitate therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature 546, 498.

Katz, M., et al., 2017. High prevalence of mutant KRAS in circulating exosome-derived
DNA from early-stage pancreatic cancer patients. Ann. Oncol. 28 (4), 741–747.

Kerur, N., et al., 2011. IFI16 acts as a nuclear pathogen sensor to induce the inflamma-
some in response to Kaposi sarcoma associated herpesvirus infection. Cell Host
Microbe 9 (5), 363–375.

Khan, F.M., et al., 2018. Inhibition of exosome release by ketotifen enhances sensitivity of
cancer cells to doxorubicin. Cancer Biol. Ther. 19 (1), 25–33.

Khare, D., et al., 2017. Plasma microRNA profiling: exploring better biomarkers for
lymphoma surveillance. PLoS One 12 (11), e0187722.

Kim, M.S., et al., 2016a. Development of exosome-encapsulated paclitaxel to overcome
MDR in cancer cells. Nanomedicine 12 (3), 655–664.

Kim, M.S., et al., 2016b. Development of exosome-encapsulated paclitaxel to overcome
MDR in cancer cells. Nanomed. Nanotechnol. Biol. Med. 12 (3), 655–664.

Kim, M.S., et al., 2018. Engineering macrophage-derived exosomes for targeted paclitaxel
delivery to pulmonary metastases: in vitro and in vivo evaluations. Nanomedicine 14
(1), 195–204.

Klinker, M., et al., 2014. Human B cell-derived lymphoblastoid cell lines constitutively
produce fas ligand and secrete MHCII+FasL+ killer exosomes. Front. Immunol. 5
(144).

Koch, R., et al., 2014. Populational equilibrium through exosome-mediated Wnt signaling
in tumor progression of diffuse large B-cell lymphoma. Blood 123 (14), 2189–2198.

Koch, R., et al., 2016. Nuclear trapping through inhibition of exosomal export by
Indomethacin increases cytostatic efficacy of doxorubicin and pixantrone. Clin.
Cancer Res. 22 (2), 395–404.

Kumar, B., et al., 2018. Acute myeloid leukemia transforms the bone marrow niche into a
leukemia-permissive microenvironment through exosome secretion. Leukemia 32
(3), 575–587.

La Shu, S., et al., 2018. Metabolic reprogramming of stromal fibroblasts by melanoma
exosome microRNA favours a pre-metastatic microenvironment. Sci. Rep. 8 (1),
12905.

Larouche, J.-F., et al., 2010. Lymphoma recurrence 5 years or later following diffuse large
B-cell lymphoma: clinical characteristics and outcome. J. Clin. Oncol. 28 (12),
2094–2100.

Lee, M.J., et al., 2017. Mesenchymal stromal cells promote B-cell lymphoma in lacrimal
glands by inducing immunosuppressive microenvironment. Oncotarget 8 (39),
66281–66292.

Lee, D.H., et al., 2018. Urinary exosomal and cell-free DNA detects somatic mutation and
copy number alteration in urothelial carcinoma of bladder. Sci. Rep. 8 (1), 14707.

Lener, T., et al., 2015. Applying extracellular vesicles based therapeutics in clinical trials -
an ISEV position paper. J. Extracell. Vesicles 4, 30087.

Li, J., et al., 2017a. EP300 single nucleotide polymorphism rs20551 correlates with
prolonged overall survival in diffuse large B cell lymphoma patients treated with R-
CHOP. Cancer Cell Int. 17 (1), 70.

Li, M., et al., 2017b. Model-based meta-analysis of progression-free survival in non-
Hodgkin lymphoma patients. Medicine 96 (35), e7988.

Li, Q., et al., 2018. Exosomal miR-21-5p derived from gastric cancer promotes peritoneal
metastasis via mesothelial-to-mesenchymal transition. Cell Death Dis. 9 (9), 854.

Li, J., Tian, T., Zhou, X., 2019. The role of exosomal shuttle RNA (esRNA) in lymphoma.
Crit. Rev. Oncol. Hematol. 137, 27–34.

Lin, L.Y., et al., 2016. Tumour cell-derived exosomes endow mesenchymal stromal cells
with tumour-promotion capabilities. Oncogene 35 (46), 6038–6042.

Lindenbergh, M.F.S., Stoorvogel, W., 2018. Antigen presentation by extracellular vesicles
from professional antigen-presenting cells. Annu. Rev. Immunol. 36 (1), 435–459.

Liu, J., et al., 2016. Distinct dasatinib-induced mechanisms of apoptotic response and
exosome release in imatinib-resistant human chronic myeloid leukemia cells. Int. J.
Mol. Sci. 17 (4), 531.

Lo Cicero, A., Stahl, P.D., Raposo, G., 2015. Extracellular vesicles shuffling intercellular
messages: for good or for bad. Curr. Opin. Cell Biol. 35, 69–77.

Luan, X., et al., 2017. Engineering exosomes as refined biological nanoplatforms for drug
delivery. Acta Pharmacol. Sin. 38, 754.

Lunavat, T.R., et al., 2016. RNAi delivery by exosome-mimetic nanovesicles - Implications
for targeting c-Myc in cancer. Biomaterials 102, 231–238.

Maas, S.L.N., Breakefield, X.O., Weaver, A.M., 2017. Extracellular vesicles: unique in-
tercellular delivery vehicles. Trends Cell Biol. 27 (3), 172–188.

Madhavan, B., et al., 2015. Combined evaluation of a panel of protein and miRNA serum-
exosome biomarkers for pancreatic cancer diagnosis increases sensitivity and speci-
ficity. Int. J. Cancer 136 (11), 2616–2627.

Maia, J., et al., 2018. Exosome-based cell-cell communication in the tumor

microenvironment. Front. Cell Dev. Biol. 6, 18.
Mancek-Keber, M., et al., 2018. Extracellular vesicle-mediated transfer of constitutively

active MyD88(L265P) engages MyD88(wt) and activates signaling. Blood 131 (15),
1720–1729.

Marleau, A.M., et al., 2012. Exosome removal as a therapeutic adjuvant in cancer. J.
Transl. Med. 10, 134.

Mathivanan, S., Ji, H., Simpson, R.J., 2010. Exosomes: extracellular organelles important
in intercellular communication. J. Proteomics 73 (10), 1907–1920.

Matsumura, T., et al., 2015. Exosomal microRNA in serum is a novel biomarker of re-
currence in human colorectal cancer. Br. J. Cancer 113, 275.

Mazzeo, C., et al., 2016. Protein kinase D1/2 is involved in the maturation of multi-
vesicular bodies and secretion of exosomes in T and B lymphocytes. Cell Death Differ.
23 (1), 99–109.

McKelvey, K.J., et al., 2015. Exosomes: mechanisms of uptake. J. Circ. Biomark. 4, 7.
Meckes, D.G., et al., 2013. Modulation of B-cell exosome proteins by gamma herpesvirus

infection. Proc. Natl. Acad. Sci. U. S. A. 110 (31), E2925–E2933.
Menay, F., et al., 2017. Exosomes isolated from ascites of T-Cell lymphoma-bearing mice

expressing surface CD24 and HSP-90 induce a tumor-specific immune response.
Front. Immunol. 8, 286.

Messenger, S.W., et al., 2018. A Ca2+-stimulated exosome release pathway in cancer cells
is regulated by Munc13-4. J. Cell Biol.

Möhrmann, L., et al., 2018. Liquid biopsies using plasma exosomal nucleic acids and
plasma cell-free DNA compared with clinical outcomes of patients with advanced
cancers. Clin. Cancer Res. 24 (1), 181–188.

Nanbo, A., et al., 2018. Infection of Epstein–Barr virus in type III latency modulates
biogenesis of exosomes and the expression profile of exosomal miRNAs in the burkitt
lymphoma mutu cell lines. Cancers 10 (7), 237.

Nishida-Aoki, N., et al., 2017. Disruption of circulating extracellular vesicles as a novel
therapeutic strategy against cancer metastasis. Mol. Ther. 25 (1), 181–191.

Osada-Oka, M., et al., 2016. Macrophage-derived exosomes induce inflammatory factors
in endothelial cells under hypertensive conditions. Hypertens. Res. 40, 353.

Ostrowski, M., et al., 2010. Rab27a and Rab27b control different steps of the exosome
secretion pathway. Nat. Cell Biol. 12 (1), 19–30 sup pp 1-13.

Paggetti, J., et al., 2015. Exosomes released by chronic lymphocytic leukemia cells induce
the transition of stromal cells into cancer-associated fibroblasts. Blood 126 (9),
1106–1117.

Paiva, M., et al., 2008. FcgammaRIIa polymorphism and clinical response to rituximab in
non-Hodgkin lymphoma patients. Cancer Genet. Cytogenet. 183 (1), 35–40.

Palma, J., et al., 2012. MicroRNAs are exported from malignant cells in customized
particles. Nucleic Acids Res. 40 (18), 9125–9138.

Pascucci, L., et al., 2014. Paclitaxel is incorporated by mesenchymal stromal cells and
released in exosomes that inhibit in vitro tumor growth: a new approach for drug
delivery. J. Control. Release 192, 262–270.

Peinado, H., et al., 2012. Melanoma exosomes educate bone marrow progenitor cells
toward a pro-metastatic phenotype through MET. Nat. Med. 18 (6), 883–891.

Peng, D., et al., 2018. miR-34c-5p promotes eradication of acute myeloid leukemia stem
cells by inducing senescence through selective RAB27B targeting to inhibit exosome
shedding. Leukemia 32 (5), 1180–1188.

Pérez-Callejo, D., et al., 2015. Action and resistance of monoclonal CD20 antibodies
therapy in B-cell Non-Hodgkin Lymphomas. Cancer Treat. Rev. 41 (8), 680–689.

Pfreundschuh, M., et al., 2011. CHOP-like chemotherapy with or without rituximab in
young patients with good-prognosis diffuse large-B-cell lymphoma: 6-year results of
an open-label randomised study of the MabThera International Trial (MInT) Group.
Lancet Oncol. 12 (11), 1013–1022.

Plebanek, M.P., et al., 2015. Nanoparticle targeting and cholesterol flux through sca-
venger receptor type B-1 inhibits cellular exosome uptake. Sci. Rep. 5, 15724.

Podolak, I., Galanty, A., Sobolewska, D., 2010. Saponins as cytotoxic agents: a review.
Phytochem. Rev. 9 (3), 425–474.

Provencio, M., et al., 2017. mRNA in exosomas as a liquid biopsy in non-Hodgkin
Lymphoma: a multicentric study by the Spanish Lymphoma Oncology Group.
Oncotarget 8 (31), 50949–50957.

Pucci, M., et al., 2018. Extracellular vesicles As miRNA nano-shuttles: dual role in tumor
progression. Target. Oncol. 13 (2), 175–187.

Qi, H., et al., 2016. Blood exosomes endowed with magnetic and targeting properties for
cancer therapy. ACS Nano 10 (3), 3323–3333.

Qin, X., et al., 2017. Cisplatin-resistant lung cancer cell-derived exosomes increase cis-
platin resistance of recipient cells in exosomal miR-100-5p-dependent manner. Int. J.
Nanomedicine 12, 3721–3733.

Rainy, N., et al., 2016. Viral oncomiR spreading between B and T cells is employed by
Kaposi’s sarcoma herpesvirus to induce non-cell-autonomous target gene regulation.
Oncotarget 7 (27), 41870–41884.

Raposo, G., et al., 1996. B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med.
183 (3), 1161–1172.

Record, M., et al., 2014. Exosomes as new vesicular lipid transporters involved in cell-cell
communication and various pathophysiologies. Biochim. Biophys. Acta 1841 (1),
108–120.

Ringuette Goulet, C., et al., 2018. Exosomes induce fibroblast differentiation into cancer-
associated fibroblasts through TGFβ signaling. Mol. Cancer Res.

Robey, R.W., et al., 2018. Revisiting the role of ABC transporters in multidrug-resistant
cancer. Nat. Rev. Cancer 18 (7), 452–464.

Rocha, N., et al., 2009. Cholesterol sensor ORP1L contacts the ER protein VAP to control
Rab7-RILP-p150 glued and late endosome positioning. J. Cell Biol. 185 (7),
1209–1225.

Roschewski, M., Staudt, L.M., Wilson, W.H., 2013. Diffuse large B-cell lymphoma—-
treatment approaches in the molecular era. Nat. Rev. Clin. Oncol. 11, 12.

Roschewski, M., Staudt, L.M., Wilson, W.H., 2014. Diffuse large B-cell lymphoma-

M. Fernandes, et al. Critical Reviews in Oncology / Hematology 144 (2019) 102825

11

http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0330
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0335
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0335
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0340
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0340
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0345
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0345
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0350
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0350
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0355
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0355
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0355
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0360
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0360
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0365
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0365
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0370
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0370
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0375
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0375
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0380
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0380
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0380
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0385
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0385
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0390
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0390
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0395
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0395
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0400
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0400
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0405
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0405
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0405
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0410
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0410
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0410
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0415
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0415
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0420
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0420
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0420
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0425
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0425
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0425
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0430
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0430
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0430
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0435
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0435
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0435
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0440
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0440
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0440
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0445
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0445
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0450
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0450
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0455
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0455
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0455
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0460
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0460
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0465
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0465
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0470
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0470
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0475
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0475
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0480
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0480
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0485
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0485
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0485
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0490
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0490
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0495
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0495
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0500
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0500
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0505
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0505
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0510
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0510
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0510
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0515
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0515
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0520
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0520
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0520
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0525
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0525
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0530
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0530
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0535
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0535
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0540
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0540
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0540
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0545
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0550
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0550
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0555
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0555
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0555
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0560
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0560
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0565
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0565
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0565
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0570
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0570
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0570
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0575
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0575
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0580
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0580
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0585
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0585
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0590
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0590
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0590
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0595
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0595
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0600
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0600
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0605
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0605
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0605
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0610
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0610
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0615
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0615
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0615
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0620
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0620
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0625
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0625
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0625
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0625
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0630
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0630
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0635
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0635
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0640
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0640
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0640
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0645
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0645
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0650
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0650
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0655
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0655
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0655
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0660
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0660
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0660
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0665
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0665
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0670
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0670
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0670
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0675
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0675
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0680
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0680
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0685
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0685
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0685
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0690
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0690
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0695


treatment approaches in the molecular era. Nat. Rev. Clin. Oncol. 11 (1), 12–23.
Samanta, S., et al., 2017. Exosomes: new molecular targets of diseases. Acta Pharmacol.

Sin. 39, 501.
Savina, A., et al., 2005. Rab11 promotes docking and fusion of multivesicular bodies in a

calcium-dependent manner. Traffic 6 (2), 131–143.
Scott, D.W., Gascoyne, R.D., 2014. The tumour microenvironment in B cell lymphomas.

Nat. Rev. Cancer 14, 517.
Simons, K., Vaz, W.L., 2004. Model systems, lipid rafts, and cell membranes. Annu. Rev.

Biophys. Biomol. Struct. 33, 269–295.
Singh, V.V., et al., 2013. Kaposi’s sarcoma-associated herpesvirus latency in endothelial

and B cells activates gamma interferon-inducible protein 16-Mediated inflamma-
somes. J. Virol. 87 (8), 4417–4431.

Siravegna, G., et al., 2017. Integrating liquid biopsies into the management of cancer.
Nat. Rev. Clin. Oncol. 14, 531.

Skotland, T., Sandvig, K., Llorente, A., 2017. Lipids in exosomes: Current knowledge and
the way forward. Prog. Lipid Res. 66, 30–41.

Song, P., et al., 2016. Parkin modulates endosomal organization and function of the endo-
lysosomal pathway. J. Neurosci. 36 (8), 2425–2437.

Srivastava, A., et al., 2016. Nanosomes carrying doxorubicin exhibit potent anticancer
activity against human lung cancer cells. Sci. Rep. 6, 38541.

Stickney, Z., et al., 2016. Development of exosome surface display technology in living
human cells. Biochem. Biophys. Res. Commun. 472 (1), 53–59.

Stoorvogel, W., 2015. Resolving sorting mechanisms into exosomes. Cell Res. 25 (5),
531–532.

Sun, D., et al., 2010. A novel nanoparticle drug delivery system: the anti-inflammatory
activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 18 (9),
1606–1614.

Svensson, K.J., et al., 2013. Exosome uptake depends on ERK1/2-heat shock protein 27
signaling and lipid Raft-mediated endocytosis negatively regulated by caveolin-1. J.
Biol. Chem. 288 (24), 17713–17724.

Swerdlow, S.H., et al., 2016. The 2016 revision of the World Health Organization clas-
sification of lymphoid neoplasms. Blood 127 (20), 2375–2390.

Tarte, K., 2017. Role of the microenvironment across histological subtypes of NHL.
Hematology Am. Soc. Hematol. Educ. Program 2017 (1), 610–617.

Tian, Y., et al., 2014. A doxorubicin delivery platform using engineered natural mem-
brane vesicle exosomes for targeted tumor therapy. Biomaterials 35 (7), 2383–2390.

Tomasetti, M., et al., 2017. Exosome-derived microRNAs in cancer metabolism: possible
implications in cancer diagnostics and therapy. Exp. Mol. Med. 49 (1), e285.

Trajkovic, K., et al., 2008. Ceramide triggers budding of exosome vesicles into multi-
vesicular endosomes. Science 319 (5867), 1244–1247.

Ungefroren, H., et al., 2011. Interaction of tumor cells with the microenvironment. Cell
Commun. Signal 9, 18.

Vader, P., Breakefield, X.O., Wood, M.J., 2014. Extracellular vesicles: emerging targets
for cancer therapy. Trends Mol. Med. 20 (7), 385–393.

Valadi, H., et al., 2007. Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9 (6), 654–659.

van den Bogaart, G., Jahn, R., 2011. Counting the SNAREs needed for membrane fusion.
J. Mol. Cell Biol. 3 (4), 204–205.

van Eijndhoven, M.A.J., et al., 2016. Plasma vesicle miRNAs for therapy response mon-
itoring in Hodgkin lymphoma patients. JCI Insight 1 (19), e89631.

van Niel, G., et al., 2011. The tetraspanin CD63 regulates ESCRT-independent and -de-
pendent endosomal sorting during melanogenesis. Dev. Cell 21 (4), 708–721.

van Niel, G., D’Angelo, G., Raposo, G., 2018. Shedding light on the cell biology of ex-
tracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213.

Vardaki, I., et al., 2016. Caspase-3–dependent cleavage of Bcl-xL in the stroma exosomes
is required for their uptake by hematological malignant cells. Blood 128 (23),
2655–2665.

Wang, J., et al., 2014. Bone marrow stromal cell-derived exosomes as communicators in
drug resistance in multiple myeloma cells. Blood 124 (4), 555–566.

Wang, J., et al., 2017. Exosomes derived from bone marrow stromal cells decrease the
sensitivity of leukemic cells to etoposide. Oncol. Lett. 14 (3), 3082–3088.

Weber, J.A., et al., 2010. The microRNA spectrum in 12 body fluids. Clin. Chem. 56 (11),
1733–1741.

Xu, R., et al., 2018. Extracellular vesicles in cancer — implications for future improve-
ments in cancer care. Nat. Rev. Clin. Oncol. 15 (10), 617–638.

Yang, C., et al., 2012. Exosomes released from Mycoplasma Infected tumor cells activate
inhibitory B cells. PLoS One 7 (4), e36138.

Yang, S., et al., 2017. Detection of mutant KRAS and TP53 DNA in circulating exosomes
from healthy individuals and patients with pancreatic cancer. Cancer Biol. Ther. 18
(3), 158–165.

Yeh, Y.-Y., et al., 2015. Characterization of CLL exosomes reveals a distinct microRNA
signature and enhanced secretion by activation of BCR signaling. Blood 125 (21),
3297–3305.

Yogev, O., et al., 2017. Herpesviruses shape tumour microenvironment through exosomal
transfer of viral microRNAs. PLoS Pathog. 13 (8), e1006524.

Younes, A., et al., 2016. The landscape of new drugs in lymphoma. Nat. Rev. Clin. Oncol.
14, 335.

Zhang, Q., et al., 2018. Exosomes originating from MSCs stimulated with TGF-beta and
IFN-gamma promote Treg differentiation. J. Cell. Physiol. 233 (9), 6832–6840.

Zhang, F., et al., 2019. Specific decrease in B-Cell-Derived extracellular vesicles enhances
post-chemotherapeutic CD8(+) t cell responses. Immunity 50 (3), 738–750 e7.

Zitvogel, L., et al., 1998. Eradication of established murine tumors using a novel cell-free
vaccine: dendritic cell derived exosomes. Nat. Med. 4, 594.

M. Fernandes, et al. Critical Reviews in Oncology / Hematology 144 (2019) 102825

12

http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0695
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0700
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0700
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0705
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0705
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0710
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0710
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0715
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0715
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0720
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0720
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0720
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0725
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0725
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0730
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0730
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0735
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0735
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0740
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0740
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0745
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0745
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0750
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0750
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0755
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0755
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0755
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0760
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0760
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0760
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0765
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0765
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0770
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0770
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0775
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0775
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0780
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0780
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0785
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0785
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0790
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0790
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0795
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0795
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0800
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0800
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0805
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0805
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0810
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0810
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0815
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0815
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0820
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0820
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0825
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0825
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0825
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0830
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0830
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0835
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0835
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0840
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0840
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0845
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0845
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0850
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0850
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0855
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0855
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0855
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0860
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0860
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0860
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0865
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0865
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0870
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0870
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0875
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0875
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0880
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0880
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0885
http://refhub.elsevier.com/S1040-8428(19)30196-9/sbref0885

	Introduction 
	MiRNAs and lncRNAs Deregulation in Lymphomagenesis 
	Evidence Acquisition 
	The Role of miRNAs in B-Cell Lymphomagenesis 
	The Role of LncRNAs in B-Cell Lymphomagenesis 
	The Role of LncRNAs as ceRNAs in B-Cell Lymphomagenesis 

	MiRNAs and lncRNAs as Potential Biomarkers for NHL 
	MiRNAs and lncRNAs as Non-Invasive Diagnostic Biomarkers 
	MiRNAs and lncRNAs as Prognostic Biomarkers 
	Clinical Trials for Potential miRNA and lncRNA Biomarkers 

	Conclusions 
	References
	Introduction 
	miRNA-Based Therapies in NHL 
	Local Delivery 
	Systemic Delivery 
	Vectors-Based Delivery Systems 
	Viral Vectors 
	Nonviral Vectors 

	Targeting of miRNAs via CRISPR/Cas9 

	MicroRNA-Based Combinatorial Cancer Therapy 
	LncRNA-Targeted Therapeutics 
	LncRNA-Targeting by Nucleic Acid Therapeutics 
	Targeting of lncRNA-Expressing Loci via CRISPR/Cas9 
	Small Compounds Targeting lncRNAs 

	Clinical Trials for miRNA and lncRNA-Based Drug Candidates 
	Conclusions 
	References
	Introduction 
	Results 
	LncRNA-miRNA—mRNA Network Construction 
	hsa-miR-150-5p, hsa-miR-335-5p, MALAT1 and NEAT1 Expression Levels in NHL Patients’ Plasma Samples 
	Association of miRNAs and lncRNAs Plasmatic Levels and the Clinicopathological Characteristics of NHL Patients 
	miRNAs and lncRNAs Impact on Overall Survival and Progression-Free Survival of NHL Patients 

	Discussion 
	Materials and Methods 
	Construction of CeRNA Regulatory Network and Functional Analysis 
	Study Population 
	RNA Extractions and qPCR 
	Statistical Analysis 

	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Construction of CeRNA Regulatory Network and Functional Analysis 
	Study Population 
	RNA Extractions and qPCR 
	Statistical Analysis 

	Results 
	lncRNA-miRNA-mRNA Network Construction 
	miRNA and lncRNA Expression Levels in NHL Patients’ Plasma Samples 
	miRNAs and LncRNAs Plasma Levels According to IPI and FLIPI Score 
	miRNA and lncRNA Expression Levels in NHL Patients’ Plasma Samples according to Bone Marrow Involvement 
	miRNAs’ and LncRNAs’ Impact on Overall Survival and Progression-Free Survival of NHL Patients 

	Discussion 
	Conclusions 
	References
	The opportunistic effect of exosomes on Non-Hodgkin Lymphoma microenvironment modulation
	Introduction
	Biogenesis and properties of exosomes
	Microenvironment and Tumor crosstalk mediated by exosomes
	Exosomes in virus-related lymphomas
	Exosomes and therapy resistance
	Exosomes as biomarkers
	Exosomes as therapeutic target and drug delivery vehicles
	Immunotherapy

	Conclusion
	Authors’ contributions
	Funding
	mk:H1_12
	Acknowledgements
	References




