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Prefácio 
 

Quando iniciei o doutoramento tinha como objetivos aprofundar o conhecimento 

em áreas relacionadas simultaneamente com a minha curiosidade e a minha 

profissão e encontrar resposta para algumas das questões com que me tinha 

deparado ao longo da minha vida profissional. Deste modo, surgiu a minha 

primeira publicação, intitulada “Highlights on Molecular Identification of Closely 

Related Species” (em anexo ao curriculum vitae). Com o decorrer do programa 

doutoral, apercebi-me que a abordagem do estudo de qualquer cancro no IPATIMUP 

passava por uma fase de aprofundamento de conhecimentos transversais a 

diversas áreas, tais como a biologia, a bioquímica, a fisiologia, a imunologia, a 

fármaco-genómica e a genética. Tal aprofundamento serve de suporte a uma outra 

fase de experimentação básica. Igualmente de cariz transversal, esses processos 

de aprendizagem/experimentação permitem melhorar o conhecimento do ser 

humano em estádios funcionais/normais e disfuncionais/patológicos. O 

reconhecimento da profundidade do conhecimento assim adquirido e da seriedade 

da sua contribuição para o mais adequado tratamento de doentes com cancro, 

estimulou o meu interesse e a vontade de perceber o papel do metabolismo na 

evolução dos tumores papilares renais, principal objetivo do meu projeto de tese. 

Tendo uma componente forte de imuno-histoquímica, o desenho metodológico 

deste projeto, permitiu perceber o comportamento dos tumores papilares renais 

no que se refere à expressão de marcadores metabólicos. Os resultados obtidos 

em parte dos testes imuno-histoquímicos foram publicados no artigo intitulado 

“GLUT1, MCT1/4 and CD147 overexpression supports the metabolic 

reprogramming in papillary renal cell carcinoma” (Appendix I). 

No decurso do projeto surgiram, entretanto, mudanças substanciais na forma 

como é encarada a patogénese dos carcinomas do rim que se repercutem no 

conhecimento e classificação dos carcinomas das células renais (CCR). 

Concretamente, novos procedimentos são recomendados para a classificação dos 

carcinomas papilares de células renais (CCRp), com duas novas entidades com base 

em critérios “morfológicos” ou clinico-patológicos laboratoriais e genéticos: os CCR 

associados à deficiência de fumarato hidratase e os CCR associados à deficiência 

da sucinato desidrogenase. Os critérios de avaliação prognóstica foram, também, 
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reformulados. Simultaneamente, surgem estudos e publicações, com identificação 

de múltiplos genes envolvidos nos processos tumorais, sobretudo em carcinomas 

papilares tipo 2 (Moch et al., 2016b, Moch et al., 2016c). 

De acordo com o preconizado pela 2016 “World Health Organization (WHO) 

Classification of tumors” (Conferência de Vancouver), as orientações para a 

classificação dos carcinomas das células renais (Moch et al., 2016d), devem 

respeitar o seguinte: 

1) Passar a considerar adenomas papilares todos os tumores com arquitetura 

papilar ou tubular, não capsulados, International Society of Urological Pathology 

(ISUP) grau 1 ou 2 dimensão inferior a 15 mm; 

2) Tumores que apresentem estrutura papilar e características morfológicas de 

outros tipos morfológicos (translocação familiar MiT, CCRs associados ao 

leiomioma hereditário, carcinoma do tubo coletor, “mucinous tubular carcinoma” e 

“spindle cell carcinoma”), não devem ser considerados carcinomas papilares de 

células renais; 

3) Substituir o sistema nuclear de classificação de Fuhrman pelo sistema de 

classificação WHO/ISUP, específico para os CCRs e em especial para os carcinomas 

papilares renais (CCRp) e para os CCRs de células claras (CCRcc). Este novo sistema 

de classificação baseia-se na observação da proeminência do nucléolo, para os 

graus 1-3, sendo que o grau 4 é atribuído aos carcinomas que apresentem 

acentuado pleomorfismo nuclear, células gigantes e/ou diferenciação rabdoide ou 

sarcomatoide (Delahunt et al., 2016a, Moch et al., 2016c). 

Apesar de reconhecermos o interesse destas alterações metodológicas, neste 

projeto iniciado antes das alterações anteriormente referidas, optamos por manter 

o sistema de classificação da WHO de 2004. Tal decisão tem sobretudo a ver com 

o facto de havermos usado os dados do “The Cancer Genome Atlas” (TCGA), que 

ainda se mantém de acordo com o sistema de classificação “2004 WHO”. 

Verificámos, entretanto, que nenhum dos tumores papilares tipo 2 estudados 

apresentava alterações morfológicas e genéticas associadas à deficiência de 

fumarato hidratase e de sucinato desidrogenase. 

Pese embora a alteração na classificação dos CCRs e dos CCRp, e o reconhecimento 

da existência de numerosas alterações genéticas nos tumores CCRp tipo 2, em 

relação ao passado, penso que se mantém a atualidade e, perdoe-se-me a 

imodéstia, a importância deste estudo. Graças ao conhecimento adquirido, 
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potencia-se o alargamento da compreensão do comportamento metabólico dos 

CCRp e promove-se o desenvolvimento de possíveis abordagens terapêuticas 

inovadoras. 
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Abstract 
 

Renal cell carcinomas (RCC) are heterogeneous tumours considered to arise from 

the epithelium of renal tubules, comprising > 90% adult kidney carcinomas. Clear 

cell renal cell carcinoma (ccRCC), papillary renal cell carcinoma (pRCC), and 

chromophobe renal cell carcinoma (chRCC) are the most common adult RCC. pRCC 

is classified in two subtypes (pRCC1 and pRCC2), based on distinct morphological 

and behavioural features which may influence therapeutic options. 

One of the most common diagnostic problems in pRCC is the identification of 10-

15 % of clinically localized tumours that will recur and/or will develop metastasis 

early after surgical excision. These tumours share morphological features in 

successfully surgically eradicated tumours but, in fact, they are biologically 

different, constituting a challenge for the establishment of prognosis and 

management of RCC in general and pRCC in particular (Patard et al., 2005, Margulis 

et al., 2008, Steffens et al., 2012). 

There is growing evidence that cancer cells display metabolic modifications, and 

RCC is known by frequently harbouring alterations in metabolic proteins. With this 

project we aim to achieve the following objectives: 

1. To re-evaluate the clinical and histopathological features in a series of 60 pRCC 

cases; 

2. To characterize the tumours according to a set of metabolic markers, including: 

i) glucose transporters (GLUT) isoforms 1 and 4; ii) mono carboxylate transporters 

(MCTs), isoforms 1 and 4 as well as its chaperon CD147, iii) succinate 

dehydrogenase subunits B, C and D (SDHB, SDHC, and SDHD); and iv) fumarate 

hydratase (FH);  

3. To correlate the clinical and histopathological data with the data established in 

the previous metabolic expression markers and genetic studies and assess their 

diagnostic and prognostic implications in pRCC patients. 

We questioned whether these cell markers would contribute to the identification of 

metabolic phenotype of pRCCs and would allow distinguishing pRCC1 from pRCC2, 

ultimately contributing to the establishment of therapeutic strategies directed to 

particular onco-driven stages. In an attempt to get an extra series to validate our 

results, we used a series of 163 pRCC from the Cancer Genome Atlas data portal 

which had available data on pRCC subtypes (i.e.: pRCC1 and pRCC2). 
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In this study, we showed that, as reported by others, pRCC affects more frequently 

and more severely men than women and that pRCC2 frequently present more 

severe prognosis and reduced survival time when compared to pRCC1. A significant 

correlation was observed between MCT1 and CD147 cell membrane expression in 

pRCC2 tumours and between GLUT1 and CD147 cell membrane expression in a 

subset of pRCC1 tumours. Differences in MCT1 expression between pRCC subtypes 

have, so far, never been reported. However, a larger number of pRCC2 is warranted 

to validate our results. This study provides novel evidence for the involvement of 

MCT1 and GLUT1 in pRCC, which seem more evident in pRCC2 and thus may help 

to evaluate the metabolic status in each pRCC subtype. Furthermore, absence of 

SDHB expression without apparent genetic alterations was observed in a subset of 

pRCC1 tumours. The study of complementary markers is warranted in order to 

clarify the metabolic status of pRCC and eventually the relation with concomitant 

genetic and epigenetic alterations. This knowledge will allow a more 

comprehensive picture of the metabolic pathways involved in pRCC progression 

and its management. 
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Resumo 
 

O carcinoma das células renais inclui um conjunto de tumores com origem no 

epitélio dos túbulos renais, compreendendo mais de 90% dos carcinomas do rim, 

no adulto. O carcinoma das células renais de células claras (CCRcc), o carcinoma 

papilar de células renais (CCRp) e o carcinoma renal cromófobo (CCRch) são os 

subtipos histológicos mais frequentes no adulto. O carcinoma papilar renal é 

classificado em tipo 1 e tipo 2, com base em morfologia e comportamento 

distintos, que podem influenciar opções terapêuticas. 

A recidiva ou o desenvolvimento de metástases em 10-15% de tumores 

clinicamente localizados é o maior problema no diagnóstico dos carcinomas 

papilares do rim. Estes tumores apresentam características morfológicas idênticas 

aos tumores removidos com sucesso. Contudo, o seu comportamento biológico é 

distinto, constituindo um desafio para o estabelecimento do diagnóstico e para o 

manuseamento de cuidados médicos no cancro renal em geral e nos carcinomas 

papilares em particular (Patard et al., 2005, Margulis et al., 2008, Steffens et al., 

2012). 

Existe evidência crescente de que as células tumorais apresentam alterações 

metabólicas quando comparadas com as células normais. Também se verifica que 

o carcinoma das células renais apresenta alterações na expressão de proteínas 

metabólicas. 

Com este estudo, pretendemos atingir os seguintes objetivos: 

1) Reavaliar clinica e histopatologicamente uma serie de 60 tumores CCRp;  

2) Caracterizar os tumores de acordo com a expressão de um conjunto de 

marcadores metabólicos: i) transportadores da glucose (GLUT1 e GLUT4); ii) 

transportadores dos monocarboxilatos (MCT1 e MCT4), assim como da respetiva 

proteína auxiliar (chaperona) CD147; iii) as subunidades da sucinato desidrogenase 

B, C, D, (SDHB, SDHC, and SDHD); e iv) fumarato hidratase (FH); 

3) Correlacionar os dados clínicos e histopatológicos e os dados resultantes dos 

estudos de expressão de marcadores metabólicos e genéticos e avaliar as 

respetivas implicações para o diagnóstico e prognóstico de doentes com CCRp. 
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Tentamos perceber se estes marcadores poderiam contribuir para o 

estabelecimento de um fenótipo metabólico que permita distinguir o carcinoma 

papilar tipo 1 do carcinoma papilar tipo 2 e contribuir para o estabelecimento de 

estratégias terapêuticas direcionadas para estádios oncológicos específicos. 

Com o objetivo de validar os nossos resultados, usamos 163 casos de carcinoma 

papilar do rim registados no “The Cancer Genome Atlas”. 

Com este estudo, pudemos corroborar os dados já publicados de que o carcinoma 

papilar renal afeta mais frequentemente, e de forma mais grave, os homens, e de 

que os carcinomas tipo 2 apresentam mais frequentemente pior prognóstico e 

tempo de sobrevida reduzido, quando comparados com os carcinomas tipo 1. 

Observámos uma correlação significativa entre a expressão membranar de MCT1 

e CD147 nos carcinomas tipo 2, assim como num subgrupo de carcinomas 

papilares renais tipo 1. 

Não encontramos publicações sobre diferenças de expressão do MCT1 entre os 

tumores papilares renais tipo 1 e tipo 2. Porém, os nossos resultados requerem 

validação com o estudo de maior número de casos. Este estudo revela o 

envolvimento de GLUT1 e de MCT1 nos carcinomas papilares renais e, em especial, 

nos carcinomas tipo 2. Admitimos que a análise de marcadores complementares 

possa contribuir para esclarecer o fenótipo metabólico nos carcinomas papilares 

renais, assim como a possível coexistência de alterações genéticas e epigenéticas. 

Desta forma poder-se-á avançar no esclarecimento das vias metabólicas implicadas 

na progressão tumoral, permitindo uma intervenção holística no tratamento dos 

carcinomas papilares renais. 
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Kidney cancer is still rising worldwide. It is estimated that in 2012 there were 

338000 new cases of kidney cancer worldwide and 143000 persons died from 

kidney cancer. Papillary renal cell carcinoma (pRCC) comprises about 10-18 % of 

kidney tumours and no effective therapy exists to treat the 15% of cases that will 

recur or develop metastases after tumour resection, which is the gold standard 

treatment (Znaor et al., 2015, Moch et al., 2016a). 

Therefore, in this project we were interested in selecting a set of representative 

metabolic markers that would enable the identification of those tumours with worst 

prognosis (the cases that will recur or develop metastases after tumour resection) 

and provide information for diagnosis, prognosis, therapeutic intervention and 

disease management. 

In this introduction to the thesis, we start by contextualizing theoretically the 

issues that may help in the understanding of the problem, as a way to provide a 

sound rationale for the presentation of the research aim and specific objectives. 

 

The human kidney (Fig. 1) comprises approximately half a million distinct 

vascularized epithelial tubules organized in single functional units called nephrons 

(Figs. 2 and 3). The nephron comprises a glomerulus and a tubule. The glomerulus 

is a cluster of blood vessels from which the plasma filtrate originates. The tubule 

is an epithelial structure composed by various segments (the proximal tubule, the 

thin descending and thin ascending limbs of Henle loop, the thick ascending limb 

of Henle loop, the distal convoluted tubule, and the connecting tubule; Figs. 2 and 

3), whose function is the conversion of the filtrate derived from the glomerulus into 

urine. These segments contain 15 types of epithelial cells with different properties 

and functions. The nephron plays a pivotal role in the elimination of an enormous 

variety of endogenous metabolites, drugs and toxins that involve three main 

transport systems: the glomerular filtration, the tubular secretion and the tubular 

reabsorption (Giebisch and Windhager, 2011). 

The secretory transport system is responsible for the renal secretion, which is 

demanded by two organic anion or cation transporters localized at the basolateral 

membrane to mediate cellular uptake of substrates from blood and at the brush  



3 
 

 

 

 

 

 

 

 

 

: The kidney and adrenal 

gland. Adapted from SEER 

(https://seer.cancer.gov/). 

 

 

 

 

 

 

 

 

 

: The nephron comprises a glomerulus 

and a tubule. 

 

 

 

 

 

Apical membrane 

Basolateral membrane 

Basal membrane 

 

Figure 3:  Proximal tubule cell;  Section from kidney cortex (scale bar 

500μm).  

Cortex 

Glomerulus 

Proximal tubule 

Distal tubule 

Medula 

Microvilli 

Glomerulus 

Proximal tubule 

Distal tubule 

A B 



4 
 

border membranes to mediate exit of cellular substrates into the tubular lumen 

(Giebisch and Windhager, 2011). 

 

The kidney epithelial cells perform a variety of physiological functions that relay on 

active recycling of membrane proteins between the subcellular compartments and 

the cell surface. These vesicles are mainly clathrin coated vesicles, non clathrin 

coated vesicles and caveolin coated pinocytotic structures (the caveolae). The 

endocytoses of most cell receptors, such as the insulin-dependent glucose 

transporter - GLUT4 - is performed by clathrin-coated vesicles. In the kidney 

proximal tubule, the apical membrane at the base of the brush border microvilli 

(Figures 2 and 3) is mostly filled by clathrin-coated pits that are involved in the 

endocytosis of a variety of molecules from the ultrafiltrate (Breton et al., 1998) 

(Figures 2 and 3). 

Notably, the proximal tubular epithelial cells (PT cells) play a major role in the 

reabsorption of substrates, such as glucose and amino acids, and excretion of 

bicarbonate and metabolic products (Van der Hauwaert et al., 2013, Coutinho et 

al., 2016). 

 

Renal cell carcinoma (RCC) comprises a heterogeneous group of tumours 

originating from the epithelium of renal tubules and accounts for over 90% of 

neoplasms arising in kidneys of adults (Chow et al., 2010). 

 

The original identification of renal cell tumours and their classification, remounts 

to the late 1900s and was not without disagreements within the pathology 

community. Clear cell renal cell carcinoma (ccRCC) was the predominant histologic 

subtype, but tumours with papillary histologic pattern were also reported (Shuch 

et al., 2015). However, papillary renal cell carcinoma (pRCC) was first described by 

Mancilla-Jimenez (1976) and later by Kovac’s team in 1980’s (Mancilla-Jimenez et 

al., 1976, Kovacs, 1989). The recognition that pRCC comprise two morphologic 

types (pRCC1 and pRCC2) was reported by Delahunt and collaborators (Delahunt 

and Eble, 1997). This substantiated the approval of pRCC as a histologic entity in 
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the Heidelberg Renal Cell Carcinoma Consensus Conference on Renal Cell Tumors 

(Kovacs et al., 1997) and the Rochester Renal Cell Carcinoma Consensus 

Conference (1997) which established the foundation for the 2004 WHO 

classification of tumours (Delahunt and Eble, 2004). A lot of controversy 

concerning the prognostic value of pRCC typing is documented in several 

publications in the following years, mainly due to small series and lack of 

uniformity in histologic classification and prognostic systems (Amin et al., 1997, 

Delahunt et al., 2001, Gontero et al., 2008). The evidence that the two pRCC types 

were related to different prognosis was confirmed by large studies (Patard et al., 

2005, MéJean et al., 2012, Steffens et al., 2012), recommended by The International 

Society of Urological Pathology (ISUP) 2012 Consensus Conference, and adopted by 

the 2016 WHO Classification of Tumours (Delahunt et al., 2013, Delahunt et al., 

2016a). 

 

RCC is a subtype of kidney cancer and comprises a heterogeneous group of 

tumours accounting for > 90% of adult renal carcinomas (Chow et al., 2010, 

Fernandes and Lopes, 2015). 

According to the 2016 WHO classification, the most common adult RCC subtypes 

are: clear cell renal cell carcinoma (ccRCC, 65-70% of all RCCs) followed by papillary 

renal cell carcinoma (pRCC; up to 18.5% of all RCCs), and chromophobe renal cell 

carcinoma (chRCC; 5-7% of all RCCs) (Moch et al., 2016c). 

RCC are frequently asymptomatic being incidentally detected on imaging related 

with other clinical causes. The classical triad of symptoms (flank pain, abdominal 

mass and haematuria) has been reported only in 5-10% of cases (Delahunt et al., 

2016a). 

RCC seem to be more frequent in men than in women (approximately 2:1), being 

the ninth most common cancer in men (214000 cases) and the14th most common 

in women (124000) worldwide in 2012 (Moch et al., 2016a).

RCC occur either sporadically or as a familiar form in about 3% of the population. 

Hereditary forms of RCC present a younger onset, with a median age of 37 years, 

in contrast to the late onset of the sporadic forms in the general population, with 

a median age of 64 years. Shuch and collaborators (2014) proposed that even in 
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absence of family history, the onset of RCC at 46 years or younger age, should 

raise the possibility of a hereditary form and the need of genetic counselling and 

testing (Shuch et al., 2014). 

Smoking, hypertension, obesity and the occupational exposition to 

trichloroethylene have been the major environmental and lifestyle risk factors 

associated with RCC. In addition, acquired cystic disease has also been associated 

with increased RCC incidence in particular in pRCC (Moch et al., 2016a). 

Proximal tubules are very specific to functions of cell endocytose and xenobiotic 

excretion (Coutinho et al., 2016). Such functions render these cells more 

susceptible to increased carcinogenic substances exposure. It is acknowledged that 

RCC incidence has been steadily escalating over the last decades, mainly in 

developing countries (Grivas et al., 2014, SEER, 2016). It is believed that the 

established risk factors for RCC, such as hypertension, obesity, cigarette smoking 

and occupational exposure explain only part of the incidence observed (López-

Abente et al., 2008, Weikert and Ljungberg, 2010). 

The global incidence of RCC has risen over the past 20 years, in part due to the 

widespread utilization of non-invasive imaging modalities such as ultrasonography, 

CT scan, and MRI. As a consequence, a steady tendency to smaller localized renal 

tumours and better disease-specific survival has been reported (Grivas et al., 2014, 

SEER, 2016) (Fig. 4). 

Figure 4: Number of new cases and deaths (age-adjusted) per 100,000 (both 

sexes) in US. Adapted from SEER (https://seer.cancer.gov/) (SEER, 2016). 

Large population studies concerning RCC are scarce, mainly due to failure of well-

organized local registries in several countries and to the type of strategic 

organization of the data on existing registries (Ferlay et al., 2015). 
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The existence of registries with detailed demographic and clinical data will facilitate 

the assessment of population specific characteristics, the identification of targets 

for special intervention and the establishment of priorities. Importantly, these 

registries will provide crucial data to support a sustainable decision-making process 

and strategic delivery of care, education, environmental intervention or individual 

protection (Ferlay et al., 2015). 

 

pRCC is a heterogeneous group of tumours arising from the epithelium of the 

proximal tubules within the renal cortex. pRCC are composed by epithelial cells, 

presenting a papillary or tubulopapillary architecture. Tumour infiltration by 

macrophages and lymphocytes, necrosis, calcifications (psammoma bodies) and 

hemosiderin are frequently present, as well as cystic transformation. pRCC present 

with identical clinical characteristics of RCC, being frequently asymptomatic and 

incidentally detected on imaging related to other clinical causes. The presence of 

clinical symptoms such as, flank pain, palpable abdominal mass and haematuria 

usually correlate with aggressive histology (Mancilla-Jimenez et al., 1976, del 

Vecchio et al., 1998, Yu et al., 2013, Courthod et al., 2015, Delahunt et al., 2016a). 

 

pRCC are usually subdivided in two subtypes (pRCC1 and pRCC2) on the basis of 

distinct morphological and genetic characteristics (Delahunt and Eble, 1997, Yang 

et al., 2013b, Moch et al., 2016c). pRCC1 are characterized by the presence of 

cuboidal or columnar neoplastic small cells, with nuclei aligned in a single layer 

and a scanty and pale cell cytoplasm, covering fibrovascular cores or stalks. pRCC2 

displays large epithelial cells lining fibrovascular core, showing 

pseudostratification or irregular stratification of nuclei, often presenting abundant 

cytoplasm and moderate to marked nuclear pleomorphism usually with prominent 

nucleoli (Fig. 5). pRCC subtyping is considered to be of prognostic significance, 

having type 1 a better prognosis than type 2 (Delahunt et al., 2001, Alomari et al., 

2015, Fernandes and Lopes, 2015, Delahunt et al., 2016a, Moch et al., 2016a). 

 

pRCC diagnosis relies on morphotype identification (architecture and 

nuclear/cytoplasmic features) upon hematoxilin and eosin staining. However, some 
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difficult cases may need the clarification of genetic testing and the subtyping may 

need the complementation of immunohistochemical staining and genetic testing. 

Pathological stage (pTNM), nuclear grade, histologic subtype and other parameters 

(described below) to assess the tumour performance status constitute prognostic 

parameters of pRCC (Moch, 2013, Delahunt et al., 2014, Delahunt et al., 2016a, 

Moch et al., 2016a). 

 

 

 

 

 

 

 

Figure 5:  Morphology of pRCC1 and  pRCC2 tumours (HE stain). Scale bar: 

400μm and 100μm (in the insets). 

 

Prognostic factors must be clinically relevant, evidencing a significant correlation 

with other known factors and outcome, and an independent significance (Srigley et 

al., 1997). 

Many prognostic parameters have been reported in RCC, and thus in pRCC, but few 

histologic features have a consistent significant association with outcome (Cornejo 

et al., 2015). The Rochester Consensus conference on RCC recommended that the 

tumour-related prognostic parameters included TNM classification, gross margin 

involvement, tumour grade, histologic type, sarcomatoid features, and presence of 

metastases (Srigley et al., 1997). Among the various proposed grading systems for 

RCC, Fuhrman system has been the most widely used and accepted nuclear grading 

system (Fuhrman et al., 1982a, Grivas et al., 2014, Cornejo et al., 2015). It is based 

on the simultaneous assessment of three components: nuclear size and shape, and 

nucleolar prominence. Recently, the 3 components of the Fuhrman system were 

assessed independently for prognostic significance, and only nucleolar prominence 

was maintained on multivariate analysis in pRCCs (Cornejo et al., 2015). The 2016 

WHO classification of tumours adopted the use of the ISUP nucleolar grading [which 

is based on nucleolar prominence (grades 1-3) and nuclear extreme pleomorphism 

and/or presence of tumour multinucleate giant cells, and/or the presence of 
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sarcomatoid and/or rhabdoid features in grade 4] for pRCC and ccRCC instead of 

the Fuhrman grading system (Moch et al., 2016a). 

pRCC subtyping was considered of prognostic significance by 2016 WHO 

classification of tumours, with  type 1 having a better prognosis than type 2 

tumours (Mancilla-Jimenez et al., 1976, Kovacs, 1989, Delahunt and Eble, 1997, 

Kovacs et al., 1997, Fernandes and Lopes, 2015, Delahunt et al., 2016a, Delahunt 

et al., 2016b, Moch et al., 2016a). 

One of the most common diagnostic problems in pRCC is the identification of 

approximately 10%-15% of clinically localized tumours that will recur and/or will 

develop metastasis early after surgical excision, constituting a challenge for the 

establishment of prognosis and management of RCC in general and pRCC in 

particular. These tumours share morphological features in successfully surgically 

eradicated tumours, but in fact they are biologically different and to date no 

successful treatable target has been found for metastatic pRCC (Patard et al., 2005, 

Margulis et al., 2008, Steffens et al., 2012, Rini et al., 2016, Williamson et al., 

2016). 

 

RCC originate on a pleiotropic set of genetic abnormalities, presenting diverse 

histologic features, distinct biologic behaviour, variable responses to therapy and 

variable clinical outcomes (Lam et al., 2005, Shek et al., 2012, Wang et al., 2014, 

Fernandes and Lopes, 2015). 

Along with the genetic alterations in pRCC, frequent chromosomal abnormalities 

have also been reported: trisomy of chromosomes 7 and/or 17 polysomies, loss of 

Y chromosome and a variety of other alterations such as trisomy 8, 12, 16, and 20, 

and loss of 1p, 4q, 6q, 7, 9p, 13q, Xp (Moch et al., 2016c). Notably, trisomy of 

chromosome 7, which contains both MET and HGF/SF genes, occurs in 95% 

sporadic pRCC, (Jeffers et al., 1997, Schmidt et al., 1997, Schmidt et al., 1999). 

Most RCC are sporadic and only ~3% are due to inherited germline mutations in 

genes known to be related with hereditary syndromes, such as: the von Hippel 

Lindau (VHL) syndrome - due to alterations in VHL gene, located on chromosome 3 

(3p25); the hereditary form of pRCC (HPRCC) - due to alterations in the MET proto-

oncogene, located on chromosome 7 (7p31), that was also reported to be mutated 

in a subset of sporadic pRCC1tumours; the hereditary leiomyomatosis renal cell 

carcinoma (HLRCC) - due to germline mutations in Fumarate Hydratase suppressor 
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gene (FH), located on chromosome 1 (1q42) that is associated to pRCC2 subtype; 

the Birt-Hogg-Dubé (BHD) syndrome – due to alterations in BHD gene, located on 

chromosome 17 (17p11), which predispose affected individuals to develop benign 

cutaneous lesions (fibrofolliculomas), pulmonary cysts and chromophobe RCC and 

oncocytoma; and SDH-deficient RCC syndrome (also characterized by a tendency 

to development of phaeochromocytoma, paraganglioma and gastrointestinal 

stromal tumours (GISTs) – due to germline mutations on genes encoding the 

succinate dehydrogenase (SDH) complex (Baysal et al., 2000, Vanharanta et al., 

2004, Linehan et al., 2010a, Bardella et al., 2011, Yang et al., 2013a, Moch et al., 

2016a). 

Although presenting morphology usually associated to pRCC2, the FH and SDH 

associated RCC tumours are now considered histologic independent entities (Moch 

et al., 2016a, Moch et al., 2016c). 

 

It is widely accepted that the metabolism of cancer cells and of the normal 

differentiated cells is dissimilar (Máximo et al., 2002, Moreno-Sánchez et al., 2007, 

Máximo et al., 2009, Vander Heiden et al., 2009 , Máximo et al., 2012, Ward and 

Thompson, 2012, da Silva et al., 2014, Nunes et al., 2015). Most cancer cells are 

addicted to glycolysis, even in presence of oxygen, to sustain their energetic needs. 

Yet, this characteristic, seminally recognised by Warburg, nearly one century ago 

(Warburg, 1956), is now known to be driven not only by the tumour cell 

proliferation but, indeed, as a consequence of oncogene and/or tumour suppressor 

genes or epigenetic alterations. High glycolytic tumours, including renal cell 

carcinomas, are frequently associated to aggressive phenotypes and development 

of metastasis (Semenza et al., 1994, Semenza, 2009, Banumathy and Cairns, 2010, 

Linehan et al., 2010b, Linehan and Rouault, 2013, Yang et al., 2013b). Remarkably, 

available evidence indicates that, like other cancer cells, pRCC cells display high 

glycolytic rates and uncoupled oxidative phosphorylation, even in presence of 

oxygen (Warburg effect) (Shuch et al., 2013). 

Identification of the MET, FH, SDHB, SDHC and SDHD genes has not only granted 

important insights into the genetics of hereditary and sporadic RCC but have also 

promoted the cell metabolic behaviour studies in these tumours to the point that 

RCC has been thought as a metabolic disease (Linehan et al., 2010b, Seyfried and 

Shelton, 2010). 
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The proto-oncogene MET encodes c-MET tyrosine kinase, which is the cell surface 

receptor for the hepatocyte growth factor (HGF/SF). The constitutive or prolonged 

activation of c-MET induces activation of a wide range of cellular signalling 

pathways, including those involved in mitogenesis and motogenesis, which 

participate in LKB1–AMPK–mTOR nutrient and energy sensing pathway (Linehan et 

al., 2010b, Organ and Tsao, 2011). Activation of MAPK causes its translocation to 

the nucleus were it induces activation of transcription factors involved in cell 

proliferation, cell motility and cell cycle progression. Phosphorylation of PI3K 

induces constitutive activation of serine/threonine kinase AKT. Once activated, AKT 

induces glycolytic pathway in a dose-dependent manner, upregulating the activity 

of several glycolytic enzymes and GLUT1, and ultimately the production of lactate 

(Elstrom et al., 2004). 

FH and SDH subunits (SDHA, SDHB, SDHC and SDHD) are mitochondrial enzymes 

participating in Krebs cycle and oxidative phosphorylation (SDH subunits) and its 

inactivation leads to impaired oxidative phosphorylation, increased levels of HIF-

1α and upregulation of HIF target genes that play roles in glucose metabolism, 

survival, angiogenesis, and invasion (Isaacs et al., 2005, Linehan et al., 2010b, 

Seyfried and Shelton, 2010). 

 

One of the first consequences of the cell commitment to a glycolytic phenotype is 

the upregulation of glucose transporters (GLUTs) and monocarboxylate 

transporters (MCTs). The increased glycolytic flux starts with increased glucose 

uptake (with consequent glucose transporters upregulation) which is oxidised to 

pyruvate and further converted into lactate in the cytosol. The excess of produced 

lactate is then extruded to the surrounding milieu by monocarboxylate 

transporters (Halestrap and Price, 1999, Becker et al., 2010, Gerlinger et al., 2012). 

GLUTs are a family of facilitative sugar transporters (GLUT1-14), encoded by Solute 

Carrier 2 (SLC2) gene family, which transport glucose across the plasma membrane 

by diffusion gradient and exhibiting different substrate specificities, kinetic 

properties and tissue expression profiles (Wood and Trayhurn, 2003, Scheepers et 

al., 2004, Zhao and Keating, 2007, Nagase et al., 1995 ). GLUT1 and GLUT4 are the 
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most studied glucose transporters in human tumours, and their upregulation has 

been associated with tumour growth, invasiveness and establishment of metastasis 

(Macheda et al., 2005, Ozcan et al., 2007, Linehan et al., 2010a). SLCT2A1, the 

GLUT1 gene, was reported to contain a hypoxia response element (HRE) in the 

promoter region (Ebert et al., 1995). Thus, in addition to other genes, GLUT1 

overexpression may be stimulated by hypoxia or pseudohypoxia induced by 

activation of the transcription factor, hypoxia-inducible factor (HIF1α) (Ozcan et al., 

2007, Young et al., 2011). GLUT4 is insulin responsive and is primarily expressed 

in the heart, skeletal muscle and adipose tissue (Wood and Trayhurn, 2003), and 

can translocate to the plasma membrane upon AKT activation in an insulin like 

manner (Brosius et al., 1992, Bryant et al., 2002). 

GLUT1 and GLUT4 are aberrantly expressed in many tumours. Overexpression of 

GLUT1 was reported in cervical squamous cell, breast, thyroid, prostate, pancreas, 

gastric, kidney(Suganuma et al., 2007, Nagase et al., 1995 ) head and neck and 

liver tumours (Brown and Wahl, 1993), Nagase et al., 1995, Higashi et al., 

1997,(Reisser et al., 1999, Kawamura et al., 2001, Effert et al., 2004),(Matsuzu et 

al., 2004) Suganuma et al., 2007, (Tsurusaki et al., 2014) (Huang et al., 2014). 

GLUT4 is reported in 20% of human astrocytic tumours, in a subset of lung cancers, 

in gastric carcinomas, in alveolar rhabdomyosarcoma, in papillary thyroid 

carcinoma (Schwartzenberg-Bar-Yoseph et al., 2004), in breast carcinoma (Medina 

et al., 2003, Garrido et al., 2015), in chromophobe RCC (Suganuma et al., 2007), 

in non-small lung carcinoma (O'Byrne et al., 2011) and in multiple myeloma (Cheng 

et al., 2013). 

The monocarboxylate transporter (MCT) family is composed of 14 members with 

distinct transport properties and tissue distribution. MCTs are encoded by the 

superfamily of Solute Carrier Genes 16 (SLC16), which is conserved among species 

(Halestrap and Meredith, 2004, Becker et al., 2010, Pinheiro et al., 2012a, 

Halestrap, 2013b). Like GLUTs, MCTs, namely MCT1 and MCT4, were reported to 

be upregulated in several type of tumours (Gallagher et al., 2007, Pinheiro et al., 

2008a, Pinheiro et al., 2008b, Pinheiro et al., 2009a, Pinheiro et al., 2009b, Izumi 

et al., 2011, Pertega-Gomes et al., 2011, Pinheiro et al., 2011, de Oliveira et al., 

2012, Martins et al., 2013, Granja et al., 2015, Pertega-Gomes et al., 2015, Pinheiro 

et al., 2016). The importance of MCTs for tumour growth was reported by various 



13 
 

authors, either by using MCT inhibitors and proliferation studies (Halestrap, 2013a) 

or by combining the silencing of MCT1 or MCT4 and CD147 [also called Basigin 

(BSG) or EMMPRIN], showing that MCT impairment leads to a significant reduction 

of the glycolytic flux and cell proliferation (Le Floch et al., 2011). 

CD147 is a highly glycosylated transmembrane protein, member of the 

immunoglobulin superfamily of receptors, is encoded by Basigin (BSG), that is 

localised on chromosome 19 (19p13.3) (Miyauchi et al., 1991, Biswas et al., 1995, 

Sato et al., 2013a). 

CD147 is considered a ubiquitous cell surface glycoprotein involved in numerous 

physiological and pathological systems. Various authors reported its role in early 

embryogenesis and reproduction, neural network, retinal development, 

spermatogenesis, and wound healing, as well as in inflammatory diseases, 

infections and in cancer (Bai et al., 2014). In kidney, CD147 expression was 

observed in the proximal and distal tubular epithelial cells of most patients and 

healthy adults but was not detected in glomeruli (Shimada et al., 2009). 

CD147 was found overexpressed in a variety of tumours, such as breast (Pinheiro 

et al., 2010), lung (Pinheiro et al., 2010), ovary (Pinheiro et al., 2010), bladder 

(Afonso et al., 2015), cervix (Pinheiro et al., 2009a), pancreatic carcinomas 

(Schneiderhan et al., 2009), multiple myeloma (Walters et al., 2013) and RCC (Tang 

et al., 2004b, Jin et al., 2006, Liang et al., 2009, Han et al., 2010, Kennedy et al., 

2013, Sato et al., 2013a, Sato et al., 2013b), malignant mesotheliomas (Pinheiro et 

al., 2012b) and down regulated in prostate carcinoma (Pertega-Gomes et al., 2011). 

Importantly, high frequency of CD147 expression was observed in 

micrometastases in parallel with the corresponding primary tumours from breast, 

lung and prostate (Klein et al., 2002, Reimers et al., 2004). 

Indeed, in human, CD147 was first reported, in tumour cells that induced the 

expression of MMP-1 or collagenase in adjacent fibroblasts, by Biswas and 

colleagues (1982) and called tumour collagenase-stimulating factor (TCSF). TCSF 

was renamed EMMPRIN (extracellular matrix metalloproteinase inducer) by the 

same group, after the identification of its capability of stimulating in fibroblasts, 

the secretion of other metalloproteinases [gelatinase (MM-2) and stromelysin-
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1(MM3)], via cell-cell interaction. The authors also anticipated the importance of 

EMMPRIN role as a mediator of cell matrix remodelling in normal and pathological 

tissues (Biswas et al., 1995, Yurchenko et al., 2005). Coincidentally, the cDNA of 

EMMPRIN was also found to be identical to other human cDNAs encoding the 

proteins Basigin and the M6 antigen. Similarly, CD147 was independently identified 

by different researchers either as an antigen, or as protein or in different species 

and tissues, with a variety of names. To overcome this redundancy, a common 

designation of CD147 was agreed at the Sixth International workshop and 

Conference on Human Leukocyte Differentiation Antigens, to be used thereafter 

(Koch et al., 1999, Yan et al., 2005). 

Glycosylation of glycoproteins is a molecular change that has been linked to 

malignant transformation. Thus, being CD147 a highly glycosylated protein as well 

as a chaperon for MCT1 and MCT4, it is important to highlight some CD147 

molecular characteristics and their biological function. 

The human CD147 gene locus has 10 exons and four splice variants (CD147-1, 

CD147-2, CD147-3, CD147-4), being the isoform CD147-2 the most frequently 

expressed and designated as CD147 (Qu et al., 2014). The human CD147 mRNA 

transcript encodes a 269 amino acid protein with two extracellular IgG like domains 

at the N-terminus, ECI and ECII, a transmembrane domain (TM) and a cytoplasmic 

domain at the C-terminus (Fig. 6). 

The CD147 extracellular domains include three conserved N-glycosylation sites 

that are variably glycosylated. The unglycosylated CD147 has a molecular weight 

of 27 kDa, whereas the glycosylated forms were reported to migrate between 31 

and 65 kDa with Western Blotting. Treatment with endoglycosidases indicates that 

N-glycans contribute to almost half the size of the CD147 mature molecule. 

Glycosylation is also known to be important for CD147 function. Unglycosylated 

CD147 was reported to be unable to stimulate MMP induction (Bai et al., 2014, Li 

et al., 2016). 

The highly conserved hydrophobic transmembrane domain includes a glutamic 

acid residue and a leucine zipper motif, which have been reported to facilitate 

CD147 interactions with various proteins and the assembly of multi-protein 

complexes, receptor dimerization and involvement in cell signalling events (Yan et 

al., 2005, Bai et al., 2014, Grass and Toole, 2016). 
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Figure 6: The structure of the protein CD147. Adapted from Kaushik and 

collaborators (Kaushik et al., 2015). 

A CD147 peptide receives a preliminary glycosylation in endoplasmic reticulum 

(ER), forming an immature high mannose form (LG-CD147), and in the Golgi, 

complex CD147 is further modified to form more complex branching carbohydrate 

chains and specific terminal structures by a series of glycosyltransferases. In the 

Golgi, the cycloppilin Cyp60 associates to CD147, facilitating its translocation to 

the plasma membrane. Mature CD147 form oligomers and a small fraction of 

transmembrane CD147 are shed and released into extracellular matrix to act on 

neighbouring cells. Both forms of CD147 were reported to induce MMPs (Bai et al., 

2014. 

The maturation of CD147 has been related to its level of glycosylation and the 

result of the interplay of various mechanisms. The cell surface expression of CD147 

was shown to be regulated by cyclophilins (CyP60) via the transmembrane domain 

of CD147, which act as a chaperon for CD147 trafficking to the cell membrane 

(Yurchenko et al., 2005, Yurchenko et al., 2006). Likewise, MCTs were shown to 

cooperate with CD147 during its maturation in the ER and forming CD147-MCT 

complexes on the membrane bearing the double role of MMPs induction and lactic 

acid exportation. By mutating the glutamic acid residue, the association of MCT1 

with CD147 was abrogated, and neither MCT1 nor CD147 were able to reach cell 

ECI 

ECII 
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membrane (Yurchenko et al., 2005). Additionally, reduction in fully glycosylated 

CD147 expression at the cell membrane and accumulation of core-glycosylated in 

the endoplasmic reticulum (ER), was reported as a result of MCT4 and MCT1 

knockdown in breast and intestinal epithelial cells, respectively (Bai et al., 2014). 

On the other hand, by site-specific mutagenesis experiments, Bay and collaborators 

(2014), reported that N-glycans in Asn152 play a crucial role on CD147 quality 

control, in the ER, which regulates the CD147 surface expression and activity (Bai 

et al., 2014). 

CD147 has been reported to interact with several proteins that may influence its 

localization. CD147 associates to MCTs (MCT1, MCT3 and MCT4) in the 

endoplasmic reticulum, which occurs in complicity with the glutamic acid residue 

within the CD147 transmembrane domain. This interaction is reported to be crucial 

for CD147 maturation and consequently for the trafficking and expression of the 

complex CD147/MCTs at the plasma membrane (Wilson et al., 2002, Yurchenko et 

al., 2006, Millimaggi et al., 2007, Slomiany et al., 2009, Bai et al., 2014, 

Muramatsu, 2016). 

Thus, the CD147 transmembrane domain was associated with the regulation of the 

trafficking and anchoring of MCT1 and MCT4 to different cell surfaces in polarized 

cells (Le Floch et al., 2011, Pinheiro et al., 2012a, Halestrap, 2013a). Furthermore,, 

glycosylated CD147 was reported to be a prerequisite for its expression on cell 

membrane, and MMP induction at the transcriptional level. Induction of MMPs by 

CD147 was prevented with a monoclonal antibody directed against CD147. In 

addition, inhibition of CD17 expression by RNAi led to significantly decreased 

angiogenesis in vitro (Weidle et al., 2010). 

CD147 may also be secreted from the cell surface into the surrounding tissue. 

Recent studies disclosed that this may happen through vesicle shedding and 

through proteolytic cleavage, which produce full-length soluble CD147 and CD147 

lacking transmembrane or cytoplasmic domain, respectively (Sidhu et al., 2004). 

Since, both a transmembrane protein, on plasma membrane and a fraction of 

extracellular secreted CD147 are capable of inducing MMPs, it would be interesting 

to know whether or not there is any difference between the CD147 glycosylation 

profile of tumours that develop metastases and similar tumours that do not develop 

metastases and also in the normal tissue. 
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Germline mutations of FH are responsible for loss of activity of Krebs cycle enzyme 

fumarate hydratase and associate to hereditary leiomyomatosis and renal 

carcinoma (HLRCC) syndrome. HLRCC display morphologic features similar to 

pRCC2, namely a prominent nucleoli and a perinuclear halo (Tomlinson et al., 2002, 

Schmidt et al., 2004, Chen et al., 2014, Merino and Linehan, 2016). 

The role of FH mutations in sporadic pRCC remains unclear (Kiuru et al., 2002, Ha 

et al., 2013). Recently, Chen et al. (2014) reported 9 cases with clinical and 

pathological features of sporadic pRCC that were later reported to harbour FH 

germline mutations. On the other hand, no FH mutations were observed in 14 high 

grade tumours presenting HLRCC features (Chen et al., 2014). Remarkably, a 

significant decrease in FH mRNA levels was reported in tumour tissue from 62 

sporadic RCC, when compared with the respective adjacent renal parenchyma (Ha 

et al., 2013). 

The SDH subunits (SDHA, SDHB, SDHC and SDHD) are encoded by nuclear genes 

and assembled in the mitochondria, as part of the Krebs cycle and of the complex 

II of the mitochondrial electron transport chain. Germline mutations on genes 

encoding the succinate dehydrogenase (SDH) complex were associated with familial 

susceptibility syndrome, is characterized by the development of 

phaeochromocytoma, paraganglioma, gastrointestinal stromal tumours (GISTs) 

and SDH-deficient RCC (Baysal et al., 2000, Vanharanta et al., 2004, Yang et al., 

2013a). 

SDH-deficient RCCs were reported to display a distinct morphology compared to 

other RCC, being recognised as a provisional entity in the 2013 International 

Society of Urological Pathology (ISUP)-Vancouver. Furthermore, the loss of 

immunohistochemical expression in SDHB, SDH-deficient RCCs are reported by 

some authors in cases displaying unique morphology that distinguishes them from 

other RCC, including sheets of uniform cells with eosinophilic or oncocytic 

cytoplasm containing vacuoles or flocculent inclusions and predominantly solid or 

nested architecture. Other features comprise intratumoral mast cells, entrapped 

non-neoplastic renal tubules, and a variable tumour pseudocapsule. Nevertheless, 

a variant morphology and concomitant loss of SDHB staining is reported in a small 

number of cases (Housley et al., 2010, Gill et al., 2011, Williamson et al., 2015, Gill 

et al., 2016). 
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Alterations in any subunit of the complex II was reported to cause complex II 

instability and consequent abolishment of SDH enzyme activity  as well as loss of 

SDHB expression, which is detectable by immunohistochemistry. Absence of 

immunohistochemical SDHB expression was reported to be reliably useful to triage 

any SDH mutations, prior to genetic testing (Gimenez-Roqueplo et al., 2001, van 

Nederveen et al., 2009, Gill et al., 2010). 

Metabolically, FH-deficient RCC and SDH-deficient RCC are characterized by 

impaired oxidative phosphorylation, increased levels of HIF-1α through inhibition 

of prolyl hydroxylases (PHD) and upregulation of HIF target genes that play roles 

in glucose metabolism, survival, angiogenesis, and invasion (Semenza et al., 1994, 

Semenza, 2003, Isaacs et al., 2005, Yang et al., 2010, Tong et al., 2011, Piruat and 

Millán-Uclés, 2014). 

 

Bearing in mind that in RCC the tumorigenic transformation impacts on normal cell 

metabolism (Warburg, 1956, Linehan et al., 2010b, Hanahan and Weinberg, 2011, 

Linehan and Ricketts, 2013), we reasoned that evaluating the expression of 

metabolic markers in pRCC would help to clarify important issues concerning the 

status and consequences of metabolic deregulation that not only would allow 

distinguishing between pRCC1 and pRCC2, but also might contribute to the design 

of more efficient and personalized therapeutic strategies. 

Therefore, the aims of this work were: 

1. To re-evaluate the clinical and histopathological features in a series of 60 pRCC 

cases; 

2. To characterize the tumours according to a set of metabolic markers, including: 

i) glucose transporters (GLUT) isoforms 1 and 4; ii) mono carboxylate transporters 

(MCTs), isoforms 1 and 4 as well as its chaperon CD147, iii) succinate 

dehydrogenase subunits B, C and D (SDHB, SDHC, and SDHD); and iv) fumarate 

hydratase (FH);  

3. To correlate the clinical and histopathological data with the data established in 

the previous metabolic expression markers and genetic studies and assess their 

diagnostic and prognostic implications in pRCC patients. 

We questioned whether these cell markers would contribute to the identification of 

metabolic phenotype of pRCCs and would allow distinguishing pRCC1 from pRCC2, 
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ultimately contributing to the establishment of therapeutic strategies directed to 

particular onco-driven stages. In an attempt to get an extra series to validate our 

results, we used a series of 163 pRCC from the Cancer Genome Atlas data portal 

which had available data on pRCC subtypes (i.e.: pRCC1 and pRCC2). 
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A total of fifty one (n=51) consecutive (from January 1998 to July 2013) patients 

with primary papillary renal cell carcinoma (pRCC) diagnosis were identified in the 

files of the Department of Pathology at Centro Hospitalar de São João after re-

evaluation by two pathologists (JML and RS). All patients were submitted to surgery 

resection by either radical (n=37; 72.5%) or partial (n=14; 27.5%) nephrectomy. 

Clinical parameters from the patient’s records and the oncology registries from 

Centro Hospitalar de São João and Oncology Registry of North Region (RORENO), 

were annotated. Demographic, clinical and pathologic data, included gender, age, 

tumour size, lymph-vascular invasion, tumour focality, sarcomatoid features, 

presence of necrosis, time of follow-up, and cause of death. Tumours were 

classified according to the tumour-node-metastasis (TNM) cancer staging system, 

corresponding to the 7
th

 edition of the American Joint Committee on Cancer (AJCC) 

Cancer Staging Manual (Edge and Compton, 2010) and the tumour grading system 

(Fuhrman et al., 1982b). The tumours were grouped into low (pT1-pT2) or high 

(pT3-4) stages and low (G1-G2) or high (G3-G4) tumour grades. Death was assessed 

as either cancer-related or –unrelated. In tumours with multifocality we studied the 

largest (main) tumour. 

This study was approved by the Local Ethical Committee at Centro Hospitalar de 

São João, (Porto, Portugal)/Medical Faculty (Porto, Portugal) and was in accordance 

to the National Ethical rules. 

The expression of GLUT1, GLUT4, MCT1, MCT4, and CD147 was assessed in all 

tumours and matched adjacent kidney parenchyma. In fourteen (27.5%) cases [12 

(26.6%) pRCC1 and 2 (33.3%) pRCC2] in which adjacent kidney parenchyma 

presented distorted tubules, several cysts and thyroid like structures, were 

excluded from IHC evaluation (data not shown). Nine samples were excluded from 

the study due to insufficient available tumour tissue. Normal human kidney 

parenchyma was used as external control in all IHC protocols. 
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Serial tissue sections (3µ thick) of representative tumour samples and adjacent 

kidney were cut for IHC staining. The IHC for MCT1, MCT4, GLUT1 and GLUT4 and 

CD147 was performed according to manufacturer’s protocols, following a 

optimisation phase (concerning buffer pH, retrieval time, primary incubation 

dilution and incubation conditions) with the primary antibodies: GLUT1 [(rabbit 

polyclonal antibody (IgG) anti-GLUT1, (ab15309, Abcam, UK)], GLUT4 [(rabbit 

polyclonal antibody (IgG) anti-GLUT4, ab33780, Abcam, UK)], MCT1 [(rabbit 

polyclonal antibody anti-MCT1, EMD Millipore Corporation, USA)], MCT4 [(rabbit 

polyclonal antibody  anti-MCT4 (H-90): sc-50329, Santa Cruz Biotechnolgy, INC., 

CA, USA)] and CD147 [(mouse monoclonal antibody anti-EMMPRIN (1.BB.218): sc-

71038, Santa Cruz Biotechnolgy, INC., CA, USA)], SDHA [(mouse monoclonal 

antibody (IgG1) anti-SDHA, (ab14715, Abcam, UK)], SDHB [(mouse monoclonal 

antibody (IgG1) anti- SDHB, (ab14714, Abcam, UK)] and FH [(rabbit polyclonal 

antibody (IgG) anti-FH, (ab95950, Abcam, UK)]. The tissue sections were 

deparaffinised followed by a sequential hydration. Antigen retrieval was performed 

at 98℃, with citrate solution (pH 6) was used in GLUT1, GLUT4, MCT1, and MCT4 

IHC protocols and with EDTA (pH 8) in CD147 (Table 1). After peroxidase and 

avidin-biotin blocking, all sections were treated with a Lab Vision™ UltraVision™ 

Large Volume Detection System: anti-Polyvalent, HRP (Thermoscientific). The 

incubation conditions for primary antibodies are detailed in (Table 1). All reactions 

were revealed with 3,3’- diaminobenzidine (DAB) chromogen (Dako Carpinteria, CA, 

USA) and counterstained with haematoxylin and eosin. PBS-Tween buffer (pH 7.4) 

was used as washing solution in all steps. 

All protocols included positive and negative controls. In negative controls the 

primary antibodies were omitted and replaced by the antibody dilution reagent. 

The external positive controls included known positive tissues for the specific 

antibody. Kidney/adjacent tissue to the tumour were used as internal control. 

Quantification and evaluation of MCT1, MCT4, GLUT1, GLUT4 and CD147 

expression was performed by light microscopy. 

The expression of MCT1, MCT4, GLUT1, GLUT4 and CD147 in tumour tissue was 

evaluated according to an immune reactive staining (IRS) score adapted from others 

(Remmele and Schicketanz, 1993, Fonteyne et al., 2009, Couto et al., 2012). Briefly, 

the extension (E) of tumour cells immunostaining for each antibody was evaluated 

with a score scale from 0 to 4 (0: <10% cells; 1: 11% - 25%; 2: 26% - 50%; 3: 51% - 

75%; and, 4: >75% cells) and the immunostaining intensity (I) was evaluated in a 
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score scale from 0 to 3 [(0 = absent; 1 = weak (+); 2 = moderate (++); 3 = strong 

(+++)]. 

 

Table 1: Antigen retrieval and antibody incubation conditions. 

The IRS score was calculated by multiplying E score by I score (IRS = E x I), and 

ranged from 0 to 12. 

For the analyses of GLUT1, GLUT4, MCT1, MCT4 and CD147 protein expression we 

calculated three independent scores: Global IRS (indicating total level of proteins 

expression, independently of their cellular location); Membrane IRS (mIRS) score, 

indicating protein expression in cell membrane (Gould and Holman, 1993, 

Halestrap and Price, 1999) and Cytoplasmic IRS (indicating the protein expression 

in the cytoplasm). Cases showing IRS score 1 or above were considered positive. 

In order to validate our results we analysed the TCGA database for mRNA 

expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 i.e., Solute Carrier Family 

2, Member 1 (SLC2A1), and Member 4 (SLC2A4), Solute Carrier Family 16, Member 

Citrate, pH 6 
Water bath,  

1/400 1H, RT 
0,2 mg/mL 98 ˚C, 10 min. 

Citrate, pH 6 
Water bath,  

1/400 ON, RT 

0,3 mg/mL 98 ˚C, 20 min. 

Citrate, pH 6 
Water bath,  

1/100 ON, RT 
1.0 mg/mL  98 ˚C, 20 min. 

Citrate, pH 6 
Water bath,  

1/1000 2H, RT 

200 µg /mL 98 ˚C, 20 min. 

EDTA, pH 8  
Water bath,  

1/300 ON, RT 

200 µg /mL 98 ˚C, 20 min. 

1mg/mL 
EDTA, pH 8 

Water bath,  

98 ˚C, 20 min. 
1/1000 1H, RT 

1mg/mL
EDTA, pH 8 

Water bath,  
1/600 1H, RT 

98 ˚C, 20 min. 

1mg/mL
Citrate, pH 6 

Water bath,  
1/400 2H, RT 

98 ˚C, 20 min. 

Legend: Ab= antibody; ON= overnight; H= hour; RT= room temperature. 
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1 (SLC16A1) and Member 3 (SLC16A3), and Basigin (BSG), since in this series, we 

did not have access to tissue protein expression. 

Negative immunohistochemical staining for SDHB was reported to be reliably useful 

to screen SDH genetic alterations prior to genetic testing (van Nederveen et al., 

2009, Gill et al., 2010). 

The presence of SDHA and SDHB immunohistochemical expression in the tumour 

tissue is considered the screening method to exclude SDH genetic alterations and 

therefore, precluding the need of genetic screening for SDHx variants (van 

Nederveen et al., 2009, Gill et al., 2010). 

Accordingly, all samples were screened for SDHA and SDHB expression by 

immunohistochemistry. All tumours displaying loss of SDHB expression (negative 

cases) were submitted to genetic testing for detection of SDHB variants in all coding 

regions of the eight hSDHB exons, followed by screening for hSDHD variants. 

Immunohistochemical staining (IHC) expression of SDHA and SDHB proteins was 

performed on 51 tumours with appropriate positive and negative internal and 

external controls as described above (section 2.2). Antibodies and technical 

specifications are summarised in Table 1. When more than 90% tumour cells lack 

granular cytoplasmic expression of SDHB, at variance with normal expression in 

the non-neoplastic adjacent kidney parenchyma (distal and proximal tubules) 

carcinomas were classified as with loss of (negative) SDHB expression. Therefore, 

all carcinomas presenting more than 90% tumour cells displaying granular 

cytoplasmic staining were classified as SDHB and SDHA positive and no further 

testing was performed. SDHA positive and no further testing was performed. SDHA 

positive carcinomas displaying loss of SDHB expression were submitted to SDHB 

and SDHD genetic testing. 

http://www.nature.com/modpathol/journal/v28/n1/full/modpathol201486a.html#tbl1
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DNA was extracted from microdissected formalin-fixed paraffin-embedded (FFPE) 

tumour tissue and matched adjacent kidney parenchyma with the AHN - Genomic 

DNA Purification Kit from human and animal tissue (ULTRAPrep® DNA Tissue kit 

from AHN Biotechnologie GmbH, Nordhausen, Germany or Grisp GRS Genomic DNA 

KIT – Tissue, GRiSP, Lda) according to manufacturer’s instructions. Concentration 

and purity of isolated DNA was measured using NanoDrop ND-1000 (NanoDrop 

Technologies Inc., Wilmington, DE). 

Concentration and purity of the extracted DNA was measured by 

spectrophotometry using NanoDrop ND-1000 (NanoDrop Technologies Inc., 

Wilmington, DE).  The purity of the nucleic acid was estimated by the ratio between 

the readings obtained at 260 and 280 nm (pure DNA preparations show ratio values 

of 1.8 – 2.0). 

Target DNA was amplified by multiplex polymerase chain reaction (PCR). All PCR 

amplifications were performed in a 15 μl total volume containing forward and 

reverse primers (Table 2) with a Multiplex PCR kit (QIAGEN). Cycling conditions 

included: a single predenaturation step at 95°C for 15 min followed by 35 cycles of 

denaturation at 95°C for 30 s, annealing at 60°C for 90 s and elongation at 72°C for 

90 s, and a final incubation at 72°C for 10 min. The amplification was confirmed by 

running the PCR product on 2% agarose gel. Successfully amplified PCR products 

were selected for sequencing analysis and enzymatically purified using Exosap

Table 2: Primer sequences used in hSDHB amplification and sequencing.

 

 

5’ ACTTTTCCCTCTCTGAGGCT 3’ 

5’ GGTCCTCAGTGGATGTAGGC 3’ 

 
5’ AGCCACACTCCTGGCAATCA 3’ 

5’  GCTGAGGTGATGATGGAATCT 3’ 

5’ AGCTGGCTTTCACAGAGATAC 3’ 

5’ GCGTTACATCTGTTGTGCCA 3’ 

 
5’ AGCAATTAAGGAGCACCTCA 3’ 

5’ ATAGCAGAGTCTCTCCCGTC 3’ 

5’ AGCCCAACAGGAATGAAATG 3’ 

5’ ACATCCAGGTGTCTCCGATT 3’ 

 
5’ TCTGGCGTGTCAGCTCTGA 3’ 

5’ CTCAGCTAATCATCCCTGGT 3’ 

5’ ACCAGAGAGATGCAGAAACTC 3’ 

5’ TGATTCCGGATATGGGTGAG 3’ 

 
5’ ATGTTCAGCTCTGAGCTGGT 3’ 

5’ AGGAAGGAGTTTCACCCAAG 3’ 
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We screened for hSDHB variants in all coding regions of the eight hSDHB exons. 

The purified target DNA was subjected to automatic sequencing (ABI PRISM 3100 

genetic analyzer; Applied Biosystems, Foster City, CA), using the BigDye terminator 

version 3.1 cycle sequencing kit (Applied Biosystems). All PCR amplifications were 

performed in a 10 μl total volume. Cycling conditions included the following 

conditions: a single predenaturation step at 94°C for 2 min followed by 35 cycles 

of denaturation at 94°C for 10 s, annealing at 55°C for 10 s and elongation at 60°C 

for 2 min, and a final incubation at 60°C for 10 min. Sequencing products were 

purified using Sephadex
TM

 G-50 (GE-Healthcare) columns and denatured with 

formamide and resolved by capillary electrophoresis using the ABI Prism
®

 BigDye
®

 

V3 software (Applied Biosystems) at the Sequencing Service Unit, Ipatimup and 

analysed by comparing sample sequences with the hSDHB reference sequence 

(http://www.ncbi.nlm.nih.gov)  by the online program BLAST 

(http://www.ensembl.org/index.html) (Aken et al., 2016). 

We screened for hSDHD variants in the all coding regions of the four hSDHD exons 

by PCR Multiplex and using PCR/Automated sequencing. All PCR amplifications 

were performed in a 10 μl volume containing forward and reverse primers (Table 3) 

with a Multiplex PCR kit (QIAGEN). Cycling conditions included the following 

conditions: a single pre-denaturation step at 95°C for 15 min followed by 35 cycles 

of denaturation at 95°C for 30 s, annealing at 56°C for 90 s and elongation at 72°C 

for 90 s, and a final incubation at 72°C for 10 min. PCR products were separated by 

electrophoresis on 2% agarose gels. Successfully amplified PCR products were 

selected for sequencing analysis and enzymatically purified using Exosap. 

We screened for hSDHD variants in all coding regions of the four hSDHD exons. 

The purified target DNA was subjected to automatic sequencing (ABI PRISM 3100 

genetic analyzer; Applied Biosystems, Foster City, CA), using the BigDye terminator 

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/index.html
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version 3.1 cycle sequencing kit (Applied Biosystems). All PCR amplifications were 

performed in a 10 μl volume containing forward and reverse primers. Cycling 

conditions included the following conditions: a single predenaturation step at 95°C 

for 2 min followed by 35 cycles of denaturation at 94°C for 15 s, annealing at 50°C 

for 15 s and elongation at 60°C for 4 min, and a final incubation at 60°C for 10 min. 

Sequencing products were purified using dextran columns Sephadex
TM

 G-50 (GE-

Healthcare), denatured with formamide and resolved by capillary electrophoresis 

using the ABI Prism
®

 BigDye
®

 V3 software (Applied Biosystems) at the Sequencing 

Service Unit, Ipatimup and analysed by comparing sample sequences with the 

hSDHD reference sequence (http://www.ncbi.nlm.nih.gov)  by the online program 

BLAST (http://www.ensembl.org/index.html) (Aken et al., 2016). 

 

5’-TGACCTTGAGCCCTCAGGAA-3’

5’-TCAGGGTGGGAAGACCCCT-3’

5’-GATCATCCTAATGACTCTTTCC-3’

5’-AGCAGCAGCGATGGAGAGAA-3’

5’-CTTTTATGAATCTGGTCCTTTTTG-3’

5’-CAACTATATTTGGAATTGCTATAC-3’

5’-TGATGTTATGATTTTTTCTTTTTCT-3’

5’-CAATTCTTCAAAGTATGCAGTCA-3’

Table 3: Primer sequences used in hSDHD amplification and sequencing 

The presence of the mitochondrial enzyme fumarate hydratase was assessed by 

immunohistochemical staining with the antibody anti-FH, according to 

specifications shown in table 1. Cases without expression of FH staining needed 

the confirmation by Sanger sequencing of the FH gene. 

Statistical analysis was performed using IBM SPSS Statistics Version 22. Continuous 

variables were reported as mean value and standard deviation (SD) and median 

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/index.html
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value. Fisher’s exact test was used to evaluate differences in frequencies of clinical, 

pathological parameters and protein expression scores (IRS) comparing pRCC1 and 

pRCC2. Spearman’s rank correlation test was used to assess the correlation 

between evaluated parameters when at least one of them had more than two 

categories. Kruskal-Wallis test was used to assess and calculate differences in IRS 

(Porto series) and in mRNA expression (TCGA series) when comparing pRCC1 and 

pRCC2. Univariate survival analyses were performed using the Kaplan-Meier 

method with log-rank test. Results were considered statistically significant when p 

< 0.05. 
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Data from clinic-pathological features observed in pRCC from the Porto series is 

depicted in Table 4A. In brief, 51 tumours were classified as pRCC1 (n=45; 88.2%) 

and pRCC2 (n=6; 11.8%); 43 (84.3%) were men and 8 (15.7%) were women (Table 

4A). The ratio female/male was 1:5.4 and the median age was 58 years. pRCC2 

tumours presented significantly more lymph vascular invasion, higher stages (pT3-

4), high grades (G3-4), than pRCC1 tumours (p= 0.017; p=0.036 and p=0.041, 

respectively) (Table 4A and Appendix II - Table 0). A significantly higher frequency 

of deaths due to RCC were observed in patients with pRCC2 compared to pRCC1 

tumours (p=0.023). 

The clinic-pathological data from the 163 primary pRCC retrieved from the TCGA 

database is depicted in Table 4B. The cases were classified as pRCC1 (n=77) and 

pRCC2 (n=86) and the ratio female/male was 1:2.5 and the median age was 61 

years. pRCC2 tumours presented significantly, higher stages (pT3-4 and pN
+

) and 

grades (G3-4) than pRCC1 tumours (p= 0.033; p=0.002 and p<0.001, respectively). 

Kaplan - Meier survival analyses of pRCC1 and pRCC2 types from Porto and TCGA 

series  revealed that patients with tumours classified as pRCC2, as well as those 

presenting higher stage (pT3 and pT4) or dimension greater than 10 cm have a 

significant poorer overall survival (OS) than do patients with tumours classified as 

pRCC1 (log rank, p=0.055; p=0.034, respectively) or considered low stage tumours 

(pT1 and pT2, log rank, p<0.001; p<0.001 respectively), or presenting smaller 

tumours (≤ 10 cm) respectively (log rank, p<0.001; p=0.017, respectively) (Fig. 7A, 

B, C, D and 8 A, B). 

We observed that the presence of tumour coagulative necrosis in Porto series was 

associated with lower overall survival (log rank, p=0.011), whereas in TCGA, there 

was no significant difference in the overall survival between patients with or without 

coagulative necrosis (log rank, p=0.056) (Fig. 8C, D). 



31 

 

In series Porto in contrast to TCGA we also observed a tendency to a better overall 

survival in patients younger than 60 years (log rank, p=0.054 and p=0.055, 

respectively) (Fig. 9A, B). 

In Porto series we observed a tendency to lower overall survival in patients 

presenting lymph vascular invasion (log rank, p=0.077) (Fig.10C). 

No significant difference in the overall survival was observed in tumour focality in 

Porto series (Fig. 10 D) nor gender and nuclear tumour grade in both series (Fig. 

9C, D and 10A, B). 
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Legend: p = based on Fisher's exact test. 

Table 4A: Patient's data and clinic-pathological features– Porto series. 

 

51 (100.0) 45 (88.2) 6 (11.8)  

men (%)│women (%)│n (%) 43 (84.3)│8 (15.7)│51 (100.0) 37 (82.2)│8 (17.8)│45 (88.2)  6 (100.0)│0 (0.0)│6 (11.8) p=0.572 

Median│Mean (years) 58.0│59.8±13.6 59.0│59.4±13.8 63.5│62.8±12.9  

│   3.5│3.9± 2.2   3.5│ 3.7± 1.6   4.6│5.4± 4.5  

Median│Range 

(months)
│0.0 – 177.0 53.7│0.0 – 177.0 32.1│3.0 – 103.0 

 

n (%) 51 (100.0) 45 (88.2)   6 (11.8) p=0.036 

: n (%) 44 (86.3)   41 (91.1) 3 (50.0)  

: n (%)   2 (3.9)   2 (4.4)   0 (0.0)  

: n (%) 4 (7.8)   2 (4.4)   2 (33.3)  

: n (%)   1 (2.0)   0 (0.0) 1 (16.7)  

: n (%) 51 (100.0) 45 (88.2)   6 (11.8) p=0.224 

: n (%)   0 (0.0)   0 (0.0)   0 (0.0)  

 n (%) 51 (100.0) 45 (88.2)   6 (11.8) p=0.224 

n (%)   2 (3.9)   1 (2.2)   1 (16.7)  

n (%) 51 (100.0) 45 (88.2)   6 (11.8) p=0.041 

 n (%)   2 (3.9)   2 (4.4)   0 (0.0)  

: n (%) 18 (35.3) 18 (40.0)   0 (0.0)  

: n (%) 30 (58.8) 25 (55.6)   5 (83.3)  

: n (%)   1 (2.0)   0 (0.0)   1 (16.7)  
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Legend: p = based on Fisher's exact test 

Table 4B- Patient's data and clinic-pathologic features - TCGA series. 

 
 

n (%)
163 (100.0) 77 (47.2) 86 (52.8) 

 

men (%)│women (%)│n  117 (71.8)│46 (28.2) 56 (72.7)│21 (27.3)│77 (47.2) 61 (70.9)│25 (29.1)  
p=0.469 

Median│Mean±SD (years)  61.0│61.3±12.2│ 59.0│58.1±11.2│ 65.0│64.2±12.4 
 

 Median│Mean ±SD (cm)   4.2│5.0±3.1│ 4.0│4.4±2.3│ 4.7│5.4±3.5 
 

n (%) 163 (100.0) 77 (47.2) 86 (52.8) 
p=0.033 

n (%)  113 (69.4) 50 (64.9) 63 (73.2)  

n (%)    17 (10.4) 13 (16.9)   4 (4.7) 
 

 n (%)    31 (19.0)  14 (18.2) 17 (19.8) 
 

n (%)     2 (1.2) 0 (0.0)   2 (2.3) 
 

n (%) 162 (100.0) 77 (47.2) 85 (52.8) 
p=0.002 

n (%)   18 (11.1)   2 (2.6) 16 (18.8) 
 

 n (%) 162 (100.0) 74 (47.1) 83 (52.9)  
p =0.088 

 n (%)    3 (1.9)    0 (0.0)   3 (3.6) 
 

n (%) 117 (100.0) 56 (47.9) 61 (52.1) 
p<0.001 

n (%)   17 (14.5) 14 (25.0)   3 (4.9) 
 

n (%)   42 (35.9) 34 (60.7)   8 (13.1) 
 

n (%)   55 (47.0)   8 (14.3) 47 (77.0) 
 

n (%)     3 (2.6)   0 (0.0)   3 (4.9)  
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Figure 7: Kaplan - Meier analyses in Porto and  and TCGA [  and ] series. In 

univariate analyses, patients with carcinomas classified as pRCC2 in Porto series 

, present a tendency to lower OS than do patients with pRCC1carcinomas; in 

TCGA series , patients with carcinomas classified as pRCC2 present worse OS 

than do patients with pRCC1 carcinomas; patients with higher pT stage carcinomas, 

in both series  and  have poorer OS than those with lower pT stage 

carcinomas. 

 

 

TCGA series Porto series 

 

Porto series – TNM (pT grouped) TCGA series – TNM (pT grouped) 

gggggggrpouaaaabbbbbbzxxzxzgaghgg

gggggggroupedgroupedgrouped 

Porto series – Tumour subtype TCGA series – Tumour subtype 

gggggggrpouaaaabbbbbbzxxzxzgaghgg

gggggggroupedgroupedgrouped 

p<0.001 

p=0.034 

p<0.001 

p=0.055 

A B 

C D 
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Figure 8: Kaplan – Meier analyses in Porto and  and TCGA and  series. In 

univariate analysis, patients with larger carcinomas, from both series, present 

lower OS  and ; in Porto series, patients with tumours with presence of 

necrosis showed lower OS than do patients without presence of tumour 

necrosis, whereas in TCGA series a tendency to lower OS  was observed in 

patients with tumours with necrosis. 

 

A B 
Porto series - Tumour dimension TCGA series - Tumour dimension 

dimension 

gggggggrpouaaaabbbbbbzxxzxzgaghgg

gggggggroupedgroupedgrouped 

C D Porto series – Necrosis TCGA series – Necrosis 

gggggggrpouaaaabbbbb

p<0.001 p=0.017 

p=0.011 p=0.056 
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Figure 9: Kaplan – Meier analyses in Porto [ and ] and TCGA [ and ] series. In 

univariate analyses a tendency to longer overall survival was observed in patients 

younger than 60 years in both series [  and ]; no significant difference in overall 

survival was observed between male and female patients [  and . 
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Figure 10: Kaplan – Meier analyses in Porto [ ,  and ] and TCGA [ ] series. In 

univariate analyses, no significant difference was observed in the overall survival 

between patients with low and high grade carcinomas, in both series  and ; in 

Porto series no significant difference was observed in the overall survival between 

patients with or without presence of lymph node metastases [ ] or unifocal and 

multifocal carcinomas [ ]. 
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In normal kidney, GLUT1 and MCT4 had a similar expression, being localised in the 

cytoplasm and basolateral membrane of distal tubules (although MCT4 was also 

observed in the cytoplasm of proximal tubules). MCT1 and CD147 were only 

expressed in the basolateral membrane, the former being limited to proximal 

tubules, and the latter present in proximal and distal tubules. GLUT4 was limited 

to the cytoplasm of proximal and distal tubules, not being observed in the 

membrane (Fig. 11). 

Data concerning membrane (m) GLUT1, GLUT4, MCT1, MCT4 and CD147 

expression in tumour tissues (Fig. 12) are summarised in Tables 5, 6A, 8A, 9A. 

Membrane expression in the Porto series was high for MCT4 (94.1%), GLUT1 (60.8%) 

and CD147 (60.8%), and low for MCT1 (17.6% and GLUT4 (9.8%). When comparing 

the two subtypes, differential membrane expression was observed for mGLUT1 

[55.6% in pRCC1 and 100% in pRCC2 (p=0.044)] and notably for mMCT1 [8.9% in 

pRCC1 and 83.3% in pRCC2 (p<0.001)] (Table 5). 

When using the membrane IRS (mIRS), which represents not only the intensity of 

the staining, but also the extent of the respective staining, the results described 

above were corroborated (Table 6A, Fig.13A): GLUT1 and MCT1 mIRS means were 

significantly higher in pRCC2 than in pRCC1 tumours (p=0.004 and p<0.001, 

respectively), while no significant difference was observed in GLUT4, MCT4 and 

CD147 mIRS means between pRCC1 and pRCC2 (Table 6A, Fig.13A). 

Analysing mRNA expression data from the TCGA series, the same tendency was 

observed: GLUT1 and MCT1 mRNA mean expression levels were significantly higher 

in pRCC2 than in pRCC1 (p=0.005 and p<0.001, respectively) while no significant 

difference was observed in GLUT4, MCT4 and CD147 mRNA mean expression levels 

between pRCC1 and pRCC2 tumours (Table 6B, Fig.13B).  
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Figure 11 Expression (IHC) of GLUT1, GLUT4, MCT1, MCT4, and CD147 in pRCC1: 

[1-5] controls; [6-10] carcinoma adjacent tissue.  
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Figure 12: Expression (IHC) of GLUT1, GLUT4, MCT1, MCT4, and CD147 in 

pRCC1  and pRCC2  (scale 200μm). 
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Legend: p = based on Fisher's exact test; NS = no statistical significance; N = sample size; *p<0.05; **p<0.001 

Table 5: GLUT1, GLUT4, MCT1, MCT4 and CD147 membrane expression (Porto series). 

 

 

Protein 
pRCC pRCC1 pRCC2  

Total 
n 

Neg n 
(%) 

Pos n 
(%) 

Total 
n 

Neg n 
(%) 

Pos n 
(%) 

Total 
n 

Neg n 
(%) 

Pos n 
(%) 

p 

GLUT1 51 
20 

(39.2) 
31 

(60.8) 
45 

20 
(44.4) 

25 
(55.6) 

6 
0 

(0.0) 
6 

(100.0) 
0.044* 

GLUT4 51 
46 

(90.2) 
5 (9.8) 45 

40 
(88.9) 

5 
(11.1) 

6 
6 

(100.0) 
0 

(0.0) 
1.000 

MCT1 51 
42 

(82.4) 
9 

(17.6) 
45 

41 
(91.1) 

4 
(8.9) 

6 1 (16.7) 
5 

(83.3) 
<0.001** 

MCT4 51 
3  

(5.9) 
48 

(94.1) 
45 

3 
(6.7) 

42 
(93.3) 

6 
0 

(0.0) 
6 

(100.0) 
0.227 

CD147 51 
20 

(39.2) 
31 

(60.8) 
45 

18 
(40.0) 

27 
(60.0) 

6 
2 

(33.3) 
4 

(66.7) 
0.126 
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Legend: Kruskal-Wallis test, p = based on Fisher's exact test; *p<0.05; **p<0.001. 

Table 6A: GLUT1, GLUT4, MCT1, MCT4 and CD147 expression- Porto series. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Legend: Kruskal-Wallis test, p = based on Fisher's exact test; *p<0.05; **p<0.001. 

Table 6B: GLUT1, GLUT4, MCT1, MCT4 and CD147 expression -TCGA series. 
 

 

 

Protein 
pRCC pRCC1 pRCC2  

Mean±SD  Mean±SD Mean±SD p 

GLUT1 2.76±3.03  2.27±2.63 6.50±3.50 0.004* 

GLUT4 0.29±1.06  0.33±1.13 0.00± 0.0 0.619 

MCT1 0.67 ±1.99  0.24±0.80 8.00±4.49 <0.001** 

MCT4 6.00±3.52  6.16±3.50 8.40±3.92 0.348 

CD147 3.18±3.32  2.87±2.97 9.40±4.97 0.198 

mRNA 
pRCC pRCC1 pRCC2  

Mean 
±SD 

Mean±SD Mean±SD p 

GLUT1/ 
SLC2A1 

2248.64 
±4953.67 

2122.79 
±5446.57 

2361.31 
±4496.31 

0.005* 

GLUT4/ 
SLC2A4 

80.84 
±134.68 

75.47 
±72.06 

85.65 
±172.86 

0.510 

MCT1/ 
SLC16A1 

457.10 
±628.14 

258.16 
±502.21 

635.22 
±677.14 

<0.001** 

MCT4/ 
SLC16A 

3412.20 
±3900.77 

3184.85 
±2626.39 

3615.76 
±4769.02 

0.455 

CD147/ 
BSG 

29840.58 
±11165.48 

9433.01 
±10605.80 

30205.49 
±11693.76 

0.735 
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Legend  ** <0.001; * <0.05. 

Figure 13A: Expression (IRS) distribution of GLUT1, GLUT4, MCT1, MCT4 and 

CD147 in pRCC1 and pRCC2 - Porto series. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: ** <0.001; * <0.05. 

Figure 13B: Expression (mRNA) distribution of GLUT1, GLUT4, MCT1, MCT4 and 

CD147 between pRCC1 and pRCC2 - TCGA series. 
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Since one of the aims of our work was to assess if pRCCs display increased 

glycolysis rate, we evaluated the correlation between glucose transporters 

(GLUT1 and GLUT4) and lactate transporters (MCT1 and MCT4) mIRS. 

Additionally, and assuming that CD147 functions as MCT1 and MCT4 

chaperon, we analysed the correlation between CD147 mIRS and MCT1 and 

MCT4 mIRS, in the Porto series (Table 7A). We observed significant 

correlations between GLUT1 and MCT1 mIRS (p<0.001); GLUT1 and MCT4 

mIRSs (p=0.002); CD147 and MCT1 mIRS (p=0.001); and CD147 and MCT4 

mIRS (p=0.001). No significant correlation was observed between GLUT4 

mIRS and any of the lactate transporters (MCT1 and MCT4) mIRS (Table 7A). 

In the TCGA series, GLUT1 mRNA expression was significantly correlated 

with MCT1 (p=0.001) and MCT4 (p<0.001), no correlation was observed 

between CD147 and MCT1 (p=0.677), a negative correlation between CD147 

and MCT4 was observed (p=0.035) (Table 7B). 
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Legend: p based on Spearman’s rank correlation 
 test; r= correlation value; *p<0.05; **p<≤0.001. 

Table 7: Correlation between GLUT1, GLUT4, MCT1, MCT4 and CD147 expression 

in pRCC: [A] protein (mIRS), Porto series; [B] mRNA, TCGA series. 

 
Protein 

pRCC 

MCT1 MCT4 

p│r p│r 

GLUT1 
<0.001** 
│ 0.528 

0.002* 
│ 0.423 

GLUT4 NS NS 

CD147 
0.001** 
│0.469 

0.001** 
│ 0.449 

mRNA  
pRCC 

MCT1 MCT4 
p│r p│r 

GLUT1 
<0.001** 
│ 0.250 

<0.001** 
│ 0.525 

GLUT4 
0.270 

│ -0.087 
0.991 

│ -0.001 

CD147 
0.677 

│ -0.033 
0.035* 
│ -0.165 
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In the Porto series, GLUT1 mIRS was significantly higher in tumours with higher 

pN stage (p=0.042) and high nuclear grade (p<0.001), whereas MCT1 and 

CD147 mIRSs were significantly higher in carcinomas with higher nuclear 

grade (p=0.033 and p=0.017, respectively). GLUT4 and MCT4 mIRSs did not 

correlate with any clinic-pathological features, although a tendency was 

observed between higher pT stage and MCT4 expression (p=0.058) (Table 8A). 

In addition, MCT1 mIRS was also significantly higher in cases with lymph-vascular 

invasion (r=0.339; p=0.015), and presence of sarcomatoid features (r=0.318; 

p=0.023). CD147 mIRS was significantly higher in unifocal (r=0.317; p=0.025), and 

carcinomas with lymph-vascular invasion (r=0.364; p=0.009) (Table 8B). 

When splitting the data into pRCC1 and pRCC2 we observed that: 

In pRCC1, MCT1 mIRS was significantly higher in tumours with sarcomatoid features 

(dedifferentiated) (r=0.494, p=0.001); MCT4 mIRS was significantly higher in tumours 

with necrosis (r=0.317; p=0.034); CD147 mIRS was higher in females (r=0.314; 

p=0.036), poorly/undifferentiated (r=0.303; p=0.043), and unifocal tumours 

(r=0.385; p=0.010) (Table 8A, Table 8B). 

In pRCC2 tumours, a tendency to higher MCT1 and MCT4 mIRS in presence of lymph-

vascular invasion was observed (r=0.792; p=0.060 and r=0.792; p=0.060); higher 

CD147 membrane expression was significantly correlated with lymph-vascular 

invasion (r=0.891; p=0.017) (Table 8A, Table 8B). 

Concerning the TCGA tumour series, we correlated GLUT1, GLUT4, MCT1, MCT4 and 

CD147/BSG mRNA expression with the available features (patient gender, age, 

carcinoma grade and stage (TNM) (Table 9). 

GLUT1 mRNA expression was significantly higher in pRCC from women (p=0.003), 

higher pT (p<0.001), higher pN (p=0.001) and higher nuclear grade (p=0.014); GLUT4 

mRNA expression was significantly higher in carcinomas from men; MCT1 mRNA 

expression was significantly increased in carcinomas with higher pT stages (p<0.001) 

and higher nuclear grade (p=0.014); MCT4 mRNA expression was significantly 

increased in carcinomas with higher pT stages (p=0.048); and CD147 mRNA 
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expression was significantly higher in carcinomas from younger patients (p=0.018) 

and men (p<0.001) (Table 9). 

When splitting the series into pRCC1 and pRCC2 we observed that:  

GLUT1 mRNA expression in pRCC1 was significantly higher in female patients 

(r=0.251, p=0.020) and in pRCC2, GLUT1 mRNA expression was also significantly 

higher in females (r=0.251, p=0.020), and in younger (<60y) patients (r=-0.242, 

p=0.026), with higher pT (r=0.489, p<0.001) and higher pN (r=0.462, p=0.009) (Table 

9). 

GLUT4 mRNA expression in pRCC1 was significantly higher in male patients (r=-

0.286, p=0.012), and in younger (<60y) (r=-0.253, p=0.027) patients and. in pRCC2, 

GLUT4 mRNA expression was significantly higher in older (≥60y) patients (r=0.289, 

p=0.008) (Table 9). 

MCT1 mRNA expression in pRCC1: no significant correlations were found between 

MCT1 mRNA expression and clinic-pathological features. In pRCC2, MCT1 mRNA 

expression was higher in carcinomas with higher pT (r=0.256, p=0.017) (Table 9). 

MCT4 mRNA expression in pRCC1: no significant correlations were found between 

MCT4 mRNA expression and clinic-pathological features. In pRCC2, MCT4 mRNA 

expression was higher in poorly/undifferentiated (r=0.347, p=0.006) carcinomas, 

and higher pT (r=0.278, p=0.009) (Table 9). 

CD147 mRNA expression in pRCC1 did not correlate with any clinic-pathological 

features. In pRCC2, CD147 mRNA expression was similarly, significantly higher in 

male patients (r=-0.368, p=0.001), and also in older patients (≥60y) patients 

(r=0.325, p=0.003) (Table 9). 

In univariate analysis, the global expression of MCT1 was significantly associated with 

better overall survival in Porto series (p=0.031), in contrast to the MCT1 membrane 

expression in Porto series and the mRNA expression in TCGA series (Fig. 16). No 

significant associations were found concerning overall survival and expression of 

GLUT1, GLUT4, MCT4 and CD147 in cases from both series (Figures 14, 15 and 17, 

18). 
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p│ r p│ r p│ r p│ r p│ r 
 

p│ r p│ r p│ r p│ r p│ r 
 

p│ r p│ r p│ r p│ r p│ r 

NS NS NS NS NS 
 

NS NS NS NS NS 
 

NS NE NS NS NS 
  

NS NS NS NS NS 

 

NS NS NS NS NE NE NE NE NE 
 │0.314 

 

NS NS NS 

0.058 

NS 

 

NS NS NS 

0.056 

NS 

 

NS NE NS NS NS 

│0.268 
 │0.287 

 

NS NS NS NS 
 

NS NS NS NS NS 

 

NS NE NS NS NS 

│0.285 
 

NS NS NS NS NS 

 

NS NS NS NS NS 

 

NS NE NS NS NS 
  

NS NS NS NS NS 

NS NE NS NS NS 

│0.507 │0.300 │0.333 
 │0.422 │0.303 

      

Legend: p = based on Spearman’s rank correlation test; r= correlation; NS = no statistical significance; NE= not estimated due to insufficient data. 

Table 8A: Correlation between clinic-pathological features and the membrane expression (IRS) of GLUT1, GLUT4, MCT1, 

MCT4 and CD147 in pRCC by subtype - Porto series  
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Legend: p = based on Spearman’s rank correlation test; r= correlation; NS = no statistical significance; NE= not estimated due to insufficient data. 

Table 8B: Correlation between pathological features and the membrane expression (IRS) of GLUT1, GLUT4, MCT1, MCT4 and 

CD147 in pRCC by subtype – Porto series. 

 

 

 

  

  

  p (r) p (r) p (r) p (r) p (r) 
 

p (r) p (r) p (r) p
a

 (r) p (r) 
 

p(r) p (r) p (r) p (r) p (r) 

NS NS NS 

0.072 

NS NS NS NS 

 

NS NE 

0.060 0.060 

0.339 0.364 -0.271 
 

0.792 0.792 0.891 

NS NS NS 

0.090 
 

NS NS NS NS 

 

NS NE NS NS NS 

0.292 0.240 
 

0.317 
 

NS NS NS NS NS NS 

0.066 

NS NE NS NS NS 

0.308 0.317 
 

0.280 0.385 
 

NS NS NS NS 
 

NS NS NS NS 
 

NS NE NS NS NS 

  
0.318 

  
  

  
0.494 
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Legend: based on Spearman’s rank correlation test; r= correlation; NS = no statistical significance; NE= not estimated. 

Table 9: Correlation between clinical-pathological features and mRNA expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 in 

pRCC by subtype - TCGA series.

 

 

  

p│ r p│ r p│ r p│ r p│ r 
 

p│ r p│ r p│ r p│ r p│ r 
 

p│ r p│ r p│ r p│ r p│ r 

NS NS NS NS 
│0.187

NS 
│ -0.253

NS NS NS 

 

│ -0.242 │0.289
NS NS 

│0.325 

│0.233 │ -0.239
NS NS 

│ -0.283 │0.256 │ -0.286
NS NS NS 

 

│0.251
NS NS NS 

│ -0.368
  

│0.365
NS 

│0.281 │0.155
NS 

 

NS NS NS NS NS 

 

│0.489
NS 

│0.256 │0.278
NS 

  

│0.237 NS NS NS NS  NS NS NS NS NS 

 

│0.462 NS NS NS NS  

NS NS NS NS NS 

 

NE NE NE NE NE 

 

NS NS NS NS NS 
 

 

│0.226 NS │0.226 NS NS 

 

NS NS NS NS NS 

 

NS NS NS 

 

│0.347 NS 
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Figure 14  Kaplan - Meier survival analyses: mGLUT1, gGLUT1 expression (IRS) 

from Porto series and GLUT1 mRNA expression from TCGA series. In univariate 

analysis no significant association was observed between GLUT1 expression and 

OS. 
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≤ median 

> median 
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Figure 15  Kaplan - Meier survival analyses of mGLUT4, GLUT4 global expression 

(IRS) from Porto series and GLUT4 mRNA from TCGA series. In univariate analysis 

no significant association was observed between GLUT4 expression and OS. 
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Figure 16 Kaplan – Meier. Univariate analysis of mMCT1, gMCT1 expression (IRS) 

from Porto series and MCT1 mRNA from TCGA series. Patients with higher gMCT1 

have significant poorer OS than do those with lower gMCT1 expression. No 

association was observed between mMCT1 and MCT1 mRNA expression and the 

OS. 
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Figure 17  Kaplan – Meier. Univariate analysis of mMCT4, gMCT4 expression (IRS) 

from Porto series and MCT mRNA from TCGA series. No significant association was 

observed between MCT4 expression and OS. 
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Figure 18  Kaplan – Meier. Univariate analyses of mCD147, gMCT4 expression 

(IRS) from Porto series and CD147 mRNA expression from TCGA series. No 

significant association was observed between GLUT1 expression and OS. 
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SDHA expression was observed in 51 (100%) cases [45 pRCC1 and in 6 pRCC2 

(p=0.100)]. All cases (n=51) presented granular cytoplasmic staining of SDHA in 

more than 90% of the tumour as well as in tubules from the adjacent kidney 

parenchyma (Fig. 19). 

SDHB expression was observed in 46 (90.2%) cases [40 (88.8%) pRCC1 and in 6 

(100%) pRCC2]. The positive cases presented granular cytoplasmic staining of 

SDHA in more than 90% of the tumour tissues as well as in tubules from the 

adjacent kidney parenchyma. The 5 pRCC1 cases presenting loss of SDHB 

cytoplasmic staining in tumour cells and adjacent kidney parenchyma staining 

tubules were considered negative and analysed for genetic variants within the 

coding sequences of the eight exons. 

We analysed the 5 SDHB negative tumours. No deleterious genetic alterations were 

observed by Sanger sequencing in the coding sequences analysed, neither within 

the eight SDHB exons, nor within the four SDHD coding exons. 

However, in the 5 tumours we identified in SDHB exon 1, a missense substitution 

(GCC>GCA c.18 AGA), cDNA position 18 that replaced alanine by other alanine 

aminoacid. 

FH staining by immunohistochemistry expression was observed in all 51 pRCC 

and in the positive control. No staining was observed in the negative control. 

Therefore, none of the pRCC studied was affected by fumarate hydratase 

alterations. 
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Figure 19: Immunohistochemical expression of SDHA , SDHB  in normal 

kidney cortex  and , in kidney cortex with thyroid-like pattern  and  and 

in pRCC (scale 500µm). 
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Legend: na =not applicable; neg = negative. 

Table 10: Clinic-pathological characteristics of the tumours presenting loss of 

SDHB immuno-histochemical staining. 

 

Legend: neg = negative; pos = positive. 

Table 11: Immunohistochemical membrane (m) expression: score (IRS) 1 to 9 for 

GLUT1, GLUT4, MCT1, MCT4 and CD147 and cytoplasmic (c) expression of SDHA 

and SDHB  

 

Parameters/Cases 01T 16T 24T 25T 56T 

Gender M M M M W 

Age (years) 77 54 32 75 52 

pRCC type 1 1 1 1 1 

Tumour size: (cm) 2.5 3.5 3.0 2.6 4.4 

pT  pT1a pT1a pT1a pT1a pT1b 

pN  neg neg neg neg neg 

pM  neg neg neg M1 neg 

Tumour grade  G2 G3 G2 G3 G2 

pRCC type 1 1 1 1 1 

Time of follow-up 
(months) 

127 103 77 10 7 

Cause of death na na na RCC na 

Lymph-vascular 
invasion 

not 
identified 

not 
identified 

not 
identified 

not 
identified 

not 
identified 

Tumour focality Unifocal Multifocal Unifocal Unifocal na 

Sarcomatoid 
features 

not 
identified 

not 
identified 

not 
identified 

not 
identified 

not 
identified 

Tumour necrosis absent absent absent present absent 

Microscopic tumour 

extension 

Limited to 
the kidney 

Limited to 

the kidney 

Limited to 

the kidney 

Limited to 

the kidney 

Limited to 

the kidney 

Protein/Cases 01T 16T 24T 25T 56T 

GLUT1m 3 0 0 6 0 

GLUT4m 0 0 2 0 0 

MCT1m 0 0 0 0 0 

MCT4m 6 6 4 9 4 

CD147m 0 3 0 0 2 

SDHAc pos pos pos pos pos 

SDHBc neg neg neg neg neg 
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The results of this study show that in Porto and TCGA series, pRCC2 tumours 

presented a worse prognosis, with higher tumour nuclear grade and higher stages 

(TNM) and lymph vascular invasion. In addition, the identification of distant 

metastases either at diagnosis or after surgery was more frequent in pRCC2 than 

in pRCC. This is in accordance with other reports (Patard et al., 2005, MéJean et al., 

2012, Steffens et al., 2012, Delahunt et al., 2013) and with 2016 WHO Classification 

of Tumours (Delahunt et al., 2016a). 

On the other hand, in Porto series, pRCC1 cases had significantly higher number 

of organ-confined tumours, significantly less lymph-vascular invasion and 

significantly lower grades than pRCC2. Similarly, in TCGA series, pRCC1 had 

significantly higher number of organ-confined tumours, and significantly lower 

grades than pRCC2. 

As reported in the literature (Fernandes and Lopes, 2015, Siegel et al., 2015), the 

results of this study also show that, as in other RCCs, pRCC affects men more than 

women. In Porto series, male patients were more severely affected by pRCC than 

female patients. Indeed, tumours resected from female patients were all pRCC1 

without metastasis or deaths due to pRCC. Furthermore, in woman, almost all the 

tumours excised were limited to the kidney and classified as low nuclear grade and 

low stages. 

In Porto series we only had 6 pRCC2 cases and this limited the statistical evaluation. 

In this study we observed that, patients with pRCC2 presented 

. In Porto and TCGA series, after a mean follow up of less 

than 5 years, the tumour associated death rate was significantly lower in pRCC1 

than in pRCC2 patients. 

Univariate analysis from Porto and TCGA series revealed that patients with pRCC2, 

or higher stage tumours or tumour dimension ≥10 cm associated to lower patient 

overall survival. 
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Older patients, patients with tumours with lymph-vascular invasion, or higher 

nuclear grades (G3 and G4) showed a tendency to lower overall survival. 

Interestingly, in Porto series we observed that patients with tumours presenting 

necrosis had lower overall survival, but not in TCGA series. 

In the literature we found that in ccRCC studies, the presence of coagulative 

necrosis was reported to be significantly associated to risk of ccRCC related death 

and decreased overall survival on univariate analysis. Yet, on multivariate analysis 

only necrosis >10% remained significant. Also, the extent of necrosis has been 

significantly associated with other adverse pathological features such as tumour 

nuclear grade, high pT, pN, and pM. It seems consensual that the necrosis extent 

based classification is an independent prognostic factor in ccRCC (Sengupta et al., 

2005, Breau et al., 2009, Qayyum et al., 2012, Renshaw and Cheville, 2015). A 

large study reported that in contrast to ccRCC, in pRCC the presence of coagulative 

necrosis seems to have insignificant prognostic influence (Sengupta et al., 2005, 

Cornejo et al., 2015). 

Our data is in line with other studies. pRCC subtype was considered by 2016 WHO 

Classification of tumours to have prognostic significance, with pRCC2 presenting 

poorer prognosis than pRCC1 (Moch et al., 2016c). pRCC2 was associated to higher 

tumour grades, more frequent synchronous metastases both at diagnosis and after 

localised tumour resection, and concomitant shorter overall survival (Yang et al., 

2005, MéJean et al., 2012). Recently, lympho-vascular invasion (LVI), ISUP tumour 

grade, tumour size, and pTNM were identified as prognostic predictors of overall 

survival (OS) by univariate analysis in a report of 154 pRCCs. Conversely, Fuhrman 

nuclear grade was reported to be associated with cancer-specific survival (CSS) but 

not a predictor of OS (Cornejo et al., 2015). 

This study assessed, for the first time, the correlation between the expression 

levels of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC1 and pRCC2, and clinic 

and pathological features accepted as prognostic in pRCC (Alomari et al., 2015, 

Cornejo et al., 2015, Moch et al., 2016c). 
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The association of GLUT1 expression with higher grade tumours (G3-4) and the 

presence of lymph node metastases (pN) in both series (also with higher pT stage, 

in TCGA series) together with the association of MCT1 expression with higher grade 

tumours (G3-4) in both series (also with higher pT stage in TCGA series), suggests 

that GLUT1 and MCT1 may be markers of tumour aggressiveness and potential 

prognostic biomarkers in pRCCs, in line with other reports in other tumours types 

(Pinheiro et al., 2008a, Izumi et al., 2011, Pertega-Gomes et al., 2011, Pinheiro et 

al., 2011, Baek et al., 2014, Ohno et al., 2014, Pinheiro et al., 2014, Zhu et al., 

2014, Pertega-Gomes et al., 2015). GLUT1 membrane expression was more 

frequently reported in high grade basal-like breast carcinomas (Pinheiro et al., 

2011). Moreover, in melanomas, GLUT1 membrane expression was reported as 

significantly associated with higher pT, and MCT1 expression frequency was 

significantly associated with higher clinic stage, higher pT, higher pN, and higher 

pM, and significantly associated to shorter overall patient survival (Pinheiro et al., 

2016). Interestingly, MCT1 and GLUT1 were significantly more expressed in V600E 

BRAF mutated melanomas (Pinheiro et al., 2016)  

Suganuma and collaborators (2007) quantified GLUT1 expression by real-time 

quantitative PCR in different RCCs and observed no significant GLUT1 expression 

in pRCC when compared to adjacent tissue (Suganuma et al., 2007). We observed 

GLUT1 membrane expression in pRCC: most pRCC1 (with low IRS scores) and all 

pRCC2 (with moderate to high IRS scores). Furthermore, we found a significant 

difference in the frequencies and the median expression score when comparing 

both pRCC subtypes. We think that this discrepancy may be explained by the low 

number of pRCC samples used in Suganuma’s study. 

Conversely to GLUT1 and in agreement with reports from other authors (Suganuma 

et al., 2007, Nagase et al., 1995 ) GLUT4 membrane expression was absent in 

almost our pRCC, being expressed on the cell membrane of few pRCC1. We 

speculate that GLUT4 expression in some pRCC1 might result from a translocation 

to the cell membrane, possibly upon AKT activation (Stöckli et al., 2011). 

We observed that high MCT1 expression correlates with poor prognostic features. 

In Porto series, high levels of MCT1 expression correlated with higher tumour 

grades, higher microscopic tumour extension beyond kidney, and lymph-vascular 

invasion in pRCC. Importantly, pRCC1 with sarcomatoid features expressed MCT1. 

Additionally, the TCGA series revealed that high MCT1 expression correlates to 

higher pT, and higher tumour grades in pRCC (Kim et al., 2015). 
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Previous studies reported that MCT1 overexpression seems to associate with poor 

clinic-pathological features in many human cancers, including cancers of the 

breast, colon, uterine cervix, human lung cancer, and gastrointestinal tumours 

(Pinheiro et al., 2008b, Pinheiro et al., 2009a, Pinheiro et al., 2009b, Pinheiro et al., 

2011, de Oliveira et al., 2012, Granja et al., 2015). In melanomas, MCT1 expression 

frequency was reported as significantly associated with higher clinical stage, higher 

pT, higher pN, and higher pM, and significantly associated to shorter overall patient 

survival (Pinheiro et al., 2016). Thus, MCT1 overexpression might be a putative 

biomarker of tumour progression and a therapeutic target in a subset of pRCC. 

Interestingly, pRCC2 showed characteristics of poor prognosis, as well as higher 

expression of GLUT1 and MCT1, when compared with pRCC1, reinforcing the 

hypothesis that GLUT1 and MCT1 can serve as predictive biomarkers for tumour 

aggressiveness. Remarkably, MCT1 membrane expression was found only in 4 

pRCC1 cases, 3 of them being high grade tumours (G3). Our results are in line with 

data previously published in other human tumour models, where MCT1 and GLUT1 

expression associated with poor prognosis (Pinheiro et al., 2011, Pinheiro et al., 

2015, Pinheiro et al., 2016). 

High MCT4 expression was also higher in tumours with higher pT stages. High 

levels of MCT4 expression in tumour cell membrane were reported to be associated 

with increased cellular motility and invasive potential in in vitro models of breast 

and lung cancer (Gallagher et al., 2007, Izumi et al., 2011) and were associated 

with poor prognosis and in several human cancer models including RCC (Pinheiro 

et al., 2008a, Pinheiro et al., 2008b, Pertega-Gomes et al., 2011, Martins et al., 

2013, Bovenzi et al., 2015, Kim et al., 2015, Pertega-Gomes et al., 2015). 

In this study, we observed high frequencies of CD147 membrane expression in 

pRCC1 and pRCC2, but no significant difference was observed in the frequencies 

of expression between both subtypes. In addition, high levels of CD147 expression 

correlated with high tumour grade, lymph-vascular invasion and multifocality in 

pRCC. Interestingly, CD147 overexpression correlated with high Fuhrman nuclear 

grade in ccRCC (Kim et al., 2015). 

High CD147 levels have also been reported in RCC, and associated to low disease 

free survival rates and decreased overall survival and resistance to Sunitinib 

treatment, by others (Jin et al., 2006, Han et al., 2010, Sato et al., 2013a). In other 

studies, CD147 has been associated to tumour progression and development of 

metastases. Its expression was observed in breast, lung and gastric primary 
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tumours and concomitantly in paired micrometastases (Klein et al., 2002, Reimers 

et al., 2004). The association of CD147 expression with an aggressive phenotype, 

such as increased proliferation, migration, invasion, metastasization and poor 

survival, has already been described in other models (Dang et al., 2008, 

Rademakers et al., 2011, Huang et al., 2013, Huang et al., 2014, Monteiro et al., 

2014). 

In the Porto series, we observed that 2 tumours co-expressing GLUT1, MCT4 and 

CD147 presented with synchronous metastasis and 2 other tumours co-expressing 

GLUT1, MCT1, MCT4 and CD147 developed metachronous metastasis. This is in 

line with recent studies, in which the authors observed that the co-expression of 

elevated MCT4 and CD147 was associated with poor prognostic parameters and 

that the co-expression of MCT1, MCT4 and CD147 predicts tumour progression in 

ccRCC (Kim et al., 2015) and the expression of CD147 has been associated to 

presence of metastases in various tumours (breast, prostate and lung). In addition, 

the adjuvant therapy with anti-CD147, specifically 
131

I-labeled HAb18G/CD147 

(Licartin) has been proved to benefit some patients with hepatocellular carcinoma 

(Chen et al., 2005, Zhu et al., 2016). 

Thus, therapeutic targeting of the lactate transporters and their chaperon, either 

alone or in combination might be useful for blocking pRCC progression in cases 

presenting the aforementioned immunohistochemistry features (Sato et al., 

2013a). 

Most cancer cells are addicted to aerobic glycolysis, to sustain their energetic and 

nutrient needs. Yet, this feature, seminally recognised by Otto Warburg nearly one 

century ago, is now known to be driven not only by the rapid neoplastic 

proliferation but, indeed, as a consequence of oncogene and/or tumour suppressor 

genes, epigenetic and other transcriptional and post transcriptional gene 

regulation mechanisms (Bernards and Weinberg, 2002, Phan et al., 2014, Pinweha 

et al., 2016). The increased glycolytic flux, starts with increased glucose uptake 

and oxidation to pyruvate, which is then converted into lactate in the cytosol. The 

excess of lactate, produced as a result of upregulated glycolysis, uncoupled from 

the oxidative phosphorylation, is extruded to the cell surrounding environment by 
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the monocarboxylate transporters MCT4 and/or MCT1, altogether composing the 

picture of a glycolytic phenotype (Draoui and Feron, 2011, Doherty and Cleveland, 

2013). 

In the present study we analysed the expression of glucose (GLUT1 and GLUT4), 

lactate transporters (MCT1 and MCT4) and the MCT1/MCT4 chaperon (CD147), in 

two different series (Porto and TCGA) of pRCCs, each of them providing 

complementary information. The Porto series, although with less cases than the 

TCGA series, allowed the analysis of GLUT1, GLUT4, MCT1, MCT4 and CD147 

protein expression in pRCCs. The TCGA series, which resulted from a collection of 

various centres worldwide with a centralized revision panel, allowed the analysis of 

GLUT1 (SLC2A1), GLUT4 (SLC2A4), MCT1 (SLC16A1), MCT4 (SLC16A3) and CD147 

(BSG) mRNA expression in a larger series of pRCCs. 

GLUT1 expression in renal cell tumours was reported as displaying two patterns, 

membranous and cytoplasmic, or a mixture of both (Ozcan et al., 2007). In normal 

kidney, a weak and focal cytoplasmic GLUT1 expression was reported in cell 

membrane of renal tubule cells, but GLUT4 expression was not detected (Nagase 

et al., 1995 ). 

The upregulation of GLUT1 seems to associate to an increased expression of 

monocarboxylate transporters, namely MCT1 and MCT4, in order to exchange the 

excess of lactate with the cell surrounding environment, produced as a result of 

upregulated glycolysis, uncoupled from the oxidative phosphorylation (Draoui and 

Feron, 2011, Doherty and Cleveland, 2013). CD147, being an ancillary protein for 

MCT1 and MCT4, and required for their trafficking and assembling to the cell 

membrane. 

We observed that the glycolytic markers GLUT1, MCT4 and the chaperon CD147 

were highly expressed in pRCCs and may play an important role in the metabolic 

remodelling of pRCCs, as reported in other types of tumours (Izumi et al., 2011, 

Pertega-Gomes et al., 2011, Pinheiro et al., 2011, Pinheiro et al., 2012a, Baek et 

al., 2014, Ohno et al., 2014, Pinheiro et al., 2014, Zhu et al., 2014, Pertega-Gomes 

et al., 2015). The high number of cases showing membrane expression (the cellular 

compartment where those proteins are thought to exert their function), indicates a 

substantial role of glycolysis in pRCC, thus supporting their functional role in the 

metabolic remodelling of pRCC cells (Gould and Holman, 1993, Halestrap and Price, 

1999). 
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Despite the small number of cases in Porto series, all pRCC2 cases displayed GLUT1 

membrane expression, and most of them MCT1 expression. The fact that few 

pRCC1 and most pRCC2 expressed MCT1 in the plasma membrane leads us to 

suggest that membrane MCT1 expression may be a useful pRCC2biomarker. 

Furthermore, we observed a positive correlation between GLUT1 expression 

(membrane and mRNA), and MCT1 and MCT4 expression (membrane and mRNA), 

in Porto and TCGA series, respectively. These data substantiate the likelihood of 

increased glycolytic rate in pRCCs (assuming it as an indicator of increased 

glycolysis rate), which is putatively may be due to concurrent expression of GLUT1 

and MCT4, since MCT1 was expressed in a smaller subset of cases (see below). 

Further studies are needed to validate this assumption. 

In Porto series, we observed that membrane GLUT1 and MCT1 mIRS mean levels 

were significantly higher in pRCC2 than in pRCC1. Remarkably, GLUT1 and MCT1 

mean mRNA expression levels in the TCGA series, were also significantly higher in 

pRCC2 than in pRCC1. These results support the assumption that pRCC2 are more 

glycolytic than pRCC1, and that GLUT1 and MCT1 are probably the glucose and 

lactate transporters which may largely contribute to these differences. However, 

this assumption needs to be functionally validated, since it was advanced that 

MCT1 are mainly involved in lactate influx and MCT4 in lactate efflux, meaning that 

the MCT4 isoform is a better marker for increased glycolysis in tumour cells 

(Witkiewicz et al., 2012). However, in our series this seems not to occur, since MCT1 

positive cells were also MCT4 positive. Additionally, MCT1 was simultaneously 

expressed in the cytoplasm (Table I and II in appendix II). Halestrap and Wilson 

suggested that the upregulation of MCT1 in the presence of MCT4 expression, may 

be due to the capacity of MCT1 but not MCT4 to transport both, lactate and 

pyruvate to maintain the cytosolic redox equilibrium between the cells and 

environment. This was reported in studies in which inhibition of MCT1 in various 

cells lines displayed decreased pyruvate export rates either by stable MCT1 

knockdown or shRNA sequence knockdown. In addition, MCT1 treatment with 

AZD3965 was reported not only abolished MCT1 expression but also lead to 

accumulation of pyruvate in the cytosol and reduced pyruvate export (Hong et al., 

2016). 

The lack of correlation we observed between membrane GLUT4 and MCT1 and 

MCT4 expression, indicates that GLUT4 may probably not have a major role in the 

glycolytic phenotype in pRCCs. 
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An interesting finding was that all pRCC2 tumours displayed GLUT1 membrane 

expression, and most expressed MCT1, MCT4 and CD147 indicating a possible 

metabolic shift in pRCC2. 

If confirmed in a larger series of pRCC2 cases, this metabolic phenotype (GLUT1, 

MCT1, MCT4 and CD147 co-expression) may substantiate a putative therapeutic 

targeting of lactate transporters. Interestingly, the combined administration of 

biguanidines (an inhibitor of the mitochondrial complex I) and MCT1, MCT4 or 

CD147 inhibitors was reported to cause a synergistic anticancer effect in tumours 

co-expressing MCT1, MCT4 and CD147 (Hong et al., 2016, Selwan EM et al., 2016). 

We also observed a correlation between membrane CD147 and membrane MCT1 

and MCT4, in Porto series, reinforcing the role of CD147 as a chaperon of MCT1 

and MCT4, important for their plasma membrane localization in RCCs (Kim et al., 

2015), as reported in other models (Pinheiro et al., 2008a, Pinheiro et al., 2009a, 

Le Floch et al., 2011, Pertega-Gomes et al., 2011, Choi et al., 2014, Simões-Sousa 

et al., 2016). 

It is important to point out that in the Porto series we evaluated protein expression 

(IHC), while mRNA expression was assessed in the TCGA series. Although a 

relationship between mRNA and protein expression has been reported for MCT1, 

in MCT4 this correspondence is less likely to occur due to post-translational 

modification (PTM) mechanisms. In fact, Bonen and collaborators (2000), reported 

a significant correlation between MCT1 protein and mRNA levels, in rat hindlimb 

muscles, but did not observe any relationship between MCT4 protein and mRNA 

levels (Bonen et al., 2000). Similar results were reported in breast tumours and cell 

lines by Hong and collaborators (2016) (Hong et al., 2016). 

Furthermore, in pRCC, MCT1 and MCT4 membrane expression correlated to GLUT1 

and CD147 membrane expression. In pRCC1 MCT1 and MCT4 membrane 

expression correlated to GLUT1, GLUT4 and CD147 membrane expression. In 

pRCC2 tumours MCT1 membrane expression is correlated to CD147 membrane 

expression. Since C147 is chaperon for MCT1 and MCT4 our results establish a 

concomitant expression of CD147 and MCT1and MCT4. In glycolytic tumours the 

overexpression of GLUT1 associates with the overexpression of MCT4 and MCT1 

to extrude the large amounts of lactate that result from a hyper glycolytic state. 

Interestingly, we did not found co-expression of MCT4 and CD147 in some pRCC1, 

which also did not express MCT1. A plausible explanation for MCT4 expression in 
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the absence of CD147 expression, may be related to MCT4 properties, namely, the 

possibility of HIF-1α induction of MCT4 overexpression, through HIF-1α response 

elements (HRE) on MCT4 gene promoter (Ullah et al., 2006), and the existence of 

dominant sorting signals in MCT4 C-terminal tails, to ensure MCT4 self-trafficking 

and expression to the basolateral membrane (Castorino et al., 2011). Alternatively, 

to CD147, MCT4 may form complexes with other chaperons, as suggested by 

others (Pinheiro et al., 2010, Pinheiro et al., 2015). 

It was advanced that the absence of CD147 expression may be related to 

incomplete glycosylation caused by the formation of complexes with caveolin-1 in 

the early stages of glycosylation and consequent inhibition of maturation to high 

glycoforms. CD147 seems to be able to associate with a number of accessory 

proteins, including caveolin-1. The kidney is rich in Caveolin-1, which has been 

reported to interact with low glycoforms of CD147 and inhibiting its conversion to 

high glycoforms, which are essential for CD147 expression (Tang et al., 2004a, 

Kennedy and Dewhirst, 2010). Therefore, we may speculate that the absence of 

CD147 expression in some pRCC cases from Porto series, can result from 

abnormalities in protein glycosylation. 

We observed loss of SDHB expression by immunohistochemistry in a subset of 

pRCC1 tumours. In addition, we did not find any SDHB and SDHD pathogenic 

variants within the coding sequences of those genes by Sanger sequencing. 

Alterations in any subunit of the complex II were reported to cause complex II 

instability and consequent abolishment of the SDH enzyme activity (Gimenez-

Roqueplo et al., 2001) as well as loss of SDHB expression, which is detectable by 

immunohistochemistry. A negative immunohistochemical staining for SDHB was 

accepted to be reliably used to triage for any SDH mutations prior genetic testing 

(van Nederveen et al., 2009, Gill et al., 2010). Nevertheless, we need to test these 

tumours for SDHC genetic alterations (which are rare in RCC) and for the possibility 

of the existence of large deletion in SDHB, SDHC and SDHD genes, or even, for 

epigenetic alterations, as verified in Carney triad, in which SDHC methylation is 

frequent (Haller et al., 2014). 

As far as we are aware, loss of SDHB expression without SDH genetic alterations 

has never been described in pRCCs. Interestingly, all but one case in this subset 
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were pRCC1 and one, not only yield a highly glycolytic phenotype (high scores of 

mGLUT1 and mMCT4), but also a synchronous metastasis. It is known that pRCC 

type 1 tumours are frequently associated to activation of the MET oncogene either 

due to mutations or MET and HGF/SF gene duplication, (Jeffers et al., 1997, Schmidt 

et al., 1997, Schmidt et al., 1999, Schmidt et al., 2004). Therefore, we asked 

whether or not it would be possible the existence of any link between MET/c-MET 

and HGF/SF, and SDHB, that might explain the SDHB loss of expression in those 

five pRCC1 tumours. It was observed that activation of Signal Transducers and 

Activators of Transcription 3 (STAT3) by HGF/SF - MET contributed to cell 

transformation (Boccaccio et al., 1998), and the constitutive STAT3 activation has 

been proven, not only, to increase tumour cell glycolytic metabolism, but also a 

downregulation of nuclear genes encoding mitochondrial proteins either in vitro or 

in vivo experiments. 

Therefore the loss of SDHB function in a subset of pRCC1 tumours was a novel 

observation. 

It would be of interest to further study, in pRCC progression the putative 

relationship between loss of function and downregulation of the SDHB genes in 

addition to its possible link to other mechanisms (e.g. c-MET/HGF and STAT3 

activation). 

The putative relationship between SDHB loss of function and downregulation of the 

SDHB genes needs to be explored and confirmed in addition to its possible link to 

c-MET/HGF and STAT3 activation and development of metastatic disease. 

Therefore, we consider important to clarify the mechanism underlying the loss of 

SDHB in pRCC tumours and to clarify its possible association with STAT3 activation 

and with development of metastasis. 

The treatment for advanced pRCC is yet to be developed, mainly due to 

unavailability of predictive biomarkers (Brugarolas, 2016, Kumar et al., 2016). In 

our study we observed different metabolic profiles (Fig. 20) which may be explained 

by the ability of tumour cells to reprogram their metabolism in a way that suites 

their own needs to survive, grow and proliferate. 
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Figure 20: Porto series 6 different staining profiles were observed in pRCC 

tumour cells. 

Our results also show that the main problem in pRCC is the inability to identify 

tumours that are likely to disseminate, developing metastases. On the other hand, 

it is known that pRCC metastases are resistant to chemotherapy and radiotherapy. 

In our series, 2 cases developed metachronous metastases. These two cases both 

expressed GLUT1, MCT1, MCT4, CD147, independently of the pRCC subtype. In a 

study by Sato and collaborators (2013), RCC cells expressing CD147 were reported 

to be resistant to Sunitinib therapy (Sato et al., 2013a). On the other hand, 

CD147has been shown to be a highly and diversely glycosylated protein. The level 

and quality of glycosylation has also been shown crucial for CD147 function, like 

the induction of metalloprotease secretion by stromal cells and consequent 

degradation of the extracellular matrix (Li et al., 2016). CD147 deglycosylation by 

tunicamicin treatment resulted in failure of MMP-1 and MMp-2 induction by CD147 

and deletion of N-linked glycosylation at Asn152 on CD147 significantly 

suppressed in situ tumour metastasis (Li et al., 2016). 

Therefore, to us seems important to disclose the level and type of CD147 

glycosylation in pRCC tumours and its role in development of metastasis, since it 

could contribute to development of therapy either to prevent the development of 

metastasis or to its treatment (Magbanua et al., 2015, Li et al., 2016). 
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With this study employing only a few metabolic markers, we observed different 

profiles even among the scarse cases that developed metastasis. This indicates the 

need of markers in pRCC that allow: i) to identify cases that are at higher risk of 

recurrence; ii) the establishment of optimal treatment strategies in selected 

mRCCs. 
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In the present study, we analysed, as far as we know, for the first time, the 

expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC1 and pRCC2, to 

assess the existence of correlations with clinical and pathological features. We 

observed, as reported by others, that pRCC affects more frequently and more 

severely men than women, and that pRCC2 frequently present more severe 

prognosis and reduced survival time when compared to pRCC1. 

We observed a significant correlation between MCT1 and CD147 cell membrane 

expression in pRCC2. Additionally, MCT1 was expressed in a subset of pRCC1, 

but with low scores and significantly correlated with GLUT1 and CD147 cell 

membrane expression. Differences in MCT1 expression between pRCC subtypes 

have, so far, never been reported, but a larger number of tumours are warranted 

to validate our results.  

This study provides novel evidence for the involvement of MCT1 and GLUT1 in 

pRCC, which seem more evident in pRCC2, and thus may help to evaluate the 

metabolic status in pRCC subtypes. Moreover, MCT1 may be a putative predictor 

of increased pRCC aggressiveness, since it was significantly associated with 

increased tumour grades, irrespectively of the tumour subtype (Hong et al., 

2016). 

In addition, the SDHB loss of expression in a subset of pRCC1 was observed so 

far for the first time. 

Altogether these data support the proposal that pRCC are glycolic tumours, and 

that the glycolytic phenotype plays a role in tumour aggressiveness. In this series 

of tumours, we observed that the hyper glycolytic phenotype in pRCC, is mainly 

supported by the increased expression of the glucose transporter GLUT1 and 

the lactate transporters MCT1 and MCT4, being higher in pRCC2. 

We believe that the study of some complementary markers, such as c-MET/HGF, 

pSTAT3, LDHA, PDK1, HIF-1α and the CD147 glycosylation profiles may help to 

clarify the metabolic status of pRCC and eventually correlate with concomitant 

genetic and epigenetic alterations, in order to allow a more comprehensive 

picture of the metabolic pathways involved in pRCC malignant transformation. 
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Indeed, this study brought both new insights for pRCC metabolic frames and 

raised new questions concerning the putative mechanisms underlying the 

development of metastasis. Once such mechanisms are recognised will allow: i) 

the identification of cases at risk for developing metachronous metastasis; ii) 

the design of and implementation of efficient therapies to prevent the 

development of metachronous metastasis and the adequate treatment for 

established metastasis; iii) the implementation of adequate follow-up 

management strategies. 
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Summary. Papillary Renal Cell carcinoma (pRCC) is
the second most common type of RCC, accounting for
about 15% of all RCCs. Surgical excision is the main
treatment option. Still, 10-15 % of clinically localized
tumours will recur and/or develop metastasis early after
surgery, and no reliable prognostic biomarkers are
available to identify them. It is known that pRCC cells
rely on high rates of aerobic glycolysis, characterized by
the up-regulation of many proteins and enzymes related
with the glycolytic pathway. However, a metabolic
signature enabling the identification of advanced pRCC
tumours remains to be discovered.

The aim of this study was to characterize the
metabolic phenotype of pRCCs (subtypes 1-pRCC1 and
2-pRCC2) by evaluating the expression pattern of the
glucose transporters (GLUTs) 1 and 4 and the
monocarboxylate transporters (MCTs) 1 and 4, as well
as their chaperon CD147. We analysed the clinico-
pathological data and the protein and mRNA expression
of GLUT1, GLUT4 and MCT1, MCT4 and CD147 in
tumours from Porto and TCGA series (http://cancer
genome.nih.gov/), respectively.

With the exception of GLUT4, plasma membrane
expression of all proteins was frequently observed in
pRCCs. GLUT1 and MCT1 membrane overexpression
was significantly higher in pRCC2 and significantly

associated with higher pN-stage and higher Fuhrman
grade. 

Overexpression of GLUT1, MCT1/4 and CD147,
supports the metabolic reprograming in pRCCs. MCT1
expression was associated with pRCC aggressiveness,
regardless of the tumour histotype.
Key words: Papillary renal cell carcinoma pRCC1,
pRCC2, Glucose Transporter, Monocarboxylate
transporter

Introduction

Renal cell cancer (RCC) comprises a heterogeneous
group of tumours arising from the epithelium of the
renal tubules and accounts for >90% of all adult renal
carcinomas (Chow et al., 2010; Fernandes and Lopes,
2015). RCC originates from a diverse set of genetic
abnormalities, presenting diverse histologic features,
distinct biologic behaviour, variable responses to therapy
and variable clinical outcomes (Lam et al., 2005; Wang
et al., 2014; Fernandes and Lopes, 2015).

According to the WHO classification, the most
common adult RCC subtypes are: clear cell renal cell
carcinoma (ccRCC; 65-70%) followed by papillary renal
cell carcinoma (pRCC; up to 18.5%), and chromophobe
renal cell carcinoma (chRCC; 5-7%) (Moch et al., 2016).

pRCCs are a heterogeneous group of tumours,
composed of epithelial cells with papillary or
tubulopapillary architecture, traditionally subdivided in
two subtypes (pRCC1 and pRCC2), on the basis of
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distinct morphological and behavioural features that may
influence therapeutic options (Yang et al., 2013; Moch et
al., 2016). pRCC1 is characterized by the presence of
cuboidal or columnar neoplastic small cells, with nuclei
aligned in a single layer and a scanty and pale cell
cytoplasm, covering fibrovascular cores or stalks.
pRCC2 displays large epithelial cells lining fibro-
vascular cores, showing pseudostratification or irregular
stratification of nuclei, often presenting abundant
cytoplasm and moderate to marked nuclear pleo-
morphism usually with prominent nucleoli. pRCC
subtyping is considered to be of prognostic significance,
having type 1 tumours a better prognosis than those with
type 2 morphology (Delahunt et al., 2001; Alomari et al.,
2015; Fernandes and Lopes, 2015; Moch et al., 2016).

Remarkably, available evidence shows that, like
other human cancer cells, the neoplastic cells of pRCC
display high glycolytic rates and uncoupled oxidative
phosphorylation, even in the presence of oxygen
(Warburg effect) (Shuch et al., 2013). One of the first
consequences of the cell commitment to a glycolytic
phenotype is the upregulation of glucose transporters
(GLUTs) and monocarboxylate transporters (MCTs).
The increased glycolytic flux starts with increased
glucose uptake (with consequent glucose transporters
upregulation), which is oxidised to pyruvate and further
converted into lactate in the cytosol. The excess of
produced lactate is then extruded to the surrounding
milieu by monocarboxylate transporters (Halestrap and
Price, 1999; Le Floch et al., 2011).

GLUTs are a family of facilitative sugar transporters
(GLUT1-14), encoded by the Solute Carrier 2 (SLC2)
gene family, which transport glucose across the plasma
membrane by diffusion gradient, exhibiting different
substrate specificities, kinetic properties and tissue
expression profiles (Zhao and Keating, 2007). GLUT1
and GLUT4 are the most studied glucose transporters in
human tumours, and their upregulation has been
associated with tumour growth, invasiveness and
metastasis (Wang et al., 2014). The monocarboxylate
transporter (MCT) family is composed of 14 members
with distinct transport properties and tissue distribution.
MCTs are encoded by the superfamily of Solute Carrier
Genes 16 (SLC16) which is conserved among species
(Halestrap and Price, 1999). Like GLUTs, MCTs,
namely MCT1 and MCT4 have been found upregulated
in several types of tumours (Pinheiro et al., 2011, 2012).
The importance of MCTs for tumour growth has been
reported by various authors either by using MCT
inhibitors and proliferation studies (Halestrap, 2013) or
by combining the silencing of MCT1 or MCT4 and
CD147 [also called Basigin (BSG) or EMMPRIN],
demonstrating that MCT impairment leads to a
significant reduction of the glycolytic flux and cell
proliferation (Le Floch et al., 2011). CD147 is a highly
glycosylated transmembrane protein member of the
immunoglobulin superfamily of receptors, being
encoded by the BSG gene (Biswas et al., 1995). CD147
is a chaperon required for MCT1 -3 and -4 cell

membrane expression and function, via the formation of
heterodimeric complexes. CD147 has been associated
with the regulation of the trafficking and anchoring of
MCT1 and MCT4 to different cell surfaces of polarized
cells (Le Floch et al., 2011; Pinheiro et al., 2012;
Halestrap, 2013) and has been reported to be over-
expressed in many cancers, including RCC (Jin et al.,
2006; Dang et al., 2008; Han et al., 2010; Pinheiro et al.,
2010; Rademakers et al., 2011; Huang et al., 2013,
2014a,b; Sato et al., 2013; Monteiro et al., 2014).

One of the most common diagnostic problems in
pRCC is the identification of the 10-15 % of clinically
localized tumours that will recur and/or develop
metastasis early after surgical excision. While these
tumours share morphological features with those that are
successfully treated, they should have distinct biological
properties, constituting a challenge for the prognosis and
management of RCC in general and pRCC in particular
due to the inexistence of reliable prognostic biomarkers
(Osunkoya et al., 2009; Wang et al., 2014).

The aim of this study was to assess the expression of
GLUT1, GLUT4, MCT1, MCT4, and the chaperon
CD147, in a series of pRCCs, and to evaluate its clinico-
pathological significance. Furthermore, we questioned
whether such biomarkers may contribute to the
identification of a distinct metabolic phenotype of
pRCCs and help in distinguishing pRCC1 from pRCC2,
ultimately contributing to the development of therapeutic
strategies directed to particular onco-driven stages. In an
attempt to validate our results, we used a series of pRCC
derived from The Cancer Genome Atlas (http://cancer
genome.nih.gov/).
Materials and methods

Sample characterization: clinical and pathological data

A total of 51 consecutive (from January 1998 to July
2013) pRCC were identified in the files of the
Department of Pathology of Centro Hospitalar de São
João and re-evaluated by two pathologists (JML and
RS). All patients were submitted to surgical resection by
either radical (n=37; 72.5%) or partial (n=14; 27.5%)
nephrectomy. Clinical parameters were annotated from
the patients’ records and the oncology registries from
Centro Hospitalar de São João and Oncology Registry of
North Region (RORENO).

Demographic, clinical and pathologic data include:
gender, age, tumour size, TNM stage and Fuhrman
grade. Tumours were classified according to the tumour-
node-metastasis (TNM) cancer staging system,
corresponding to the 7th edition of the AJCC Cancer
Staging Manual (Edge and Compton, 2010) and the
Fuhrman grading systems (Fuhrman et al., 1982). The
tumours were grouped into low (pT1-pT2) or high (pT3-
4) stage and low (G1-G2) or high (G3-G4) Fuhrman
grade. 

This study was approved by the Local Ethical
Committee of Centro Hospitalar de São João, (Porto,
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Portugal)/Medical Faculty (Porto, Portugal) and is in
accordance with the National Ethical rules.
Evaluation of protein expression levels by immunohisto-
chemistry (IHC)

The expression of GLUT1, GLUT4, MCT1, MCT4,
and CD147 was assessed in all tumours and matched
adjacent kidney parenchyma. In fourteen (27.5%) cases
[12 (26.6%) pRCC1 and 2 (33.3%) pRCC2] adjacent
kidney parenchyma was excluded from IHC evaluation
due to the presence of distorted tubules, several cysts
and thyroid like structures (data not shown).

Serial tissue sections (3µ thick) of representative
tumour samples and normal kidney were used for IHC.
The IHC for GLUT1, GLUT4, MCT1, MCT4 and
CD147 was performed according to the manufacturer’s
protocols with the following primary antibodies: GLUT1
(ab15309, Abcam, UK), GLUT4 (ab33780, Abcam,
UK), MCT1 (EMD Millipore Corporation, USA), MCT4
(sc-50329, Santa Cruz Biotechnolgy, INC., CA, USA)
and CD147 (1.BB.218; sc-71038, Santa Cruz Bio-
technolgy, INC., CA, USA). The tissue sections were
deparaffinised followed by a sequential hydration.
Antigen retrieval was performed at 98°C, with citrate
solution (pH=6) for GLUT1, GLUT4, MCT1, and
MCT4 and with EDTA (pH=8) for CD147 (Table 1).
After peroxidase and avidin-biotin blocking, all sections
were treated with Lab Vision™ UltraVision™ Large
Volume Detection System: anti-Polyvalent, HRP
(Thermo Scientific). All reactions were revealed with
diaminobenzidine (DAB) chromogen (Dako Carpinteria,
CA, USA) and counterstained with haematoxylin and
eosin. All protocols included positive and negative
controls. In negative controls the primary antibodies
omitted and replaced by the antibody dilution reagent.
The external positive controls included known positive
tissues for the specific antibody. Kidney/adjacent tissue
surrounding the tumour was used as internal control.

The expression of MCT1, MCT4, GLUT1, GLUT4
and CD147 in tumour tissue was evaluated according to
an immune reactive staining (IRS) score adapted from
Fonteyne et al. (2009) and Couto et al. (2012). Briefly,
the extension (E) of immunostaining for each antibody
was evaluated using a score from 0 to 4 (0: <10% cells;
1: 11% - 25%; 2: 26% - 50%; 3: 51% - 75%; and, 4:
>75% cells) and the immunostaining intensity (I) was

evaluated using a score from 0 to 3 [(0=absent; 1=weak
(+); 2=moderate (++); 3=strong (+++)]. The IRS score
was calculated by multiplying E score by I score (IRS=E
x I). Membrane IRS (mIRS) score, indicating protein
expression in cell membrane, was calculated (Gould and
Holman, 1993, Halestrap and Price, 1999). Cases
showing an IRS score 1 or above were considered
positive.

In order to validate our results, we analysed the
TCGA database for mRNA expression of GLUT1,
GLUT4, MCT1, MCT4 and CD147 i.e., Solute Carrier
Family 2, Member 1 (SLC2A1) and Member 4
(SLC2A4), Solute Carrier Family 16, member 1
(SLC16A1) and Member 3 (SLC16A3), and Basigin
(BSG), since, in this series, we did not have access to
tissue protein expression.
Statistical analyses

Statistical analysis was performed using IBM SPSS
Statistics Version 22. Fisher’s exact test was used to
validate differences in frequencies of clinical and
pathological parameters, as well as protein expression
scores (IRS), comparing pRCC1 and pRCC2. Spear-
man’s rank correlation test was used to assess the
correlation between evaluated parameters (categorical
variables). Kruskal-Wallis test was used to assess and
validate differences in mIRS (Porto series) and in
mRNA expression (TCGA series) for comparing pRCC1
and pRCC2. Univariate survival analyses were
performed using the Kaplan-Meier method with log-rank
test. Results were considered statistically significant
when p≤0.05.
Results

Patient and tumour features 

The tumours were classified as pRCC1 (n=45) and
pRCC2 (n=6) and the ratio female/male was 1:5.4 (43
men and 8 women). Table 2 summarises the main
features observed in pRCC from the Porto series.

The clinic-pathologic data from the 163 primary
pRCC retrieved from the TCGA database are
summarized in Table 3. The cases were classified as
pRCC1 (n=77) and pRCC2 (n=86) and the ratio
female/male was 1:2.5.
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Table 1. Antigen retrieval and antibody incubation conditions.

Primary Antibodies Antigen Retrieval Primary Ab dilution Primary Ab incubation

GLUT1 0,2 mg/mL Citrate, pH 6 Water bath, 98°C, 10 min. 1/400 1H, RT
GLUT4 0,3 mg/mL Citrate, pH 6 Water bath, 98°C, 20 min. 1/400 ON, RT
MCT1 1.0 mg/mL Citrate, pH 6 Water bath, 98°C, 20 min. 1/100 ON, RT
MCT4 (H-90) 200 µg /mL Citrate, pH 6 Water bath, 98°C, 20 min. 1/1000 2H, RT
CD147 200 µg /mL EDTA, pH 8 Water bath, 98°C, 20 min. 1/300 ON, RT

Ab, antibody; ON, overnight; H, hour; RT, room temperature.
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Table 2. Patient data and clinical-pathological features - Porto series.

Porto - series pRCC pRCC1 pRCC2 p

Total: n (%) 51 (100.0) 45 (88.2) 6 (11.8)
Gender: men n (%)│women n (%) 43 (84.3)│8 (15.7) 37 (82.2)│8 (17.8) 6 (100.0)│0 (0.0) p=0.572
Age: Median│Mean (years) 58.0│59.8±13.6 59.0│59.4±13.8 63.5│62.8±12.9
Tumour Size: Median│Mean (cm) 3.5│3.9± 2.2 3.5│ 3.7± 1.6 4.6│5.4± 4.5
pT Total: n (%): 51 (100.0) 45 (88.2) 6 (11.8) p=0.036*
pT1: n (%) 44 (86.3) 41 (91.1) 3 (50.0)
pT2: n (%) 2 (3.9) 2 (4.4) 0 (0.0)
pT3: n (%) 4 (7.8) 2 (4.4) 2 (33.3)
pT4: n (%) 1 (2.0) 0 (0.0) 1 (16.7)
pN Total: n (%) 51 (100.0) 45 (88.2) 6 (11.8) p=0.224
pN: n (%) 0 (0.0) 0 (0.0) 0 (0.0)
pM Total: n (%) 51 (100.0) 45 (88.2) 6 (11.8) p=0.224
pM: n (%) 2 (3.9) 1 (2.2) 1 (16.7)
Fuhrman Tumour Grade Total: n (%) 51 (100.0) 45 (88.2) 6 (11.8) p=0.041*
G1: n (%) 2 (3.9) 2 (4.4) 0 (0.0)
G2: n (%) 18 (35.3) 18 (40.0) 0 (0.0)
G3: n (%) 30 (58.8) 25 (55.6) 5 (83.3)
G4: n (%) 1 (2.0) 0 (0.0) 1 (16.7)

p, based on Fisher's exact test; *p≤0.05.

Table 3. Patient data and clinical-pathological features - TCGA series.

TCGA - series pRCC pRCC1 pRCC2

Total: n (%) 163 (100.0) 77 (47.2) 86 (52.8)
Gender: men n (%)│women n (%) 117 (71.8)│46 (28.2) 56 (72.7)│21 (27.3) 61 (70.9)│25 (29.1) p =0.469
Age: Median│Mean│(years) 61.0│61.3±12.2│ 59.0│58.1±11.2│ 65.0│64.2±12.4
Tumour size: Median│Mean (cm) 4.2│5.0±3.1│ 4.0│4.4±2.3│ 4.7│5.4±3.5
pT Total: n (%) 163 (100.0) 77 (47.2) 86 (52.8) p =0.033*
pT1: n (%) 113 (69.4) 50 (64.9) 63 (73.2)
pT2: n (%) 17 (10.4) 13 (16.9) 4 (4.7)
pT3: n (%) 31 (19.0) 14 (18.2) 17 (19.8)
pT4: n (%) 2 (1.2) 0 (0.0) 2 (2.3)
pN Total: n (%) 162 (100.0) 77 (47.2) 85 (52.8) p =0.002*
pN: n (%) 18 (11.1) 2 (2.6) 16 (18.8)
pM Total: n (%) 162 (100.0) 74 (47.1) 83 (52.9) p =0.088
pM: n (%) 3 (1.9) 0 (0.0) 3 (3.6)
Fuhrman Tumour Grade Total: n (%) 117 (100.0) 56 (47.9) 61 (52.1) p <0.001**
G1: n (%) 17 (14.5) 14 (25.0) 3 (4.9)
G2: n (%) 42 (35.9) 34 (60.7) 8 (13.1)
G3: n (%) 55 (47.0) 8 (14.3) 47 (77.0)
G4: n (%) 3 (2.6) 0 (0.0) 3 (4.9)

p, based on Fisher's exact test; *p≤0.05; **p≤0.001.

Table 4. GLUT1, GLUT4, MCT1, MCT4 and CD147 membrane expression (Porto series).

Protein pRCC pRCC1 pRCC2
Total n Neg n (%) Pos n (%) Total n Neg n (%) Pos n (%) Total n Neg n (%) Pos n (%) p

GLUT1 51 20 (39.2) 31 (60.8) 45 20 (44.4) 25 (55.6) 6 0 (0.0) 6 (100.0) 0.044*
GLUT4 51 46 (90.2) 5 (9.8) 45 40 (88.9) 5 (11.1) 6 6 (100.0) 0 (0.0) 1.000
MCT1 51 42 (82.4) 9 (17.6) 45 41 (91.1) 4 (8.9) 6 1 (16.7) 5 (83.3) <0.001**
MCT4 51 3 (5.9) 48 (94.1) 45 3 (6.7) 42 (93.3) 6 0 (0.0) 6 (100.0) 0.227
CD147 51 20 (39.2) 31 (60.8) 45 18 (40.0) 27 (60.0) 6 2 (33.3) 4 (66.7) 0.126

p, based on Fisher's exact test; NS, no statistical significance; N, sample size; *p≤0.05; **p≤0.001.



Patients with pRCC2 tumours had worse overall
survival in both series (Fig. 1).
GLUT1, GLUT4, MCT1, MCT4 and CD147 expression

In the normal kidney, GLUT1 and MCT4 had a
similar expression, being localised in the cytoplasm and
basolateral membrane of distal tubules (although MCT4
was also observed in the cytoplasm of proximal tubules).
MCT1 and CD147 were only expressed in the
basolateral membrane, the former being limited to
proximal tubules, and the latter present in proximal and
distal tubules. GLUT4 was limited to the cytoplasm of
proximal and distal tubules, not being observed in the
membrane (Fig. 2).

Data concerning membrane (m) GLUT1, GLUT4,
MCT1, MCT4 and CD147 expression in tumour tissues
are summarised in Figure 2 and in Tables 4-6.
Membrane expression in the pRCC series was high for
MCT4 (94.1%), GLUT1 (60.8%) and CD147 (60.8%),
and low for MCT1 (17.6%) and GLUT4 (9.8%). When
comparing the two subtypes, differential membrane
expression was observed for mGLUT1 [55.6% in
pRCC1 and 100% in pRCC2 (p=0.044)] and notably for
mMCT1 [8.9% in pRCC1 and 83.3% in pRCC2
(p<0.001)].

When using the membrane IRS (mIRS), which
represents not only the intensity of the staining, but also
the extent of the respective staining, the results described
above were confirmed (Table 5): GLUT1 and MCT1

mIRS means were significantly higher in pRCC2 than in
pRCC1 tumours (p=0.004 and p<0.001, respectively),
while GLUT4, MCT4 and CD147 mIRS means were
comparable in pRCC1 and pRCC2 tumours (Table 5).

Analysing mRNA expression data from the TCGA
series, the same tendency was observed: GLUT1 and
MCT1 mRNA mean expression levels were significantly
higher in pRCC2 than in pRCC1 (p=0.005 and p<0.001,
respectively) while GLUT4, MCT4 and CD147 mRNA
mean expression levels were identical (Table 6).
Correlation between membrane GLUT1, GLUT4 and
CD147 with membrane MCT1 and MCT4 expression in
tumour cells

Since one of the aims of our work was to verify if
pRCCs display increased glycolytic rate, we assessed the
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Fig. 1. Kaplan - Meier survival analyses in patients from Porto and TCGA series with pRCC1 and pRCC2 tumours. Patients with pRCC2 tumours had
shorter overall survival.

Table 5. GLUT1, GLUT4, MCT1, MCT4 and CD147 membrane (mIRS)
(Porto series).

Protein pRCC Mean±SD pRCC1 Mean±SD pRCC2 Mean±SD p

GLUT1 2.76±3.03 2.27±2.63 6.50±3.50 0.004*
GLUT4 0.29±1.06 0.33±1.13 0.00±0.0 0.619
MCT1 0.67 ±1.99 0.24±0.80 8.00±4.49 <0.001**
MCT4 6.00±3.52 6.16±3.50 8.40±3.92 0.348
CD147 3.18±3.32 2.87±2.97 9.40±4.97 0.198

Kruskal-Wallis test, p, based on Fisher's exact test; *p≤0.05; **p≤0.001.
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Fig. 2. Immunohistochemical expression of GLUT1 (1, 6, 11), GLUT4 (2, 7, 12), MCT1 (3, 8, 13), MCT4 (4, 9, 14), and CD147 (5, 10, 15) in the normal
kidney (1-5), in the pRCC1 (6-10) and in the pRCC2 (11-15) tumours. Scale bars: 800 μm; and 200μm (magnification).



correlation between glucose transporters (GLUT1 and
GLUT4) and lactate transporters (MCT1 and MCT4)
mIRSs. Additionally, and assuming that CD147
functions as a MCT1 and MCT4 chaperon, we analysed
the correlation between CD147 mIRS and MCT1 and
MCT4 mIRS, in the Porto series (Table 7A). We
observed significant correlations between GLUT1 and
MCT1 mIRS (p<0.001); GLUT1 and MCT4 mIRSs
(p=0.002); CD147 and MCT1 mIRS (p=0.001); and
CD147 and MCT4 mIRS (p=0.001). GLUT4 mIRS do
not correlate with any of the lactate transporters (MCT1
and MCT4) mIRS (Table 7A).

In the TCGA series, GLUT1 mRNA expression was
significantly correlated with MCT1 (p=0.001) and
MCT4 (p<0.001), although the association between
CD147 and MCT1 could not be established (p=0.677), a
negative correlation between CD147 and MCT4 was
observed (p=0.035) (Table 7B).
Association between MCT1, MCT4, GLUT1, GLUT4 and
CD147 expression with patient and tumour clinical and
pathological features 

In the Porto series, GLUT1 mIRS was significantly
higher in tumours with higher pN stages (p=0.042) and
high nuclear grade (p<0.001), whereas MCT1 and CD147
mIRSs were significantly higher in tumours with higher

nuclear grade (p=0.033 and p=0.017, respectively).
GLUT4 and MCT4 mIRSs did not correlate with any
clinico-pathological features (Table 8A).

Concerning the TCGA series, GLUT1 mRNA
expression was significantly higher in tumours from
women (p=0.003), higher pT (p<0.001), higher pN
(p=0.001) and higher nuclear grade (p=0.014); GLUT4
mRNA expression was higher in tumours from women;
MCT1 mRNA expression was increased in tumours with
higher pT stages (p<0.001) and higher nuclear grade
(p=0.014); MCT4 mRNA expression was increased in
tumours with higher pT stages (p=0.048); and CD147
mRNA expression was higher in tumours from younger
(p=0.018) and men (p<0.001) patients (Table 8B).
Discussion

In the present study we analysed the expression of
glucose transporters (GLUT1 and GLUT4), lactate
transporters (MCT1 and MCT4) and the MCT1/MCT4
chaperon (CD147), in two different series (Porto and
TCGA) of pRCCs, each of them providing complemen-
tary information. The Porto series, although fewer in
cases than the TCGA series, allowed the analysis of
GLUT1, GLUT4, MCT1, MCT4 and CD147 protein
expression in pRCC tumours. The TCGA series, which
resulted from a collection of various centres worldwide
with a centralized revision panel, allowed the analysis of
GLUT1 (SLC2A1), GLUT4 (SLC2A4), MCT1
(SLC16A1), MCT4 (SLC16A3) and CD147 (BSG)
mRNA expression in a larger series of pRCCs.

To the best of our knowledge, our study is the first to
assess the co-expression of GLUT1, GLUT4, MCT1,
MCT4 and CD147 in pRCC tumours. We observed that
the glycolytic markers GLUT1, MCT4 and the chaperon
CD147 were highly expressed in pRCCs and may play
an important role in the metabolic remodelling of
pRCCs, as observed in other types of tumours (Izumi et
al., 2011; Pertega-Gomes et al., 2011, 2015; Pinheiro et
al., 2011, 2012, 2014; Baek et al., 2014; Ohno et al.,
2014; Zhu et al., 2014). The high number of cases
showing membrane expression (the cellular
compartment where those proteins are thought to exert
their function) of such markers, indicates a significant
role of glycolysis in pRCC, thus supporting their
functional role in the metabolic remodelling of pRCC
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Table 6. GLUT1, GLUT4, MCT1, MCT4 and CD147 mRNA expression (TCGA series).

mRNA pRCC Mean±SD pRCC1 Mean±SD pRCC2 Mean±SD P

GLUT1/ SLC2A1 2248.64±4953.67 2122.79±5446.57 2361.31±4496.31 0.005*
GLUT4/ SLC2A4 80.84±134.68 75.47±72.06 85.65±172.86 0.510
MCT1/ SLC16A1 457.10±628.14 258.16±502.21 635.22±677.14 <0.001**
MCT4/ SLC16A 3412.20±3900.77 3184.85±2626.39 3615.76±4769.02 0.455
CD147/ BSG 29840.58±11165.48 9433.01±10605.80 30205.49±11693.76 0.735

Kruskal-Wallis test, p, based on Fisher's exact test; *p≤0.05; **p≤0.001.

Table 7. Correlation between GLUT1, GLUT4, MCT1, MCT4 and
CD147 expression in pRCC: A - protein (mIRS), Porto series; B -
mRNA, TCGA series.

pRCC
A) Protein MCT1 p│r MCT4 p│r

GLUT1 <0.001**│0.528 0.002*│0.423
GLUT4 NS NS
CD147 0.001**│0.469 0.001**│0.449

B) mRNA MCT1 p│r MCT4 pa│r

GLUT1 <0.001**│0.250 <0.001**│0.525
GLUT4 0.270│-0.087 0.991│-0.001
CD147 0.677│-0.033 0.035*│-0.165

p based on Spearman’s rank correlation test; r, correlation value;
*p≤0.05; **p≤0.001.



cells (Gould and Holman, 1993; Halestrap and Price,
1999).

Interestingly, we observed a positive correlation
between GLUT1 expression (membrane and mRNA),
and MCT1 and MCT4 expression (membrane and
mRNA), in Porto and TCGA series, respectively. These
data substantiate the likelihood of increased glycolytic
rate in pRCCs (assuming it as an indicator of increase of
glycolysis rate), which is probably due to concurrent
expression of GLUT1 and MCT4, since MCT1 was
expressed in a smaller subset of cases (see below).
Nonetheless, further studies are needed to validate this
assumption. The lack of correlation observed between
membrane GLUT4 and MCT1 and MCT4 expression,
suggests that GLUT4 may not have a major role in the
glycolytic phenotype in pRCCs.

We also observed a correlation between membrane
CD147 and membrane MCT1 and MCT4, in Porto
series, confirming that the role of CD147 as a chaperon
of MCT1 and MCT4, being important for their plasma
membrane localization in RCCs (Kim et al., 2015), as
described in other models (Pinheiro et al., 2008, 2009;
Le Floch et al., 2011; Pertega-Gomes et al., 2011; Choi
et al., 2014; Simões-Sousa et al., 2016).

In Porto series, we observed that membrane GLUT1
and MCT1 mIRS mean levels were significantly higher
in pRCC2 than in pRCC1. Remarkably, GLUT1 and
MCT1 mean mRNA expression levels in the TCGA
series, were also significantly higher in pRCC2 than in
pRCC1. Our results suggest that pRCC2 are more
glycolytic than pRCC1, and that GLUT1 and MCT1 are
probably the glucose and lactate transporters, which
most contribute to these differences. This needs to be
functionally confirmed, since it has been advanced that
MCT1 are mainly involved in lactate influx and MCT4
in lactate efflux, meaning that the MCT4 isoform is a

better marker for increased glycolysis in tumour cells
(Witkiewicz et al., 2012). However, in our series this
seems not to be true, since MCT1 positive cells were
also MCT4 positive.

To confirm our assumptions, it would be interesting
to include the Fludeoxyglucose (FDG) uptake data, by
Positron emission tomography (PET) with 2-deoxy-2-
[fluorine-18] fluoro-D-glucose (18F-FDG) integrated
with computed tomography (18F-FDG PET/CT), but
this test is not commonly used in the routine in our
hospital at the time of collection of our series. However,
data from other studies indicate, without specifying the
subtype of tumour (i.e., pRCC1 or pRCC2), that pRCCs
usually display higher standardized uptake value (SUVs)
of 18F-FDG PET/CT (Yamasaki et al., 2011; Takahashi
et al., 2015). Interestingly, overexpression of GLUT1
and MCT1 were also observed in other models and
associated to adverse prognosis. (Pinheiro et al., 2011,
2015, 2016).

Despite the small number of cases, all pRCC2 cases
displayed GLUT1 membrane expression, and most of
them MCT1 expression. The fact that only about 9% of
pRCC1 and more than 83% of pRCC2 expressed MCT1
in the plasma membrane leads us to suggest that
membrane MCT1 expression may be a pRCC2 useful
biomarker. Moreover, MCT1 may be a putative predictor
of increased pRCC aggressiveness, since it was
significantly associated with increased tumour grades,
irrespectively of the subtype (Hong et al., 2016).

An interesting finding was that all pRCC2 tumours
displayed GLUT1 membrane expression, and 5 out of 6
expressed MCT1, MCT4 and CD147 (data not shown)
suggesting a marked metabolic shift in this pRCC
subtype. If confirmed in a larger series of pRCC2 cases,
this metabolic phenotype (GLUT1, MCT1, MCT4 and
CD147 co-expression) may substantiate the therapeutic
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Table 8. Correlation between clinical-pathological features and mIRS and mRNA expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC by
subtype: A - Porto series; B - TCGA series.

pRCC
A) Protein/ Parameter GLUT1 p│r GLUT4 p│r MCT1 p│r MCT4 p│r CD147 p│r

Age NS NS NS NS NS
Gender NS NS NS NS NS
pT NS NS NS 0.058│0.268 NS
pN 0.042*│0.285 NS NS NS NS
pM NS NS NS NS NS
Fuhrman nuclear grade <0.001**│0.507 NS 0.033*│0.300 NS 0.017*│0.333

B) mRNA/ Parameter GLUT1 p│r GLUT4 p│r MCT1 p│r MCT4 p│r CD147 p│r

Age NS NS NS NS 0.018*│0.187
Gender 0.003*│0.233 0.002*│-0.239 NS NS <0.001**│-0.283
pT <0.001**│0.365 NS <0.001**│0.281 0,048*│0,155 NS
pN 0.001**│0.237 NS NS NS NS
pM NS NS NS NS NS
Fuhrman Nuclear Grade 0.014*│0.226 NS 0.014*│0.226 NS NS

p, based on Spearman’s rank correlation test; r, correlation; NS, no statistical significance; *p≤0.05; p ≤0.001.



targeting of lactate transporters. Interestingly, the
combined administration of biguanidines (an inhibitor of
the mitochondrial complex I) and MCT1, MCT4 or
CD147 inhibitors was shown to cause a synergistic anti-
cancer effect in tumours co-expressing MCT1, MCT4
and CD147 (Hong et al., 2016; Selwan et al., 2016).

It is important to point out that in the Porto series we
evaluated protein expression (IHC), while in the TCGA
series mRNA expression was assessed. Although a
relationship between mRNA and protein expression has
been identified for MCT1, in MCT4 this correspondence
is less likely to occur due to post-translational
modification (PTM) mechanisms. In fact, Bonen and
collaborators (2000), found a significant correlation
between MCT1 protein and mRNA levels, in rat
hindlimb muscles, but did not observe any relationship
between MCT4 protein and mRNA levels (Bonen et al.,
2000). Similar results were observed in breast tumours
and cell lines by Hong and collaborators (Hong et al.,
2016).

We assessed, for the first time, the correlation
between the expression levels of GLUT1, GLUT4,
MCT1, MCT4 and CD147 in pRCC1 and pRCC2, and
clinical and pathological features accepted with
prognostic significance in pRCC (Alomari et al., 2015;
Cornejo et al., 2015; Moch et al., 2016).

The association of GLUT1 expression with higher
grade tumours (G3-4) and the presence of nearby lymph
nodes involvement (pN) in both series, (also with higher
T stage, in TCGA series), together with the association
of MCT1 expression with higher grade tumours (G3-4)
in both series (also with higher T stage in TCGA series),
suggests that GLUT1 and MCT1 may be markers of
tumour aggressiveness and thus a potential prognostic
biomarker in pRCCs, as suggested in other tumours
types (Pinheiro et al., 2008a,b, 2011, 2014; Izumi et al.,
2011; Pertega-Gomes et al., 2011, 2015, Baek et al.,
2014; Ohno et al., 2014; Zhu et al., 2014).

Interestingly, pRCC2 tumours showed characteris-
tics of poor prognosis (data not shown), as well as higher
expression of GLUT1 and MCT1, when compared with
pRCC1 tumours, reinforcing the hypothesis that GLUT1
and MCT1 can serve as biomarkers for tumour
aggressiveness. Remarkably, MCT1 membrane expres-
sion was found only in 4 pRCC1 cases, 3 of them being
high grade tumours (G3). Our results confirm the data
previously published in other human tumour models,
where MCT1 expression associates with poor prognosis
(Pinheiro et al., 2008a,b, 2009, 2011, 2015, 2016;
Rademakers et al., 2011; de Oliveira et al., 2012; Mogi
et al., 2013; Granja et al., 2015,).

Similarly to GLUT1 and MCT1, CD147 expression
was also higher in higher grade tumours, in the Porto
series. The association of CD147 expression with an
aggressive phenotype, such as increased proliferation,
migration, invasion, metastization and poor survival, has
already been described in other models (Dang et al.,
2008, Rademakers et al., 2011, Huang et al., 2013,
2014a,b, Monteiro et al., 2014) and also with poor

prognosis and decreased overall survival in RCC (Jin et
al., 2006, Han et al., 2010, Sato et al., 2013). In ccRCC,
CD147 overexpression correlated with high Fuhrman
nuclear grade, presence of necrosis and larger tumour
size (Kim et al., 2015). In our series, we also found an
association between MCT4 expression and necrosis
(data not shown). Since pRCCs often display extensive
areas of necrosis, it would be interesting to relate the
presence of these necrotic areas with the metabolic shift
of the tumour cells. In fact, these necrotic hypoxic
regions are associated with altered cellular metabolism
(Bertout et al., 2008).

High MCT4 expression was also higher in tumours
with higher pT stages. High levels of MCT4 expression
in tumour cell membrane were reported to be associated
with increased cellular motility and invasive potential in
in vitro models of breast and lung cancer (Gallagher et
al., 2007, Izumi et al., 2011) and were associated with
poor prognosis in several human cancer models
(Pinheiro et al., 2008a,b; Pertega-Gomes et al., 2011,
2015; Martins et al., 2013; Bovenzi et al., 2015)
including RCC (Kim et al., 2015).

In the Porto series, we observed that, independently
of the tumour type, 2 tumours co-expressing GLUT1,
MCT4 and CD147 presented with synchronous
metastasis and 2 other tumours co-expressing GLUT1,
MCT1, MCT4 and CD147 developed metachronous
metastasis, in line with the recent meta-analysis led by
Bovenzi and collaborators (2015), who concluded that
the increased MCT4 expression in cancer cells was
associated with decreased overall survival in various
cancers such as breast, colorectal, hepatocellular,
pancreas and oral squamous cell carcinoma (Bovenzi et
al., 2015). Furthermore, Kim and collaborators (2015)
verified that the co-expression of elevated MCT4 and
CD147 was associated with poor prognostic parameters
and that the co-expression of MCT1, MCT4 and CD147
predicts tumour progression in ccRCC (Kim et al.,
2015).

Our data supports the idea that pRCCs tumours are
glycolic tumours, and that this glycolytic phenotype
plays a role in tumour aggressiveness. This hyper
glycolytic phenotype in pRCC, is mainly supported by
the increased expression of the glucose transporter
GLUT1 and the lactate transporters MCT1 and MCT4,
being exacerbated in pRCC2 tumours. Although further
studies are needed, we have the indication that pRCC2 in
general, and pRCC1 tumours with MCT1 expression
should be looked at with greater attention.

It would be interesting to relate the expression levels
of the markers used in this study, with the genetic
alterations of the tumours, namely those in MET
oncogene, succinate dehydrogenase (SDH) genes and
fumarate hydratase (FH). In fact, we assessed the
expression of c-MET in a subset of our tumour series,
and both pRCC1 and pRCC2 tumours displayed
similarly high levels of c-MET protein expression (data
not shown), as previously described (Yin et al., 2015).

Our study provides novel evidence for the
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involvement of GLUT1 and MCT1/MCT4 in pRCCs,
which seem more evident in pRCC2, and thus may help
in evaluating the metabolic status in pRCC subtypes.
Differences in MCT1 expression between pRCC
subtypes have not yet been reported, but a larger number
of tumours are warranted to validate our results. We also
believe that the study of complementary markers may
help to clarify the metabolic status of pRCC, providing a
more comprehensive picture of the metabolic pathways
involved in pRCC progression.
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Category Sub group 
pRCC 
n (%) 

 pRCC1 
n (%) 

 pRCC2 
n (%) 

p 

pRCC (total)   51 (100.0) 45 (88.2)  6 (11.8)   

Age (Years) < 60 
26 (51.0) 23 (51.1) 3 (50.0) 

1.000 
≥ 60 25 (49.0) 22 (48.9) 3 (50.0) 

Time of follow-up 
≤ 60 months 28 (54.9) 24 (53.3)  4 (66.7) 

0.678 
> 60 months 23 (45.1) 21 (46.7)  2 (33.3) 

Cause of Death 
Due to RCC 5 (8.9) 2 (4.4) 3 (50.0) 

0.023 
Other causes 5 (8.9) 5 (11.1) 0 (0.0) 

Lymph-vascular 
invasion 

Present 6 (11.8) 3 (6.7) 3 (50.0) 
0.017 

Not identified 45 (88.2) 42 (93.3) 3 (50.0) 

Tumour focality 
Multifocal  9 (18.0) 7 (15.9) 2 (33.3) 

0.293 
Unifocal 41 (82.0) 37 (84.1) 4 (66.7) 

Sarcomatoid 
features 

Present  1 (2.0) 1 (2.2) 0 (0.0) 
1 000 

Not identified 50 (98.0) 44 (97.8) 6 (100.0) 

Tumour necrosis 
Present 18 (35.3) 16 (35.6) 2 (33.3) 

1 000 
Not identified 33 (64.7) 29 (64.4) 4 (66.7) 

Legend: p = based on Fisher's exact test; NS = no statistical significance; n = sample size 

Table 0: Association between clinical and pathological features and pRCC subtype. 
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Global   4 (7.8) 47 (92.2) 4 (8.9)  41 (91.1)  0 (0.0) 6 (100.0) 0.139 

Membrane 20 (39.2) 31 (60.8) 20 (44.4)  25 (55.6)  0 (0.0) 6 (100.0) 

Cytoplasm   4 (7.8) 47 (92.2) 4 (8.9)  41 (91.1)  0 (0.0) 6 (100.0) 0.452 

Global   4 (7.8) 47 (92.2) 4 (8.9)  41 (91.1)  0 (0.0) 6 (100.0) 0.584 

Membrane 46 (90.2) 5 (9.8) 40 (88.9)    5 (11.1)  6 (100.0) 0 (0.0) 1.000 

Cytoplasm   4 (7.8) 47 (92.2)   4 (8.9)  41 (91.1)  0 (0.0) 6 (100.0) 0.536 

Global 32 (62.7) 19 (37.3) 31 (68.9)  14 (31.1)  1 (16.7) 5 (83.3) 

Membrane 42 (82.4)   9 (17.6) 41 (91.1)    4 (8.9) 1 (16.7) 5 (83.3) 

Cytoplasm 32 (62.7) 19 (37.3) 31 (68.9)  14 (31.1) 1 (16.7) 5 (83.3) 

Global   0 (0.0) 51 (100.0) 0 (0.0) 
 45 

(100.0) 
 0 (0.0) 6 (100.0) 

Membrane 3 (5.9) 48 (94.1) 3 (6.7)  42 (93.3)  0 (0.0) 6 (100.0) 0.227 

Cytoplasm 2 (3.9) 49 (96.1) 2 (4.4)  43 (95.6)  0 (0.0) 6 (100.0) 0.835 

Global 16 (31.4) 35 (68.6) 14 (31.1) 31 (68.9)  2 (33.3) 4 (66.7) 0.510 

Membrane 20 (39.2) 31 (60.8) 18 (40.0) 27 (60.0)  2 (33.3) 4 (66.7) 0.126 

Cytoplasm 21 (41.2) 30 (58.8) 19 (42.2) 26 (57.8)  2 (33.3) 4 (66.7) 0.227 

 = based on Fisher's exact test; NS = no statistical significance; N = sample size

 Table I: Expression (IRS) of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC by subtype. 
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Table II:  Median, mean expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC by subtype 

±SD ±SD ±SD

Global 3.00| 4.08±3.12 0 - 12 3.00| 3.71±2.91 0 - 12 7.00| 6.83±3.54 3 - 12 

Membrane 2.00│ 2.76±3.03 0 - 12 2.00| 2.27±2.63 0 - 9 6.00| 6.50±3.50 3 - 12 

Cytoplasm 3.00| 3.39±2.71 0 - 12 2.00| 3.13±2.63 0 - 12 5.00| 7.50 ±2.80 2 - 9 0.053 

Global 4.00| 4.47±2.84 0 - 9 4.00| 4.18±2.85 0 - 9 7.00| 6.67 ±1.63 4 - 8 

Membrane 0.00| 0.29±1.06 0 - 6 0.00| 0.33±1.13 0 - 6 0.00| 0.00± 0.0 0 - 0 0.619 

Cytoplasm 4.00| 4.53±2.87 0 - 9 4.00| 4.24±2.89 0 - 9 7.00| 8.00±1.63 4 - 8 0.055 

Global 0.00| 1.49±2.80 0 - 12 0.00 | 1.04±2.16 0 - 8 4.00| 4.83±4.67 0 - 12 

Membrane 0.00| 0.67 ±1.99 0 - 12 0.00| 0.24 ±0.80 0 - 3 2.00| 8.00±4.49 0 - 12 

Cytoplasm 0.00| 1.10±1.96 0 - 8 0.00| 0.87±1.83 0 - 8 3.00| 4.67±2.22 0 - 6 

Global 8.00| 6.61±3.01 0 - 12 8.00| 6.78±2.95 0 - 12 4.00| 5.33±3.50 2 - 12 0.172 

Membrane 6.00| 6.00±3.52 0 - 12 6.00| 6.16±3.50 0 - 12 4.00| 8.40±3.92 1 - 12 0.348 

Cytoplasm 2.00| 3.39±2.43 0 - 12 2.00| 3.47±2.55 0 - 12 3.00| 4.00±1.33 1 - 4 0.819 

Global 3.00| 3.78±3.70 0 - 12 3.00| 3.56±3.50 0 - 12 6.00| 5.50±4.97 0 - 12 0.373 

Membrane 2.00| 3.18±3.32 0 - 12 2.00| 2.87±2.97 0 - 9 6.00| 9.40 ±4.97 0 - 12 0.198 

Cytoplasm 2.00| 1.84±2.07 0 - 8 2.00| 1.69±1.90 0 - 8 3.00| 4.00±3.03 0 - 8 0.280 

Legend: Kruskal-Wallis test, p = based on Fisher's exact test; SD = standard deviation of the mean.
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Legend: Kruskal-Wallis test, p = based on Fisher's exact test; SD = standard deviation of the mean. 

Table III  Median, mean expression of GLUT1, GLUT4, MCT1, MCT4 and CD147 in pRCC by subtype – TCGA series.  

  

p 

±SD ±SD ±SD

904.26| 2248.64 

±4953.67 
103.76 - 36674.28 

793.21| 2122.79 

±5446.57 

103.76-

33282.62  

1036.64|2361.31 

±4496.31 

134.37-

36674.28 

47.65 | 80.84 

±134.68 

4.04 –  

1505.84  

47.76 |  75.47 

±72.06 

4.45-  

308.32  

47.14| 85.65 

±172.86 

4.04-  

1505.84  
0.510 

215.67| 457.10 

±628.14 

12.24 – 

 4146.15  

89.69| 258.16 

±502.21 

12.24-. 

3775.95  

386.69| 635.22 

±677.14 

15.56-

4146.15  

2302.38|  3412.20 

±3900.77 
134.41-29048.36  

2541.73| 3184.85 

±2626.39 

388.55-

14105.18  

2294.78| 3615.76 

±4769.02 

134.41-

29048.36  
0.455 

 28466.67| 29840.58 

±11165.48 
5859.66-59315.79  

28466.67| 9433.01 

±10605.80 

5859.66-

59035.32  

28337.07|30205.49 

±11693.76 

 8400.56-

59315.79  
0.735 
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Localization p│r p│r p│r p│r p│r p│r p│r p│r p│r p│r p│r p│r 

        

Global   NS NS NS NS NS NS NS 

│0.379 │0.440 │0.373 │0.308 │0.461 

Membrane NS NS NS NS NS NS 
│0.337 │0.528 │0.423 │0.374 │0.372 │0.579 

 
 

 
 

 
      

Global  NS NS NS NS NS 
│0.451 │0.451 │0.282 │0.367 │0.373 

Membrane NS NS NS  NS NS NS 
- 

- 

- 

-  

- 

- 
NS 

│0.389 

 
 

 
 

 
      

Global  NS NS 

│0.436 │0.408 │0.566 │0.487 │0.350 │0.340 │0.628 │0.504 │0.812 │0.912 

Membrane NS 

0.073 

NS 

│0.446 │0.469 │0.493 │0.449 │0.351 │0.391 │0.543 │0.457 │0.912 │0.770 

Legend: p = based on Spearman’s rank correlation test; = correlation value NS = no statistical significance

Table IV: Correlation between protein expressions (MCT1, MCT4 and GLUT1, GLUT4 and CD147) in pRCC subtype by cellular 

localization – Porto series.
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 = based on Spearman’s rank correlation test; = correlation value.

Table V Correlation between protein expressions (mRNA) of MCT1, MCT4 and GLUT1, GLUT4 and CD147 by pRCC subtype –TCGA 

series. 

 

 

 

 

 pRCC pRCC1 pRCC2 

mRNA  
MCT1 MCT4  MCT1 MCT4  MCT1 MCT4 

p│r p│r  p│r p│r  p│r p│r 

GLUT1 
0.001 

│0.250 
<0.001 
│0.525 

 
0.044  

│0.231 
<0.001 
│0.627 

 
0.342 

│0.104 
<0.001 
│0.505 

  

GLUT4 
0.270 

│-0.087 
0.991 

│-0.001 

 0.950 
│-0.007 

0.741 
│-0.038 

 0.467 
│-0.080 

0.862 
│0.019   

CD147 
0.677 

│-0.033 
0.035 

│-0.165 

 0.873 
│-0.019 

0.364 
│-0.105 

 0.692 
│-0.043 

0.059 
│-0.204 

  


