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II. Resumo 

A superfamília de proteínas scavenger ricas em cisteínas (SRCR-SF) é um 

grupo antigo e altamente conservado de proteínas, tanto associadas à membrana 

celular como secretadas, caracterizadas por possuírem na sua estrutura domínios 

SRCR. Apesar destes domínios serem relativamente pouco estudados, é reconhecido 

o seu envolvimento em interações proteína-proteína e na ligação ao ligando. Muitos 

dos membros da SRCR-SF são expressos em células relacionadas com o sistema 

imunitário e, portanto, tem sido sugerido que o papel destes recetores passa pelo 

desenvolvimento e regulação das respostas imunitárias. Contudo, as funções exatas e 

a importância destas proteínas ainda não são claras, principalmente devido à escassa 

investigação realizada acerca desta superfamília de proteínas. 

A hS4D é um membro recentemente identificado da SRCR-SF e consiste numa 

proteína solúvel de baixo peso molecular composta por quatro domínios SRCR. Não 

se sabe muito sobre esta proteína, mas, tendo em conta o seu padrão de expressão, é 

provável que esteja implicada nas respostas imunitárias inatas. 

A S4D foi originalmente identificada em tecidos humanos, porém, evidências 

crescentes apontam para a existência de uma forma ortóloga no ratinho (mS4D), 

altamente homóloga à proteína humana. 

Atendendo a tudo isto, o objetivo deste trabalho foi a clonagem do cDNA de 

ratinho desta proteína recentemente descoberta, com o propósito de possibilitar a sua 

caracterização, a nível molecular e funcional. 

Clonámos com êxito parte do SRCR1 e SRCR4, os SRCR2 e SRCR3 completos, 

e o 3´ UTR da mS4D. Através disso, provámos a existência do mRNA da mS4D no 

baço, ovário e embrião, locais nunca antes comprovados da sua expressão. Ensaios in 

vitro, realizados com uma linha celular mielóide estavelmente transfetada com a 

proteína recombinante mS4D-Citrine, produziram resultados que sugerem o 

envolvimento da mS4D em respostas celulares inflamatórias e imunes, possivelmente 

como uma molécula reguladora. Para além disso, validámos dois anticorpos anti-hS4D 

que são capazes de reconhecer a mS4D, ferramentas eventualmente úteis para 

experiências futuras. 

Globalmente, as abordagens experimentais utilizadas permitiram a obtenção de 

resultados que forneceram pistas sobre algumas características da proteína mS4D, 
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concretamente em termos de padrão de expressão proteica e possíveis implicações 

funcionais na modulação da resposta imune. 

 

Palavras-chave: Recetores scavenger, domínio SRCR, S4D-SRCRB, clonagem 

molecular, produção proteína recombinante  
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III. Abstract  

The scavenger receptor cysteine-rich superfamily (SRCR-SF) is an ancient and 

highly conserved group of cell-membrane associated and secreted proteins 

characterized by having SRCR domains in their structure. These SRCR domains are 

relatively unknown, but it is recognized their involvement in protein-protein interactions 

and ligand binding. Many of these SRCR-SF members are expressed in immune 

system related cells, and hence it has been suggested a role concerning development 

and regulation of immune responses for these receptors. Notwithstanding these early 

studies, the exact functions and significance of these proteins are not clear yet, mostly 

due to the scarce research done on this protein superfamily. 
The hS4D is a newly identified member of the SRCR-SF, consisting in a soluble 

protein of low molecular weight composed of four SRCR domains. Not much is known 

about it, although, given its expression pattern, it is likely to be implicated in innate 

immune responses. 

S4D was firstly identified in human tissues, but growing evidence points out to the 

existence of a mouse orthologue (mS4D), highly homologous to the human protein. 

Taking all of this into account, the purpose of this work was the cloning of the 

cDNA of this recently discovered protein in the mouse, with the view to enable its 

characterization, molecularly and functionally.  

We successfully cloned part of SRCR1 and SRCR4, the complete SRCR2 and 

SRCR3, and the 3´ UTR of mS4D. Through that, we proved the existence of an mS4D 

mRNA in spleen, ovary and embryo, sites never before shown to express mS4D. In 

vitro assays performed with a myeloid cell line stably transfected with a cDNA encoding 

the recombinant mS4D-Citrine protein rendered results that suggest the involvement of 

mS4D in cellular inflammatory and immune responses, possibly as a regulatory 

molecule. Moreover, we validated two anti-hS4D antibodies which are able to 

recognize mS4D, eventually useful tools for future experiments. 

Globally, the experimental approaches used allowed the obtainment of results 

which have given clues about some features of the mS4D protein, namely in terms of 

protein expression pattern and possible functional implications in the immune response 

modulation.  

 

Keywords: Scavenger receptors, SRCR domain, S4D-SRCRB, molecular cloning, 

recombinant protein production  
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1. Introduction 

1.1. Scavenger receptors  

Scavenger receptors (SR) are a vast group of transmembrane cell surface 

glycoproteins (Areschoug and Gordon 2009), initially recognized as molecules capable 

of binding and internalize modified low-density lipo-protein (mLDL) (Goldstein et al. 

1979). Nowadays, it is known that SR are present in macrophages, dendritic cells and 

endothelial cells among other cell types and recognize a great variety of ligands 

(Yamada et al. 1998; Murphy et al. 2005). SR are actively implicated in homeostasis 

and in disease-related processes by binding numerous endogenous structures such as 

apoptotic cells and altered proteins. Likewise, their capacity to recognize and bind 

exogenous molecules, namely pathogen structures, gives them a significant role in 

host defense and immunity (Wada et al. 1995; Canton et al. 2013).  

The last accepted proposal for SR classification was made by Murphy et al. 

(Murphy et al. 2005) and it groups this type of receptors in eight classes (A-H), 

although some new classes have been suggested recently (Canton et al. 2013). 

The eight class classification divides SR according to their domain architecture, 

which is very diverse (Murphy et al. 2005). Indeed, SR present more than 14 

characteristic protein domains and the multiple existing arrangements give rise to the 

different classes. Class A SR have a collagen domain and may also possess a type-A 

scavenger receptor cysteine-rich (SRCR) domain or a C-type lectin (CLEC) domain; 

class B SR are characterized for containing a CD36 domain; class C single 

representative, dSR-C1 (composed by two complement control protein (CCP) domains, 

an extracellular domain of the MAM family, a somatomedin B-like domain, a serine and 

threonine-rich mucin-like domain, and spacer regions) was found in Drosophila 

melanogaster and until now no mammal orthologues were discovered; class D SR 

possess mucin-like and lysosome-associated membrane glycoprotein (LAMP) 

domains; class E SR just have a CLEC domain; in class F SR epidermal growth factor 

(EGF) and EGF-like domains are present in large amounts. Class G and class H were 

added to the original six classes described before (already based on sequence 

alignments and structural features) (Krieger 1997) with the purpose of including 

molecules that do not bind mLDL but even so show the capability of pathogen binding 

and clearance. Class G has only one member (SR-PSOX) characterized for containing 
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a CXC-chemokine domain, and class H receptors, similarly to class F, have numerous 

EGF and EGF-like domains and can also present fasciclin 1 (FAS1) and LINK 

(hyaluronan-binding) domains (Plüddemann et al. 2007; Canton et al. 2013). 

As shown before, some ambiguity is found when it comes to the definition of what 

is or is not a scavenger receptor. At first, only molecules, soluble or membrane-

associated, capable of binding mLDL or other polyanions were identified as SR 

(Krieger 1997; Mukhopadhyay and Gordon 2004). Afterwards, the perception that 

these receptors would also bind to other types of ligand, as microbial structures, led to 

an altered, more extended concept of SR (Canton et al. 2013). For instance, some 

authors consider receptors similar to macrophage scavenger receptor type 1 (SR-A1), 

a member of class A SR, or which have SRCR domains to be part of this group, 

despite not having mLDL or polyanions as ligands (Mukhopadhyay and Gordon 2004; 

Plüddemann et al. 2007). Consequently, it was imperative the establishment of a more 

accurate definition of an SR.  

According to this, recent literature proposes three new classes of SR, 

denominated as I, J and K. Class I would include CD163, CD5 and CD6, receptors 

containing type B SRCR domain; class J would be characterized by the presence of 

mucin-like and an immunoglobulin domain, represented by hepatitis A virus cellular 

receptor 1 (HAVCR1); and class K would include receptors with purinergic receptor 

domain, as the P2X purinoceptor 7 (Canton et al. 2013).   

Overall, it is worth noting that almost every member of the family has a very short 

cytoplasmic tail and are single-span membrane proteins (Canton et al. 2013). It is also 

apparent that there exists a high structural similarity among the members of a class but 

the difference between classes is accentuated.  

SR exhibit broad ligand specificity (Krieger 1997) and a considerable functional 

overlap is also found among its members (Canton et al. 2013). Therefore, some 

authors underline the hypothesis that small differences must exist between the three-

dimensional structures of each SR to explain their functional features (Wada et al. 

1995; Canton et al. 2013). As a matter of fact, a pattern relative to the areas involved in 

ligand binding was identified and apparently these areas, despite being structurally 

distinct, exhibit similar shape and charge distribution (Canton et al. 2013). In order to 

better understand this, a detailed and comprehensive knowledge about the structure of 

the elements of this family is required.  

In fact, not much is known about the structure of SR themselves, since only few 

domains of some SR were entirely analyzed (Canton et al. 2013). Nevertheless, some 

associations between structural features and specific functions were established. For 

instance, there is literature that identifies the collagenous region as the region 
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responsible for ligand binding (Kodama et al. 1990; Acton et al. 1993). Likewise, a 

small peptide in an SRCR domain revealed to be the bacterial binding region (Bikker et 

al. 2002; Mukhopadhyay and Gordon 2004). There is also evidence that the lectin 

domain of SRCL-1 could be involved in pathogen recognition and cell-cell interactions 

(Mukhopadhyay and Gordon 2004). Similarly, in the SR-PSOX, the chemokine domain 

is able to recognize bacteria (Shimaoka et al. 2003) and is implicated in cell adhesion 

(Shimaoka et al. 2004). Another example is the demonstration that EGF-like domains 

are involved in extracellular protein-protein interactions (Ishii et al. 2002). 

1.2. Scavenger receptors functions 

The most known function of SR is, as the name suggests, recognizing and 

removing undesired molecules, whether they are self or non-self. The clearance 

performed by SR usually involves internalization of the ligands through endocytosis, 

macropinocytosis or phagocytosis (Yamada et al. 1998; Canton et al. 2013). Regarding 

self molecules, SR are capable of binding mLDL as previously said but also other types 

of endogenous components such as apoptotic cells, altered proteins and cell debris 

(Yamada et al. 1998; Plüddemann et al. 2007). Many of these ligands belong to 

danger-associated molecular patterns (DAMPs), which are molecules associated with 

injury and tissue damage (Canton et al. 2013). On the other hand, SR are as well 

efficient in recognizing pathogen-associated molecular patterns (PAMPs), as 

lipolipopolysaccharide (LPS), lipoteichoic acid (LTA), bacterial CpG DNA and even 

yeast components (Mukhopadhyay and Gordon 2004; Areschoug and Gordon 2009). 

Therefore, the ability of SR to recognize PAMPs makes them pattern recognition 

receptors (PRRs), host receptors capable of recognizing conserved microbial 

structures and initiate signaling cascades related with immune responses, being this 

way the organism’s first line of defense against pathogens (Roitt 2004). 

1.3. Role of scavenger receptors in innate immunity 

When it comes to homeostasis, SR participate in tissue maintenance by helping 

to remove apoptotic cells, since almost all of SR recognize this kind of structures. This 

happens through a process which requires sensing of cell-surface oxidized/non-

oxidized phophatidylserine of apoptotic cells and subsequent endocytosis 

(Plüddemann et al. 2007). It was highlighted the impact that this clearance has on 
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innate immunity, in particular by signaling the release of anti-inflammatory molecules 

(Peiser et al. 2002).   

On the other hand, it is known that SR are related to macrophage polarization. 

Macrophage polarization is the process by which macrophages undergo to assume 

different functional phenotypes depending on the micro environmental stimuli which 

they are subjected to (Mantovani et al. 2002). Therefore, they can become classically 

activated macrophages (M1), alternatively activated macrophages (M2), or still assume 

intermediate phenotypes. Briefly, M1 macrophages typically produce high amounts of 

inflammatory cytokines and reactive oxygen species, promote Th1 responses and 

present an intense microbicidal and tumoricidal activity. On the other hand, M2 

macrophages show a strong phagocytic capacity and elevated expression of 

scavenging molecules, being greatly involved in the progression of tissue remodeling 

and tumor progression, parasite contention, and exhibit also immunoregulatory 

functions (Sica and Mantovani 2012). Related to that, SR present increased levels of 

expression in M2 macrophages, and even the presence of some of them seems to 

influence the polarization phenotype of these cells. In general, it is thought that the 

different expression of different SR partially determines M1 and M2 macrophage 

functions, thus participating either in inflammatory or anti-inflammatory processes 

(Canton et al. 2013).  

It was also found that SR take part in antigen (Ag) presentation. Some studies 

indicate that SR have an influence in Ag presentation capacity of Ag-presenting cells 

(APCs) (Mukhopadhyay and Gordon 2004). For some receptors (such as SR-A1, 

CD36, SR-B1 and LOX-1) it was shown that, after endocytosis of an exogenous 

molecule, the cell presents it in MHC-I, instead of presenting it in MHC-II, which 

constitutes a process called cross-presentation (Albert et al. 1998; Delneste et al. 

2002; Berwin et al. 2003; Barth et al. 2008). This SR promotion of Ag cross-

presentation confers them a significant role as a link between innate and adaptive 

immune responses (Plüddemann et al. 2007).  

Another significant fact for the understanding of the specificities of these 

receptors is the ability of many of them to form complexes and interact with Toll-like 

receptors (TLRs), one other kind of PRRs. Among other examples, it is known that 

CD36 can associate with TLR2, TLR4 and TLR6 and that SR-A1 interacts with TL4 and 

TLR2 (Canton et al. 2013). The interactions between these two types of PRRs showed 

to have a great influence in many processes, such as innate immune recognition and 

response (Plüddemann et al. 2006) and inflammation (Areschoug and Gordon 2009; 

Canton et al. 2013). 
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So far, it has been realized that various SR are able to recognize and bind a 

multiplicity of pathogen structures belonging to bacteria, fungi and viruses. Concerning 

bacteria, it was demonstrated that SR can bind to Gram-positive as well as Gram-

negative bacterial structures and even live organisms. SR such as SR-A1, MARCO, 

CD36, SR-B1, SR-PSOX, LOX-1, SREC-1, SRCL-1 and DMBT1 (also known as gp-

340) have been identified as capable of recognizing components like LTA, LPS, 

bacterial surface proteins and CpG DNA, from Gram-positive (Staphylococcus aureus, 

Streptococcus pneumonia, Listeria monocytogenes, Streptococcus mutans) and Gram-

negative bacteria (Neisseria meningitides, Escherichia coli, Salmonella typhimurium, 

Helicobacter pylori). Most act as phagocytic receptors against these pathogens and for 

some of them it was proved that they confer protection to the host against infections 

caused by many bacterial species (Mukhopadhyay and Gordon 2004; Plüddemann et 

al. 2006; Areschoug and Gordon 2009). SR-A1 and CD36 revealed to have a 

protective role against malaria and it was also suggested that the latter could provide 

defense against fungi. It was shown that SRCL-1 binds to Saccharomyces cerevisiae, 

this way being as well able to exhibit antifungal properties (Mukhopadhyay and Gordon 

2004; Areschoug and Gordon 2009). Similarly, SREC-1 binds to fungi and viruses 

(Canton et al. 2013). In terms of virus recognition, SR-B1 constitutes a receptor for 

hepatitis C virus E2 glycoprotein and SR DMBT1 binds different strains of Influenza-A 

viruses and neutralizes human immunodeficiency virus-1 (HIV-1) (Mukhopadhyay and 

Gordon 2004).  

However, there is awareness that some pathogens have managed to somehow 

escape from recognition and phagocytosis performed by the SR (Areschoug and 

Gordon 2009; Canton et al. 2013). A good example is the case of SR-B1. It was shown 

that hepatitis C virus (HCV) uses the human SR-B1 as co-receptor to enter in host 

cells, once this SR acts as a receptor for the HCV E2 glycoprotein (Scarselli et al. 

2002; Bartosch et al. 2003; Barth et al. 2008). A similar situation seems to take place 

with CD36 and Plasmodium falciparum but no certainties exist about this matter since 

some contradictory indications were described (Areschoug and Gordon 2009). These 

subversions give SR a renewed significance regarding their role in innate immunity and 

in infectious diseases.  
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1.4. Scavenger receptors and diseases 

Besides their physiological importance in non-pathological states, SR relevance 

is due also to their involvement in some relevant diseases in our society.  

The first and more extensively studied disease associated to SR was 

atherosclerosis (Luoma et al. 1994; Ylä-Herttuala 1996; Plüddemann et al. 2007). 

Many SR, of almost all of the classes, have been shown or suggested to be somehow 

implicated in the disease (Suzuki et al. 1997; Yamada et al. 1998; Murphy et al. 2005; 

Moore and Freeman 2006; Kzhyshkowska et al. 2012). Their role in atherosclerosis is 

complex and involves varied processes such as endocytosis and phagocytosis, 

adhesion and signal transduction (Yamada et al. 1998; Kzhyshkowska et al. 2012). The 

more evident influence they have on the disease is their uptake of mLDL occurring in 

macrophages, a process that turns these into foam cells, so distinctive of 

atherosclerotic plaques (Mukhopadhyay and Gordon 2004). In fact, it was 

demonstrated that CD36 and SR-A1 are indeed responsible for the formation of these 

harmful cells (Kzhyshkowska et al. 2012). However, there is literature discordant on the 

effect, pro or antiatherogenic, that SR (namely members of class A and B) have on the 

disease (Moore and Freeman 2006). Besides this, there is also evidence of 

inflammatory process regulation performed by SR, revealing surely the great 

preponderance that these receptors have in atherosclerosis (Kzhyshkowska et al. 

2012). This last idea is interesting since it is quite obvious that SR did not evolve for 

that function (Krieger 1997).   

Likewise, SR are involved as well in Alzheimer’s disease. The fact that SR-A1, 

SR-B1 and SRCL-1 can bind to β-amyloid fibrils (El Khoury et al. 1996; Nakamura et al. 

2006; Plüddemann et al. 2007) reveals a probable involvement of these receptors in 

the disease, namely in the clearance of these fibrils. Furthermore, the binding of SR-A1 

to β-amyloid fibrils in microglial cells prompts the generation of reactive oxygen species 

(ROS), noxious to neurons. Like SR-A1, also CD36 binds to β-amyloid fibrils with 

similar effects on neurons (Kunjathoor et al. 2004). Interestingly, it was shown that 

CD36 forms a complex with TLR4 and TLR6 in the presence of β-amyloid fibrils, 

leading to the production of cytokines and ROS (Stewart et al. 2010). Nevertheless, 

other literature proposes that the inflammatory response induced by the CD36-β-

amyloid fibrils binding does not necessarily correlate with the progression of 

Alzheimer’s disease (Ricciarelli et al. 2004).  

Type II diabetes mellitus is another disease in which SR have an impact. The SR 

CD36 was related to this metabolic disorder and many associations were established 

since this receptor is responsible for the uptake of fatty acids by the heart and insulin-
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sensitive tissues (Leprêtre et al. 2004; Gautam and Banerjee 2011; Kennedy and 

Kashyap 2011). 

It is also known that SR participate in the formation of xanthoma lesions and are 

thereby implicated in xanthomatosis (Yamada et al. 1998). Unexpectedly, SR are also 

related with lung disease. The reason for this relationship is the capacity of type I and II 

receptors, highly expressed in human lungs, to uptake the mineral fibers that originate 

asbestosis, a disease in which occurs fibrosis of the lungs (Mossman and Churg 1998).  

1.5. Scavenger receptor cysteine-rich superfamily 

More than two decades ago, through the cloning of the SR-A1, it was described a 

cysteine-rich motif of about 101-residue which was consequently designated as SRCR 

domain (Freeman et al. 1990). This domain proved to be an ancient and highly 

conserved motif, present in several proteins, giving rise to the SRCR superfamily 

(SRCR-SF) (Resnick et al. 1994). Some SR contain these domains in their structure 

and therefore belong to the SRCR-SF.  

1.6. SRCR-SF structure and classification 

The SRCR-SF is divided in two groups according to the genomic organization 

and to the number of cysteine residues that each SRCR domain contains, which 

reflects on the number of disulphide-bonds displayed. Group A members have SRCR 

domains encoded by split exons and with 6 cysteines while proteins belonging to group 

B exhibit SRCR domains encoded by a single exon and generally have 8 cysteines 

(Resnick et al. 1994; Aruffo et al. 1997).  

SRCR-SF proteins exhibit between 1 and up to 20 SRCR domains. The few 

crystallized structures of SRCR domains, obtained from group A Mac2 binding protein 

(M2BP) (Hohenester et al. 1999), MARCO (Ojala et al. 2007) and hepsin (Somoza et 

al. 2003), and group B CD5 (Rodamilans et al. 2007), reveals a three-dimensional 

structural pattern which consists in a compact fold with a variable number of β sheets 

and an α helix, a structure that seems to be conserved between the members of the 

two groups (Carmo and Vattipally 2011).  

The SRCR domain can be presented in the constitution of a protein in multiple 

ways: it can present itself as a single domain, can form tandem repeats, and it can 

appear combined with several other domains. This aspect and the fact that in these 

SRCR domains, besides the conserved amino acids, there are many other that seem 
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to evolve independently, confers a great versatility to SRCR-SF proteins (Sarrias et al. 

2004). 

1.7. SRCR-SF functions 

As mentioned before, the SRCR-SF constitutes an ancient and greatly conserved 

protein family and as such includes a wide range of representatives of various 

taxonomic groups, from invertebrates to mammals (Sarrias et al. 2004).  

Apparently, the only shared feature among them is the fact of being extracellular 

proteins (cell-membrane associated and/or secreted), since no common function or 

ligand has been discovered (Vila et al. 2000; Sarrias et al. 2004). Despite this, it is 

anticipated that these proteins play an important role due to their highly conserved 

domains.  

Many of the proteins belonging to this superfamily, which are around 40, are 

expressed on immune system related cells (Resnick et al. 1994), but others are also 

found in non-immune cells (such as epithelial cells from intestine, lung, brain, and 

fibroblasts), and some have been associated with the development of the immune 

system and regulation of innate and adaptive immune responses (Aruffo et al. 1997; 

Sarrias et al. 2004), contributing this way to host defense.   

Despite some SRCR-SF proteins having their roles unveiled, the functions and 

the biological relevance of their SRCR domains are yet unclear. SRCR domains may 

also be related to a function with great importance to the immune system, pattern 

recognition, since some of these SRCR-containing proteins were directly associated 

with the capacity for pathogen detection (Sarrias et al. 2005; Vera et al. 2009). 

Moreover, it is believed, and actually proven in some cases, that many of these 

domains are involved in protein-protein interactions and ligand binding, including 

bacterial structures (Aruffo et al. 1997; Hohenester et al. 1999; Sarrias et al. 2007; 

Bessa Pereira et al. 2016). 

1.8. Group A SRCR-SF functions  

Group A comprises proteins such as the extensively studied SR-A1, MARCO and 

M2BP among others, which are expressed in a variety of tissues and take part in 

processes related to the development of the immune system. A characteristic property 

of many members of this group is their serine protease catalytic activity (Sarrias et al. 

2004).
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1.9. Group B SRCR-SF functions 

Interestingly, group B consists in a relatively heterogeneous group of proteins, 

mainly found in vertebrates, which are mostly expressed on cells related to the immune 

system (Aruffo et al. 1997; Sarrias et al. 2004). Thus, similarly to group A, the proteins 

of this group are associated with functions regarding regulation and development of the 

immune system (Vila et al. 2000). Group B members frequently exhibit Pro-Ser-Thr 

(PST)-rich polypeptides between the domains, and can be divided in two kinds of 

proteins: the ones that are entirely constituted by SRCR domains (like CD5, CD6, Spα, 

CD163) and the ones that are composed of other domains besides the SRCR, for 

example, EGF and fibronectin (like Pema-SREG, MAP-GEOCY, DMBT1, CRP-ductin) 

(Sarrias et al. 2004). Unlike group A, the structure and functions of group B members 

are not as well understood; however, recent studies are beginning to unveil their 

features and roles.   

Among the identified nine human proteins belonging to group B (Figure 1), CD5 

and CD6 constitute the most studied members (Jones et al. 1986; Aruffo et al. 1991). 

These two cell surface antigens, with three SRCR domains each, are implicated in the 

regulation of T cell activation and associations with their ligands have been 

characterized (Carmo and Vattipally 2011). Spα is another group B member containing 

three SRCR domains (Gebe et al. 1997). Unlike CD5 or CD6, Spα is a soluble protein 

and has been shown to have anti-apoptotic properties on lymphocytes and other 

immune system cell types (Vila et al. 2000).  

Besides these three small proteins, group B also includes CD163 (Law et al. 

1993), M160 (Grønlund et al. 2000), DMTB1 (Mollenhauer et al. 1997), and the most 

recently identified, S4D-SRCRB (Padilla et al. 2002), SSc5D (Gonçalves et al. 2009) 

and SCART1 (Holm et al. 2009). Beyond these proteins, recent literature, based on a 

systematic human genome search, introduces three new putative members, which 

apparently are the missing puzzle pieces regarding what group B proteins are present 

in humans: the 8 domain encoding gene (8D), the DMBT1-like pseudogene (D11) and 

the Hedgehog interacting protein-like 1 (HHIPL1) (Carmo and Vattipally 2011).  
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Figure 1: Schematic representation of human group B members. 
CUB-C1r/C1s Uegf Bmp1 domain; PST-proline-, serine-, and threonine-rich sequence; ZP-zona pellucida domain. 
Adapted from Martinez et al. 2011. 

1.10. S4D-SRCRB  

In 2002, a novel member of the human SRCR-SF was identified, S4D-SRCRB. 

The gene encoding this molecule is located in the long arm of human chromosome 

7q11.23, close to the Williams-Beuren syndrome deletion. The longest cDNA (2806 bp) 

encodes a protein with 528 aa, with a predicted molecular mass of 55.6 kDa. This 

molecule is a soluble protein constituted by four group B SRCR domains separated by 

PST-rich polypeptides (Padilla et al. 2002). 

1.11. S4D-SRCRB expression 

Two human mRNA species were detected corresponding to this protein: one of 

2.8 kB, especially expressed in kidney and placenta. The other, of 1.5 kB, presents a 

wider distribution, being found in many tissues, namely placenta, fetal liver, liver, 

kidney, small intestine, colon, skeletal muscle, heart, brain, spleen, bone marrow and in 

peripheral blood lymphocytes (PBL) (Padilla et al. 2002). Apart from that, 

immunohistochemistry assays performed at the host laboratory detected the 
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expression of the human protein in many tissues including thyroid, lung, and stomach. 

The staining often presented a “dotted” pattern, which may signify the storage of the 

protein in vesicles (Almeida 2015).  

1.12. Function of human S4D-SRCRB  

The exact function of this receptor is still unknown. In fact, since its discovery, not 

many studies have been made about the human S4D-SRCRB (hS4D) and therefore 

the information about this receptor is scarce. To infer the relationship between this 

protein and inflammatory processes, mRNA expression of many cell lines was 

analyzed upon stimulation with pro-inflammatory cytokines, but no correlation was 

detected. Nevertheless, some clues exist: given the types of tissues where this 

receptor is expressed, it is likely that its role is related with mucosal innate immunity 

(Padilla et al. 2002). Furthermore, previous work performed in the host group gives 

indications about a possible role of hS4D in the modulation of T cell activation (Almeida 

2015).  

1.13. hS4D homology with other SRCR-SF members 

The hS4D shows similarities to other members of group B SRCR-SF regarding 

aminoacidic sequence and domain organization. It has 56% homology with the 

receptor 18-B and similar values are found when compared with DMBT1 (Padilla et al. 

2002). Also Spα and the recently identified SSc5D share features with S4D. Spα has 

three SRCR domains (Gebe et al. 1997), while SSc5D contains five SRCR domains 

with an organization very similar to that of hS4D (Gonçalves et al. 2009) and these two 

receptors are also soluble like hS4D.  

Due to this hS4D homology with other members of group B, some analogies are 

made to infer characteristics about this protein. Nevertheless, speculation will not end 

until more studies are made, in an effort to discover and analyze structural and 

functional aspects of this new SRCR-SF member.   

Importantly, a few years ago, an mRNA sequence corresponding to the mouse 

S4D-SRCRB (mS4D) gene, originated from a mouse genome-wide study (Skarnes et 

al. 2011), was annotated (NM_001160366.1). This constitutes strong evidence favoring 

the existence of an S4D orthologue in mice.  
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1.14. Objectives 

The aim of this work is to clone the sequence encoding the mouse S4D-SRCRB 

protein, a novel member of the SRCR-SF. The molecular cloning of mS4D will serve 

two main purposes.  

Firstly, to allow the characterization of the correspondent protein, namely defining 

its sequence. Besides this, to explore in vitro the function of the protein by over-

expressing the recombinant mS4D, in first instance, in immune cells from mouse origin.  

Importantly, as to date there is no anti-mS4D antibody (Ab) commercially 

available, the current work will ultimately enable the production of specific antibodies, 

crucial to perform the comparative characterization of mS4D in wild-type (WT) animals 

and the CRISPR/Cas9 mS4D knockout (KO) mice generated in the host group.   

All together this would help to define the mouse S4D-SRCRB physiological role 

and significance.  



 

 

 

 

 

Materials and Methods 
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2. Materials and Methods 

2.1. Total RNA extraction from several organs of WT mice and cell 

lines  

In order to accomplish the proposed work plan, the first requirement was the 

obtainment of RNA from several organs of WT mice. Those organs were previously 

isolated from euthanized mice and kept in RNAlater® Stabilization Solution 

(ThermoFisher Scientific). Total RNA extraction was performed from brain, uterus, 

ovary, lung, intestine, stomach, colon, spleen, embryo and liver using the TripleXtractor 

directRNA kit (GRiSP), according to the manufacturer´s instructions. Additionally, RNA 

extraction was carried out as well in RAW 264.7 and OP9 mouse cell lines with the 

GRS Total RNA Kit – Blood and Cultured Cells (GRiSP), following the Protocol for RNA 

purification from cultured animal cells. In both cases, the RNA concentration was then 

measured on a Nanodrop 1000 spectrometer. 

2.2. Synthesis of cDNA from pre-isolated RNA samples 

The synthesis of cDNA was performed with the SuperScript® III Reverse 

Transcriptase (Invitrogen), and each RNA sample previously obtained was submitted to 

two reverse transcription reactions: one using poly-dT containing primers (oligo dT) and 

the other one using random primers (RP).  

Initially, 12 μL of RNA were mixed with 1 μL of 10 mM dNTP mix (NZYTech) and 

1 μL of primer at a concentration of 0.5 μg/μL (either oligo dT or RP). This mixture was 

incubated at 65 ºC for 5 min followed by 1 min on ice. Then, 4 μL of First Strand Buffer 

(5X) (Invitrogen), 1 μL of 0.1 M DTT (Invitrogen) and 1 μL of SuperScript® III Reverse 

Transcriptase (Invitrogen) were added to the previous mixture. This mixture was 

submitted to 25 ºC for 5 min, 50 ºC for 60 min and 70 ºC for 15 min. Finally, in order to 

remove the original RNA, the mixture was incubated with 1 μL of RNase H (NZYTech) 

at 37 ºC for 20 min.  

The cDNA concentration was measured in a Nanodrop 1000 spectrometer. 
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2.3. Amplification of the specific mS4D cDNA 

2.3.1. Regular PCR amplification 

To amplify the mS4D cDNA, several gene specific primers were designed (Table 

1). To screen the tissue distribution of mS4D, the first PCR reactions were performed 

with the cDNA samples previously obtained from all the mice organs mentioned before. 

Since the initial PCRs designed to amplify the full-length molecule were unsuccessful, 

multiple PCRs were carried out and optimized using primers specific to amplify small 

segments of the theoretical mS4D cDNA (including SRCR domains and inter-domains). 

The optimization process included doing semi-nested PCR, in which the PCR product 

obtained in a first reaction was used as template in the following PCR, in order to 

obtain a more specific reaction product.  

In addition, three different polymerases were utilized: initial PCRs were 

conducted either with a commercially available master mix (NZYTaq 2x Green Master 

Mix (NZYTech)) or with the GoTaq® DNA polymerase (Promega). Subsequently, when 

the PCR product looked promising, Phusion® High-Fidelity DNA Polymerase (Thermo 

Scientific) was used in an equivalent reaction and with the same cDNA sample and 

oligos.  

When using the NZYTaq 2x Green Master Mix, 25 μL of Master Mix were mixed 

with 2.5 μL of each primer (reverse and forward) at a concentration of 10 μM, and 1 μL 

of cDNA (around 50 ng total of cDNA) in a total reaction volume of 50 μL. The cycling 

conditions were 95 ºC for 5 min followed by 30 cycles of 95 ºC for 1 min, 1 min at an 

annealing temperature according to the primers used and 72 ºC for a duration 

dependent on the size of the product of interest (60 s/kb). A final extension step of 72 

ºC for 10 min was added after the 30 cycles. 

With the GoTaq® DNA polymerase, the reaction mix consisted in 10 μL of 5X 

Colorless GoTaq® Reaction Buffer, 3 μL of 25 mM MgCl2 (Promega), 2.5 μL of each 

primer (reverse and forward) at a concentration of 10 μM, 1.5 μL of 100% DMSO 

(ThermoScientific), 1 μL of 10 mM dNTP mix, 0.5 μL of the GoTaq® DNA polymerase 

and 1 μL of cDNA (around 50 ng total of cDNA) in a final volume of 50 μL. When using 

this enzyme, the cycling program was 95 ºC for 3 min followed by 30 cycles of 95 ºC for 

1 min, 1 min at an annealing temperature according to the primers used and 72 ºC for 

a duration dependent on the size of the product of interest (60 s/kb), and a final 

extension step of 72 ºC for 10 min. 
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For the Phusion DNA Polymerase mix it was used 10 μL of 5X Phusion GC 

Buffer (Thermo Scientific), 2.5 μL of each primer (reverse and forward) at a 

concentration of 10 μM, 1.5 μL of 100% DMSO, 1 μL of 10 mM dNTP mix, 0.5 μL of the 

Phusion® High-Fidelity DNA Polymerase and 1 μL of cDNA (around 50 ng total of 

cDNA) in a total volume of 50 μL. In this case, the cycling conditions were 98 ºC for 3 

min followed by 30 cycles of 98 ºC for 1 min, 1 min at an annealing temperature 

according to the primers used and 72 ºC for a duration dependent on the size of the 

product of interest (15 s/kb). A final extension step of 72 ºC for 10 min was added after 

the 30 cycles. 

2.3.2. Rapid amplification of cDNA ends (RACE) 

In order to obtain the 3´ UTR, a 3´ RACE technique was performed. This 

technique allows the amplification of an unknown 3´ UTR by taking advantage of the 

poly-A tail present in the mRNA. Conventionally, it consists in the amplification of 

unknown regions between an exon and the poly-A tail. It involves two different sets of 

reactions: the first strand cDNA synthesis and the amplification of the target cDNA. In 

the first one, a reverse transcriptase and an oligo dT adapter primer, which hybridizes 

with the poly-A tail of the mRNA, are used to generate the cDNA from the mRNA 

sample. After this, an RNase is utilized to destroy the template RNA. In the second 

step, the amplification of the target cDNA is carried out with a DNA polymerase and 

two primers: a gene specific one (that will determine the specificity of the reaction 

products) and a universal primer. This universal primer contains a region that is 

complementary to the adapter primer used in the first reaction, allowing in this way the 

amplification of the target cDNA from the cDNA molecules generated earlier.                  

In our experiments we used an alternative procedure to the usual 3’ RACE, which 

consists on using a gene specific adapter primer instead of using an oligo dT adapter 

primer. In this reaction, the adapter primer (oligo 25) was added to the template RNA 

(spleen and embryo origin) in a total volume of 11 μL and the mixture was heated to 70 

ºC for 10 min, followed by at least more than 1 min in ice. Then, it was added the First 

Strand Buffer (5X), DTT and dNTP mix, and this new mixture was incubated at 42 ºC 

for 2 to 5 min. Next the SuperScript® III Reverse Transcriptase enzyme was added, 

and the mixture was heated to 42 ºC for 50 min, followed by 15 min at 70 ºC. Next, 

RNase H was added, and the mixture was incubated at 37 ºC for 20 min.  

The amplification of the target cDNA was carried out with Phusion® High-Fidelity 

DNA Polymerase and with the previously designed gene specific primer (oligo 20) and 
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an abridged universal amplification primer (oligo CAGE 14_A4). But in order to obtain a 

more specific PCR product, a nested PCR was conducted with the reaction product 

obtained in the previous PCR and a more internal oligo (oligo 12) together with the 

same universal primer (oligo CAGE 14_A4). Both PCRs were carried out under the 

same cycling conditions (except for the annealing temperature, 55 ºC when using 

primer 12 and 60 ºC when using primer 20). Briefly, the reaction conditions were 95 ºC 

for 5 min, 30 cycles of 95 ºC for 1 min, 55 ºC/60 ºC for 1 min and 72 ºC for 3 min. As 

usual, a final extension of 10 min at 72 ºC was performed at the end of the cycles. All 

the primers used are listed on Table 1.  

All the PCR products obtained were analyzed on a 1.2% agarose gel. Afterwards, 

the DNA bands of interest were cut and purified using the GRS PCR & Gel Band 

Purification Kit (GRiSP) and the cDNA concentration was assessed. 

Table 1: Name, sequence and Tm of the primers used in the PCRs performed. 

Primer Sequence (5´- 3´) Tm (°C) 

OLIGO 6: F_mS4D_1 ATGGGACCGTCGGAAAGGCCA 75.5 

OLIGO 7: F_mS4D_2 GACGTTGTAGATGCTAACGTG 59.9 

OLIGO 8: F_mS4D_3 GCACACACAGCCCCCAACAAG 72.1 

OLIGO 9: R_mS4D_4 GGGCCCCCGACCAGCCTCAGC 80.4 

OLIGO 10: R_mS4D_5 CCTGCACAAAGCGCTCCGGCG 79.5 

OLIGO 11: R_mS4D_6 TCACAATGGCTGGCACAAGAC 68.5 

OLIGO 12: F_SCRC4_mS4D GAACTCTTCCTAGGACAACGG 61.6 

OLIGO 13: R_SCRC4_mS4D CTGGCACAAGACACTGGCATC 68.2 

OLIGO 14: F_SCRC1_mS4D GAGGTCATGCATAGCGGCTCC 70.1 

OLIGO 15: R_SCRC1_mS4D ATCACACAGGACTGCCACATC 65.1 

OLIGO 16: F_SCRC2_mS4D TCCAAAATGGAAAAGGTGAGG 64.8 

OLIGO 17: R_SCRC2_mS4D GTGGAAGTCGGAGGGCTTAGA 66.5 

OLIGO 18: F_SCRC3_mS4D GGGCCTCAGGGAAGAAAAGCG 71.8 

OLIGO 19: R_SCRC3_mS4D TGGAGTCCCAGTTCCTCTGGG 69.8 

OLIGO 20: 3F1_SCRC4_mS4D CTCCGTCTGGCTAGTGGAACA 66.5 

OLIGO 21: 3F3_SCRC4_mS4D CCCCGGGAGAGGCCCACTTTG 76.4 

OLIGO 22: 3F4_SCRC4_mS4D GATGCCAGTGTCTTGTGCCAG 68.2 

OLIGO 23: SCRC1_3end_F-mS4D GGCTGGGGTGTCCACAACTGC 73.3 

OLIGO 24: SCRC4_5end_R-mS4D CGCGCCCCTCACATCGGTGTG 79.0 

OLIGO 25: AP 3’RACE mS4D GACCACGCGTATCGATGTCGACCCAGGGTTCTTTGTTAC 83.3 

OLIGO 26: F_UTR 5´_mS4D ACCTTGAGTCACAGATGTTCCAG 64.3 

OLIGO 27: F-inicio SRCR1_mS4D CTGCCCTTTCCAGAACTGAGG 67.1 

OLIGO 28: F-início SRCR2-mS4D GTGCGTCTGGTGGGCGGCGCC 83.3 

OLIGO 29: R fim SRCR2-mS4D TGCACAGAGCACCCCAGCATC 73.2 

OLIGO 30: F-início SRCR3-mS4D CTGAGGCTGGTCGGGGGCCCG 81.2 

OLIGO 31: F-ID 3-4-mS4D CCCAGTCCTCGGCCCAGAGAT 72.8 

OLIGO 32: R-UTR 3´-mS4D ACAGGCAGTTCCTCATAGGCT 64.0 

OLIGO CAGE 14_A4 GACCACGCGTATCGATGTCGAC 70.8 
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2.4. Cloning of the cDNA fragments of interest 

The cDNA molecules of interest obtained previously were inserted into the TOPO 

vector using the TOPO PCR Cloning System (ThermoFisher Scientific). 100 μL of 

NM534 competent cells were transformed with 2 μL of TOPO/mS4D ligation product by 

the heat shock method: 30 min on ice followed by 1 min at 42 ºC and 2 min on ice 

again. Then bacteria pool was grown in 1 mL of LB only, at 37 ºC and 200 rpm for 1 h, 

to allow the expression of the ampicillin resistance gene by the transformed bacteria. 

Afterwards, bacteria pool was plated on LB Agar plates containing ampicillin as the 

selection antibiotic (at a final concentration of 100 μg/mL), and left overnight at 37 ºC to 

allow colony formation. To confirm whether the colonies were positive for the plasmid 

of interest, a colony PCR was performed with gene specific primers. The reaction 

mixture included 5 μL of NZYTaq 2x Green Master Mix, 1 μL of each primer (forward 

and reverse) at a concentration of 10 μM, and 0.4 μL of 100% DMSO in a total volume 

of 10 μL. By using sterile toothpicks, a small sample was picked from each colony to be 

tested and mixed with the PCR reaction mixture. The PCR reaction conditions were 95 

ºC for 5 min followed by 30 cycles of 95 ºC for 1 min, 1 min at an annealing 

temperature according to the primers used and 72 ºC for a duration dependent on the 

size of the product of interest (60 s/kb). A final extension step of 72 ºC for 10 min was 

added.  

The PCR products were analyzed in a 1.2% agarose gel. Subsequently, positive 

colonies were grown overnight in 3 mL of LB plus ampicillin (at a final concentration of 

100 μg/mL) at 37 ºC and 200 rpm. The day after, the plasmid DNA was extracted from 

the bacteria and purified using the GRS Plasmid Purification Kit – Mini (GRiSP), 

following the manufacturer’s instructions. The purified plasmid DNA, which yielded a 

good concentration (~100 ng/mL), was sent for sequencing (through Sanger 

sequencing method) to an external facility.  

The analysis of the sequences was carried out with the CLC Sequence Viewer 

7.8 (https://www.qiagenbioinformatics.com/) and the SnapGene software (from GSL 

Biotech; available at snapgene.com). Multiple alignments were generated using 

ClustalW method available at Protein Information Resource 

(http://pir.georgetown.edu/pirwww/search/multialn.shtml).

http://www.snapgene.com/
http://pir.georgetown.edu/pirwww/search/multialn.shtml
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2.5. Cloning of the synthetic mS4D into the pHR-Citrine 

In order to clone a synthetic mS4D cDNA into the pHR-Citrine vector, two primers 

were designed (Table 2). The forward primer hybridizes at the 5’ end of the synthetic 

mS4D (containing the theoretical signal peptide of the mS4D) and the reverse primer 

hybridizes at the 3’ end of the cDNA. In addition, the forward primer contains a MluI 

recognizing sequence right before the ATG codon and the reverse primer has a BamHI 

recognizing sequence right after the mS4D sequence. Importantly, two nucleotides 

were added in the reverse primer between the mS4D hybridizing sequence and the 

BamHI sequence, so that the mS4D would be in frame with the Citrine sequence when 

inserted into the pHR.  

For the PCR reaction itself, 2.5 μL of each of these primers at a concentration of 

10 μM was added to 10 μL of 5X Phusion GC Buffer (Thermo Scientific), 1.5 μL of 

100% DMSO, 1 μL of 10 mM dNTP mix, 0.5 μL of the Phusion® High-Fidelity DNA 

Polymerase and 0.14 μL of the original vector containing the synthetic mS4D, pUC19, 

(50 ng total of cDNA) in a total volume of 50 μL. The cycling conditions were 98 ºC for 

3 min followed by 30 cycles of 98 ºC for 1 min, 62 ºC for 1 min and 72 ºC for 3.5 min. A 

final extension step of 72 ºC for 10 min was added after the 30 cycles.  

Table 2: Primers used to generate the insert to be cloned into the pHR vector. 
MluI recognizing sequence, start codon, BamHI recognizing sequence, nucleotides added. 

Primer Sequence (5’ – 3’) Tm (°C) 

pHR_S4D_F GGAACGCGTATGGGACCGTCGGAAAGGCCA 84.9 

pHR_S4D_R TCGGGATCCGCCAATGGCTGGCACAAGACA 86.4 

 

Both the amplified synthetic mS4D and the pHR-Citrine were digested with 

BamHI-HF® and MluI-HF® restriction enzymes (New England Biolabs.), in NEBuffer 

2.1, overnight at 37 ºC. The digestion products were run on a 1% agarose gel to check 

efficiency and the digested bands were purified with the GRS PCR & Gel Band 

Purification Kit (GRiSP).  

The digested pHR-Citrine was dephosphorylated using the Antarctic 

Phosphatase (New England Biolabs.) for 1 h at 37 ºC. This reaction was conducted in 

order to prevent the recircularization of the pHR-Citrine during ligation. Next, the 

reaction product was purified using the GRS PCR & Gel Band Purification Kit (GRiSP), 

following the instructions of the protocol for PCR clean up.  
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Then, ligation of the mS4D insert with the dephosphorylated pHR-Citrine was 

performed by mixing different proportions of the insert with the vector and adding 2 μL 

of T4 DNA Ligase Buffer (10x) and 1 μL of T4 DNA Ligase (Thermo Scientific) in a final 

volume of 20 μL. The mixture was incubated 20 min at room temperature (RT) for the 

ligation to occur. 

Finally, 100 μL of NM534 competent cells were transformed with 10 μL of pHR-

Citrine/synthetic mS4D ligation product by the heat shock method: 30 min on ice 

followed by 1 min at 42 ºC and 2 min on ice again. The bacteria pool was grown in 1 

mL of LB only, at 37 ºC and 200 rpm for 1 h, to allow the expression of the ampicillin 

resistance gene by the transformed bacteria. Afterwards, bacteria pool was plated on 

LB Agar plates containing ampicillin as the selection antibiotic (at a final concentration 

of 100 μg/mL), and left overnight at 37 ºC to allow colony formation. To confirm 

whether the colonies were positive for the plasmid of interest, a colony PCR was 

performed with gene specific primers. The reaction mixture included 5 μL of NZYTaq 

2x Green Master Mix, 1 μL of each primer (forward and reverse) at a concentration of 

10 μM, and 0.4 μL of 100% DMSO in a total volume of 10 μL. By using sterile 

toothpicks, a small sample was picked from each colony to be tested and mixed with 

the PCR reaction mixture. The PCR conditions were 95 ºC for 5 min followed by 30 

cycles of 95 ºC for 1 min, 1 min at 65 ºC and 72 ºC for 1 min. A final extension step of 

72 ºC for 10 min was added.  

The PCR products were analyzed in a 1% agarose gel. Subsequently, positive 

colonies were grown overnight in 3 mL of LB plus ampicillin (at a final concentration of 

100 μg/mL) at 37 ºC and 200 rpm. The day after, the plasmid DNA was extracted from 

the bacteria and purified using the GRS Plasmid Purification Kit – Mini (GRiSP), 

following the manufacturer’s instructions. The purified plasmid DNA which yielded a 

good concentration (~100 ng/mL) was sent for sequencing (through Sanger 

sequencing method) to an external facility.  

2.6. Establishment of a stable cell line over-expressing the synthetic 

mS4D 

To produce a stable RAW 264.7 cell line over-expressing the synthetic mS4D, a 

lentiviral transfection method was applied. 
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2.6.1. Virus assembly 

HEK 293T cells were transfected with 0.5 µg of each of the following three 

vectors: pMD-G and p8.91 (required for virus assembly), and pHR-Citrine coding for 

the synthetic mS4D (pHR-mS4D-SRCRB-Citrine).  

24 h before transfection, HEK 293T cells were counted and plated on a 6-well 

plate at a concentration of 3 x 105 cells/mL, in 2 mL of cDMEM medium/well.  

On the day of the experiment, 0.5 µg of each of the three vectors were mixed in a 

final volume of 20 µL of water and added to 100 µL of Minimal Essential Medium (Opti-

MEM) (Gibco) containing 4.5 µL of lipofectamine (Invitrogen). After 30 min of incubation 

at RT, the transfection mix was added to the HEK 293T cells drop by drop. Cells were 

incubated for 48 h at 37 ºC and 5% CO2 atmosphere to allow virus assembly and 

production into the supernatant (SN). HEK 293T cells SN containing viral particles was 

recovered and centrifuged for 5 min at 3000 rpm to remove any contaminating HEK 

293T cells or debris and was stored at -20 C. 

2.6.2. RAW 264.7 cells infection 

24 h before infection, RAW 264.7 cells were counted and plated on a 6-well plate 

at a concentration of 1.5 x 105 cells/mL, in 2 mL of cDMEM medium/well.  

On the day of the experiment, the SN produced by HEK 293T cells, containing 

the viral particles with the plasmid for the expression of the synthetic mS4D, was added 

to RAW 264.7 cells. Then cells were incubated for 24 h at 37 ºC and with 5% CO2 

atmosphere, to allow infection. 

2.6.3. Flow cytometry analysis and sorting of RAW 264.7 transfected cells 

To evaluate the success of RAW 264.7 stable transfection with the recombinant 

mS4D, transfected cells (or non-transfected cells as negative control) were detached 

by 15 min incubation with PBS-EDTA and scraped. After washing with PBS 1X, cells 

were resuspended in FACS buffer (PBS 1X containing 1% BSA and 0.02% sodium 

azide) to a final density of 3x105 cells/mL, filtered with a 100 µm cell strainer and used 

immediately. 10,000 cells were analyzed on a FACSCanto II flow cytometer (BD 

Biosciences) using the laser line 488. Citrine fluorescence was analyzed using the 
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FITC channel (Citrine Ext at 490 nm and Emt at 514 nm). Results were analyzed with 

the FlowJo software (available at https://www.flowjo.com/). 

In order to obtain a pure population of RAW cells expressing mS4D-Citrine 

recombinant protein, the whole population of stably transfected cells was sorted. 

Transfected RAW 264.7 cells (or non-transfected cells as negative control) were 

detached by 15 min incubation with PBS-EDTA and scraped. After washing with PBS 

1X, cells were resuspended in FACS Sorting buffer (PBS 1X Ca/Mg++ free, containing 

1% FBS, 1 mM EDTA and 25 mM HEPES) to a final density of 10x106 cells/mL, filtered 

with a 100 µm cell strainer and used immediately. The whole sample of mS4D-Citrine 

RAW 264.7 cells was sorted on FACSAria II cell sorter (BD Biosciences). Analysis of 

the results was conducted with the FlowJo software.  

2.7. Antibodies and immunoglobulins 

Table 3: Characteristics of the antibodies and immunoglobulins used.  
Name, cross-reactivity, host, application and company are discriminated for each Ab or immunoglobulin used.  

 

 

Antibody/ 
Immunoglobulin 

Cross-
reactivity 

Host 
Application 
(Dilution) 

Company 
(Reference) 

Anti-hS4D Human, (mouse) 
Rabbit 

polyclonal 

WB (1:1500) 
Immunofluorescence 

(1:100) 

Abcam 
(ab204496) 

Anti-hS4D Human, (mouse) Goat polyclonal 
Immunofluorescence 

(1:100) 

Santa Cruz 
Biotechnology 
(sc 165589) 

Anti-GFP Aequorea victoria 
Mouse 

monoclonal  
WB (1:1000) 

Santa Cruz 
Biotechnology 

(sc 9996) 

Anti-Tubulin Human 
Mouse 

monoclonal 
WB (1:50 000) 

Sigma-Aldrich  
(T5/68) 

Anti-rabbit IgG-
HRP 

Rabbit Goat polyclonal WB (1:30 000) 
Sigma-Aldrich   

(7.704) 

Anti-mouse IgG-
HRP 

Mouse Goat polyclonal WB (1:20 000) 
Santa Cruz 

Biotechnology 
(sc 2031) 

Alexa Fluor® 594 
anti-goat IgG 

Goat 
Rabbit 

polyclonal 
Immunofluorescence 

(1:400) 
Life Technologies 

(A-11080) 

Alexa Fluor® 647 
anti-rabbit IgG 

Rabbit Goat polyclonal  
Immunofluorescence 

(1:300) 
Life Technologies 

(A21244) 

Normal rabbit IgG  - Goat polyclonal 
Immunofluorescence 

(1:400)  

Santa Cruz 
Biotechnology 

(sc 2027) 

Normal goat IgG  - 
Rabbit 

polyclonal 
Immunofluorescence 

(1:400) 

Santa Cruz 
Biotechnology 

(sc 2028) 
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2.8. SDS-PAGE and Western blotting  

With the purpose of confirming that the recombinant protein mS4D-Citrine 

produced by infected RAW 264.7 cells had the predicted molecular weight, a sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western 

blotting was realized.  

Whole cell lysates were obtained by incubating 10 x 106 cells with lysis buffer (20 

mM HEPES pH 7.5, 150 mM NaCl, 50 mM NaF, 1 mM EDTA pH 8, 1% Triton X-100 

and 0.1 mM of PMSF) for 30 min at 4 ºC. Then, samples were centrifuged at 15,000 x 

g, for 15 min at 4 ºC. The SN was recovered and the whole lysates were stored at -

20C. 

For further analysis, each lysate was mixed with 6x protein sample buffer (0.375 

M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6 M DTT, 0.06% bromophenol blue) and 

incubated at 95 ºC for 10 min. 30 µL of each lysate were loaded on a well of a 12% 

SDS-PAGE and proteins were separated by applying 0.03 mA for 1.5 h. Proteins were 

transferred from the gel to a nitrocellulose membrane on an iBlot equipment 

(Invitrogen), following the manufacturer’s instructions. For Western Blot (WB) analysis, 

the membrane was placed in a 50 mL falcon tube and blocked with a solution of 5% 

milk in TBS-T for 1 h at RT. After, it was incubated with the primary Ab, a rabbit 

polyclonal anti-hS4D, in a solution of 3% milk in TBS-T, overnight at 4 ºC. Next, the 

membrane was submitted to three washes of 10 min each with TBS-T, at RT, followed 

by 1 h incubation at RT, with the secondary Ab, a goat anti-rabbit IgG conjugated with 

HRP, in a solution of 3% milk in TBS-T. After that, the membrane was washed three 

times for 10 min with TBS-T, at RT. All the incubations were done in agitation by using 

a tube rocker. 

The chemiluminescent signal was developed on an X-ray film using ECL solution 

(GE Healthcare).  

For the loading control of the same membrane, a stripping procedure was applied 

on the membrane. First, the membrane was washed with TBS-T for 10 min at RT, to 

remove remains of the developing reagent. Next, it was submitted to three washes of 

10 min at RT, with stripping buffer (50 mM glycine, 1.5 M NaCl, Milli-Q® water, pH 2.4), 

so that the antibodies could be removed. After the stripping, a second WB with an anti-

tubulin Ab was performed as the loading control of the samples. Therefore, the 

membrane was blocked again with a solution of 5% milk in TBS-T, for 1 h at RT, 

followed by an overnight incubation at 4 ºC, with an anti-tubulin mouse Ab in a solution 
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of 3% milk in TBS-T. Then, the membrane was washed three times for 10 min with 

TBS-T, at RT, followed by 1 h incubation at RT, with the secondary Ab, a goat anti-

mouse IgG-HRP, in a solution of 3% milk in TBS-T. Next, the membrane was submitted 

to three washes of 10 min each with TBS-T, at RT. All the incubations were done in 

agitation by using a tube rocker. The chemiluminescent signal was developed as 

previously described. 

2.9. Immunofluorescence staining  

For the immunofluorescence assay, RAW 264.7 cells, both WT and stably 

transfected with the synthetic mS4D, were seeded (3x105 cells/mL) on a 12-well plate 

already containing lamellae. Cells were left to adhere overnight at 37 ºC and 5% CO2 

atmosphere. Next day the medium was removed, cells were washed three times with 

PBS, then fixed using PFA (2%) during 10 min, followed by two washes with PBS, and 

blocked with PBS+0.5% BSA (NZYTech) for 30 min. After the blocking, cells were 

submitted to another two washes with PBS and then a 5 min treatment with PBS+0.2% 

Triton X-100 was performed to make cells permeable. Next, after two washes with 

PBS, cells were incubated with different primary antibodies, rabbit anti-hS4D used at 

1:100 dilution, or goat anti-hS4D used at 1:100 dilution, overnight at 4 ºC. After the 

removal of the primary Ab, cells were washed two times with PBS, and a further 

incubation with the secondary Ab was performed, with Alexa Fluor® 647 anti-rabbit IgG 

used at 1:300 dilution, or Alexa Fluor® 594 anti-goat IgG used at 1:400 dilution, 

respectively, at RT for 1 h. Finally, after submitting the cells to two washes with PBS, 

DAPI (Invitrogen) was used at 1:1000 dilution, for 5 min at RT, for the staining of the 

nucleus. Cells were washed again two times with PBS and lamellae were mounted with 

Vectashield (Vector) in cover slides. A negative control for the primary antibodies using 

a rabbit or goat IgG was also performed. During all the procedures, samples were 

protected from direct light to avoid photobleaching.  

Images of the cells were obtained in a fluorescence microscope (Leica DMI 

6000B) and imaging analysis was conducted on Fiji software (available at 

https://fiji.sc/).  
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2.10. Stimulation assay on RAW 264.7 transfected cells 

RAW 264.7 cells stably transfected with the synthetic mS4D-Citrine, already 

sorted, and RAW 264.7 WT cells (as control) were seeded on a 12-well plate (3x105 

cells/mL) and left to adhere overnight at 37 ºC and 5% CO2 atmosphere. Then cells 

were submitted to different stimuli: LPS, interleukin 4 (IL-4), interleukin 6 (IL-6) and 

interleukin 17 (IL-17), all stimuli at a final concentration of 200 ng/mL,100 ng/mL or 20 

ng/mL, or left untreated as negative control. The cells’ SN was recovered 24 h later, 

centrifuged at 1200 rpm, at 4 ºC for 5 min, and stored at -20C for further analysis. 

Whole cell lysates were obtained at the same time by incubating cell pellets with lysis 

buffer for 30 min at 4 ºC. Then samples were centrifuged at 15,000 x g, for 15 min at 4 

ºC. The SN was recovered and the whole lysates were stored at -20C. These 

supernatants and whole lysates were used in a WB performed to check whether any of 

the different stimuli applied had influence on mS4D production and secretion.  

For that purpose, each SN and whole lysate (WL) was mixed with 6x protein 

sample buffer and incubated at 95 ºC for 10 min. 15 µL of each sample (SN and WL) 

were loaded on a well of a 12% SDS-PAGE and proteins were separated by applying 

0.03 mA for 1 h. Proteins were transferred from the gels to nitrocellulose membranes 

on an iBlot equipment (Invitrogen), following the manufacturer’s instructions. For WB 

analysis, membranes were placed in a 50 mL Falcon tube and blocked with a solution 

of 5% milk in TBS-T for 1 h at RT. After, they were incubated with the primary Ab, a 

rabbit polyclonal anti-hS4D, in a solution of 3% milk in TBS-T, overnight at 4 ºC. Next, 

the membranes were submitted to three washes of 10 min each with TBS-T, at RT, 

followed by 1 h incubation at RT with the secondary Ab, a goat anti-rabbit IgG 

conjugated with HRP, in a solution of 3% milk in TBS-T. Then, membranes were 

washed again three times for 10 min with TBS-T, at RT. All the incubations were done 

in agitation by using a tube rocker. 

The chemiluminescent signal was developed on an X-ray film using ECL solution 

(GE Healthcare).  

Then, a stripping procedure was applied as described before. 

After the stripping, for the membranes with WL samples, a second WB with an 

anti-tubulin Ab was performed as described before. For the membranes with SN 

samples, also a second WB was performed to detect mS4D-Citrine in an alternative 

way. For that, the membranes were blocked again with a solution of 5% milk in TBS-T, 

for 1 h at RT, followed by an overnight incubation at 4 ºC, with a mouse monoclonal 
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anti-GFP Ab in a solution of 3% milk in TBS-T. Then, all membranes (SN and WL) 

were washed three times for 10 min with TBS-T, at RT, followed by 1 h incubation at 

RT, with the secondary Ab, a goat anti-mouse IgG-HRP, in a solution of 3% milk in 

TBS-T. Next, the membranes were submitted to three washes of 10 min each with 

TBS-T, at RT. All the incubations were done in agitation by using a tube rocker. The 

chemiluminescent signal was developed as previously described.  

Densitometry analysis of the bands´ intensity was conducted on Fiji software.  

2.11. Mammal cells culture 

Information about the cell lines is listed on Table 4. All cell lines were maintained 

at 37 ºC with 5% CO2 environment and passed every 3 days.  

For the maintenance of the used cell lines, complete Dulbecco’s Modified Eagle’s 

Medium (cDMEM) was utilized. cDMEM consists in DMEM (DMEM/High Glucose 

HyClone SH30022.01 containing 4 mM L-Glutamine and 4500 mg/L Glucose) 

supplemented with 10% or 20% heat-inactivated FBS (Gibco®), 1mM sodium pyruvate 

(Gibco®), 100 U/mL penicillin plus 100 μg/mL streptomycin antibiotics (Gibco®). 

 

Table 4: Characteristics of the used cell lines. 
Origin, morphology, growth properties and growth medium used is discriminated for each cell line. 

Cell Line Origin Morphology 
Growth 

properties 
Growth 
medium 

HEK 293T 
Human embryonic 

kidney 
Epithelial Adherent 

cDMEM 
10% FBS 

RAW 264.7 Mouse blood Monocyte/Macrophage Semi-Adherent 
cDMEM 

10% FBS 

OP9 
Mouse bone 

marrow/stroma 
 

Macrophage Adherent 
cDMEM 

20% FBS 
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3. Results 

3.1. mS4D 

3.1.1. mS4D cDNA amplification and cloning 

With the purpose of amplifying and cloning the full mS4D cDNA molecule, several 

PCRs were designed and conducted using total cellular cDNA as template.  

For accomplishing that purpose, one of the first tasks performed was the 

synthesis of the total cellular cDNA. For this assignment, RNA samples, previously 

isolated from different tissues and cell lines, were submitted to a reverse transcription 

reaction. Importantly, since there is no evidence as to whether that mS4D mRNA is 

present at high or low concentration in the transcriptome, two sets of reactions were 

carried out in parallel: one using poly-dT containing primers, oligo dT, which hybridize 

with the poly-A tail present in the mRNA sequence; and the other one using random 

primers, RP, which hybridize with any RNA molecules, which is a useful strategy if the 

target mRNA is scanty. 

The relevant products obtained from the PCRs performed to amplify the mS4D 

cDNA are shown in the agarose gels presented in Figure 2. Although different bands 

are visible in the agarose gels, not all gave origin to specific sequences. The first two 

regions cloned were a portion of SRCR domain 1 (SRCR1) and a portion of SRCR 

domain 4 (SRCR4) (Figure 2-A). SRCR1 was amplified from spleen (using oligo dT and 

RP) and embryo cDNA (using RP) while SRCR4 was obtained only from embryo cDNA 

(using RP). Similarly, SRCR domain 2 (SRCR2) was obtained from spleen and ovary 

cDNA (using oligo dT) and SRCR domain 3 (SRCR3) only from spleen cDNA (using 

oligo dT) (Figure 2-B). All the four SRCR domains have a predicted size of 303 bp, 

which is concordant with the size presented by the bands in the agarose gel. The 3´ 

UTR was amplified, through 3´ RACE, from spleen cDNA and the corresponding band 

was about 950 bp long, as seen in Figure 2-C. 
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Figure 2: Agarose gels showing the PCR products corresponding to the cloned regions of mS4D cDNA. 
A) SRCR1 and SRCR4; B) SRCR2 and SRCR3; C) 3´ UTR; the cDNA used in the PCR is from spleen. The bands 
which effectively gave origin to cloned sequences are surrounded with a black box. Information about tissue of origin of 
RNA, kind of primers used in cDNA synthesis (oligo dT or RP) and type of PCR performed (nested or semi-nested) is 
also shown. 

 

The bands obtained were then purified, cloned into the TOPO vector and positive 

colonies were then confirmed based on colony PCR test, as described in Materials and 

Methods. As an example, results from SRCR2 processing, representative of these 

steps, are shown (Figure 3). 

 

B 
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Figure 3: Results of intermediate steps involved in the cloning of SRCR2 domain.  
A) Agarose gel showing the PCR products corresponding to the SRCR2 domain. Specific bands (indicated with an 
arrow) were cut and purified as described in Materials and Methods. B) Agarose gel showing the colony PCR products 
from TOPO/mS4D clones. Information about tissue of origin of RNA and oligos used in the PCR is presented. Clone 5 
(from splenic cDNA), and clone 1, 2, 4 and 5 (from ovarian cDNA) constitute positive clones for the presence of SRCR2 
domain.  

 

Each insert was afterwards sequenced using universal primers M13 reverse and 

forward (whose complementary sequences are found flanking the inserts in TOPO 

constructs). The sequencing results were analyzed namely by doing a multiple 

alignment of each sequence obtained with the theoretical mS4D mRNA sequence, to 

this way verify whether the sequences were in fact cloned regions of mS4D cDNA. 

Important information about the successfully cloned regions of mS4D cDNA is listed on 

Table 5.  

 

Table 5: Cloned regions of mS4D, their tissue of origin and primers used in the PCRs.  
Nucleotides (nt) are numbered from the first nucleotide of the start codon. Cloned regions are numbered [1-5], and each 
number points out the cloned sequence in Figure 4. 

 

The assembly of all the inserts cloned with the theoretical reference sequence is 

shown in Figure 4 and schematically represented in Figure 5 (for more detail see 

Supplementary Figure 1).  

mS4D sequence 
target 

Forward 
primer 

Reverse primer 
Cloned region 

(nt) 
Tissue of origin 

SRCR1 14 15 248-507 [1] spleen, embryo 

SRCR2 28 29 598-900 [2] spleen, ovary 

SRCR3 30 10 1063-1367 [3] spleen 

SRCR4 12 13 1492-1752 [4] embryo 

3´ UTR 12 CAGE 14_A4  1492-2376 [5] spleen 
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Using the SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/), we were 

able to determine the predicted signal peptide, also shown in the schemes presented 

(highlighted in yellow, with the start codon emphasized in dark green). Through the 

analysis of Figure 4, it is possible to see that all cloned mS4D sequences are identical 

to the predicted one. Both SRCR1 and SRCR4 cloned sequences do not comprise the 

whole extension of the domains, due to the positions of forward primers, which already 

hybridize after the beginning of each domain (Supplementary Figure 1). Likewise, the 

3´ UTR obtained is almost complete. On the contrary, the cloned regions relative to 

SRCR2 and SRCR3 domains are complete.  

 
TGCCCCCAAGGTCAGGTGGGGACAGGCTGGGGCCACCGGCAGCTCCATGGCCAAGGACACTGCCTCTTCTCT

CCTTCTAGCTACGGAAAGAAAAGAAGAAAAGTCTGTGCTGATCTGTATCTCGGGGGCCCTTCCCCCTCCTAAAGTCC

CTGGAGCAGAGGCAGTGATTGAAACTTGGATTATCTGGAGGGAAAGAACCCAGAACATCCCTACAGCTGGCCCAGGC

AGCTGGAAGTAAACACGCAGGACCTTGAGTCACAGATGTTCCAGCTGTGACTTCTCCTCAGATTCTTGATGGGACCG

TCGGAAAGGCCATCCATTGGCTGGACACCCAAGGAAGCAGAGATGCAAATTGGCCCCCAGCCTGATGGATGGAGCAG

GGGATGGAAGCCTGGGGACAGGGGTGCTGTCCCCCTGCCCCTCTCCCCAGCACTGTCCTTCCTCCTTCTGTTCCCAC

TGGCCAGTGCCCTCCAGCCCACTCCGCTGCCCTTTCCAGAACTGAGGCTGGTAGGGGGCCCGAGCCGCTGCCGAGGG

CGCCTCGAGGTCATGCATAGCGGCTCCTGGGGCAGCGTTTGCGACGATGACTGGGACGTTGTAGATGCTAACGTGGT

GTGTCGTCAGCTGGGCTGTGGCCTGGCATTGCCGGTGCCACGGCCCCTCGCCTTTGGCCAGGGCAGAGGGCCCATTT

TCCTGGATAATGTGGAGTGCCGCGGGCAGGAAGCGTCTCTGAGCGAGTGTGGCAGCAGGGGCTGGGGTGTCCACAAC

TGCTTTCACTATGAAGATGTGGCAGTCCTGTGTGATGAATTCTTGCACACACAGCCCCCAACAAGGAAGGTGTTAAC

CAGTATGGCACCCGCTACAGCCCTCCAAAATGGAAAAGGTGAGGGCAGTGTGCGTCTGGTGGGCGGCGCCAGCCCGT

GTCAAGGCCGAGTGGAGATTCTGCATGGTGGCGTCTGGGGCACTGTATGCGACGATGACTGGGGGCTGCAGGATGCT

GCTGTTGTGTGCCGCCAGCTGGGCTGTGGGGTCGCCTTGGCCGCCACCACTAATGCCTTTTTCGGCTATGGTACCGG

GCATATCCTGCTGGACAATGTTCACTGCGAAGGTGGCGAGCCCCGCCTGGCAGCCTGCCAGAGCCTAGGCTGGGGCG

TGCACAACTGCGGACACCACGAGGATGCTGGGGTGCTCTGTGCAGTTCTAAGCCCTCCGACTTCCACAGCTCTGCCT

CCGTCTGTCACAAAAGAAGACTGGGCACGGCACACTGGGCCAGCAGCTACAGGAGTTGGTGCCTCACCTTCCAGGGA

CACTGTGTGGCTGACGACAGCAGCCCGGGCCTCAGGGAAGAAAAGCGGAAGGCTGAGGCTGGTCGGGGGCCCGAGCC

CGTGCCGCGGCCGCGTGGAGGTGCTGTACGCCGGGGGTTGGGGCACCGTGTGCGACGATGACTGGGACTTCGCGGAC

GCGCGGGTGGCCTGTCGCGAGGCGGGTTGCGGGCCCGCGCTAGGCGCCACGGGCCTTGGTCATTTTGGCTATGGCCG

AGGCCCTGTGCTGCTAGACAACGTAGGCTGCACCGGTACTGAGGCCCGCCTCAGCGACTGCTTCCATCTGGGCTGGG

GACAGCACAACTGCGGCCACCACGAAGACGCCGGAGCGCTTTGTGCAGGCCCAGAGGAACTGGGACTCCAAGTCCAG

CAGGCTGGTTCTGAGACCACCCGAATGCCCAGTCCTCGGCCCAGAGATGGGCACCTCCGTCTGGCTAGTGGAACACA

CCGATGTGAGGGGCGCGTAGAACTCTTCCTAGGACAACGGTGGGGCACTGTTTGTGATGATGCCTGGGACCTACGGG

CAGCCATTGTCCTGTGCCGTCAGCTGGGATGTGGCCAGGCTCTCGCAGCCCCGGGAGAGGCCCACTTTGGCCCAGGC

CGAGGCCCAATCCTCTTGGACAATGTCAAATGCCGAGGAGATGAGAGCACCTTGCTACTGTGCTCTCATATCCGCTG

GGATGTCCACAACTGTGACCACAGCGAGGATGCCAGTGTCTTGTGCCAGCCATTGTGACCCAGATGGCTCTGTACTC

CATACCATATCAAAGGAGCCTATGAGGAACTGCCTGTCCTTTCCCAGGATGCCTTCCTATGATAGCTCGGGTTCCTG

GTACCCCTTTCTCCCCGTGCATGGGAGAGATGCAGTACCTGCCCGAGTCCTCTTACTGTGTGTCCCGAGACTGTTAT

CACCTGCGGAAGGCCCAATACAGTGAACATAGCAATGTTTTGCTCAGCCAAATCAGAAAATGTGAGAGAATAACCCA

CTTCTCTTTGGGGGAACTCATATAGTACCCCCAATCCTTCCCTTCTGCACCCACATCCATGAGGCTTGGGCTGTCTG

TAAATGCCTTCAAACCCTTACCGTGACCTCTCTTGGTCTCCTGCTAAAAGTGGGGAGACAAAGGGGTTGGGGTGCTC

TTTTCTATAGACTGGCAGGGGACTGCAGAAGAACCAGGCCATCACCTTCCCTGCTGGGTGAGGACCTGGACTCAGAT

GGTGCTCCGCTGAACAAGGGGGCTGCAGGGGCCAAAACAGGGACCAGAGGAGCCCTTCCTGCAGCTTCTCTGATTTC

CACTGCCCCCCCCCCCCCAGCACAGAGCCTCCATTTTGCAGTAACAAAGAACCCTGGAGGCCCATAGCCACTGTCCT

TAGGTGCCAAGTCAATAAAGCATTATCTCCCCCAAAAA 

 
Figure 4: Multiple analysis hybridization of cDNA cloned regions with the theoretical sequence of mS4D mRNA. 
Theoretical nucleotide sequence of mS4D mRNA (NM_001160366.1) is shown with the cloned (100% identical) cDNA 
regions highlighted in green. The different cloned sequences are numbered from 1-5 at the sides of the figure, with 
correspondence in Table 5. The start codon is highlighted in dark green, predicted signal peptide in yellow, and the stop 
codon in red. The four SRCR domains are underlined. 
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Figure 5: Schematic representation of theoretical mS4D mRNA sequence with mapping of mS4D cDNA cloned regions and correspondent primers used in PCRs. 
Theoretical nucleotide sequence of mS4D mRNA (NM_001160366.1) is shown in black, with the start codon in dark green and the stop codon in red. Other features of mS4D mRNA are also annotated: the coding 
sequence of mS4D (in dark blue), predicted signal peptide (SP), the four SRCR domains and the 3´ UTR.   
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3.2. Synthetic mS4D 

To get an insight into the role of mS4D, in vitro assays with cells expressing the 

protein were designed. However, since the cloning of the whole mS4D cDNA sequence 

was not completed at the expected time, an alternative approach, using a synthetic 

mS4D, was followed to perform the assays. The synthetic cDNA for mS4D, designed in 

the host laboratory, was generated based on the theoretical reference sequence (ID: 

NM_001160366.1). 

3.2.1. Cloning of the synthetic mS4D into the pHR-Citrine 

In order to achieve the expression of mS4D as a recombinant protein in a 

mammalian cell line, there was a need to clone the synthetic mS4D cDNA into a 

mammalian expression vector, as for example the pHR-Citrine.  

Therefore, as described in detail in the Materials and Methods section, a 

synthetic mS4D was obtained, by PCR, from pUC19 vector (Figure 6). Both pHR-

Citrine and synthetic mS4D digested products were run on an agarose gel to check the 

digestion efficiency and are shown in Figure 7. Taking into account the amount of DNA 

obtained, we determined the ligation proportion of 3:1 (insert:vector). The resulting 

construct is schematized in Figure 9. Colony PCR results of replicated colonies of 

bacterial cells transformed with the pHR-Citrine/synthetic mS4D ligation product are 

shown in Figure 8. 

 
 

Figure 6: Agarose gel showing the amplified synthetic mS4D. 
The size of the desired PCR product is indicated. 
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Figure 7: Agarose gel showing the pHR-Citrine and synthetic mS4D digested products. 
pHR-Citrine was also loaded as a control for digestion efficiency. The desired bands (indicated with an arrow) were cut 
and purified as described in Material and Methods.  

 

 

Figure 8: Agarose gel showing the colony PCR products from tested colonies. 
Information about the oligos used in the PCR is presented. Clones 2, 3, 4 and 5 were positive clones for the presence of 
pHR-mS4D-SRCRB-Citrine. 
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Figure 9: Schematic representation of the resulting pHR-mS4D-SRCRB-Citrine. 
Synthetic mS4D was inserted into pHR-Citrine vector, with the Citrine protein fused at the C-terminal of mS4D. Amp 
prom – ampicillin promoter; AmpR - ampicillin resistance gene. 

 

 

3.2.2. Over-expression of synthetic mS4D in the RAW 264.7 cell line 

RAW 264.7 cells were stably transfected using the lentiviral method detailed in 

Materials and Methods. Afterwards, the expression level of the synthetic mS4D was 

assessed by flow cytometry analysis. 

 

Flow cytometry analysis and sorting of RAW 264.7 transfected cells 

 

To analyze the protein expression level of the extrinsic mS4D, Citrine 

fluorescence was measured by flow cytometry. Initially, only 30.5 % of the transfected 

RAW 264.7 cells expressed mS4D-Citrine (Figure 10). With the purpose of obtaining a 

more enriched population in mS4D positive cells, they were expanded and submitted to 

cell sorting based on Citrine fluorescence, by fluorescence-activated cell sorting 

(FACS) (Figure 11). 

After sorting, around 96% of the population of cells presented a high expression 

of mS4D-Citrine (Figure 12-C). 
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Details of the regular flow cytometry and sorting procedure can be found in 

Materials and Methods section. 

 

 

Figure 10: Flow cytometry analysis of RAW 264.7 transfected cells. 
mS4D-Citrine expression in RAW 264.7 transfected cells (red). Untransfected RAW 264.7 cells were used as negative 
control (blue). 
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Figure 11: FACS analysis of RAW 264.7 transfected cells. 
A) Gating of live RAW 264.7 cell population. B) Selection of RAW 264.7 single cell population. C) Citrine expression in 
RAW 264.7 untransfected cells, used as negative control. D) mS4D-Citrine expression in RAW 264.7 transfected cells 
to be sorted. E) Negative control for sorted population. F) Selection of Citrine positive RAW 264.7 cells, determined by 
Q3 in the FITC-A channel.  
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Figure 12: Flow cytometry analysis of sorted RAW 264.7 transfected cells.  
A) Gating of live RAW 264.7 cell population. B) Selection of RAW 264.7 single cell population. C) mS4D-Citrine 
expression in RAW 264.7 transfected cells after sorting (red). Untransfected RAW 264.7 cells were used as negative 
control (blue). 
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3.2.3. Western blotting 

In parallel with the flow cytometry analysis and in order to confirm that the 

recombinant protein mS4D-Citrine was being correctly produced, whole lysates of the 

transfected cells were used in a WB, with an anti-hS4D Ab.  

The WB performed undoubtedly shows the presence of a band of about 100 kDa 

in the lysate of RAW 264.7 transfected cells and none in the lysate of WT cells (Figure 

13). This result proves that transfected cells are indeed producing the recombinant 

protein with the expected molecular weight. Moreover, it is as well observable that WT 

RAW 264.7 cells do not endogenously express mS4D. Analysis of the WB detecting 

tubulin as the loading control using an anti-tubulin Ab reveals an equivalent amount of 

protein loaded for all the samples (Figure 13), thus validating the results obtained. 

 

 

Figure 13: Detection of mS4D-Citrine in whole cell lysates.  
A rabbit anti-hS4D Ab was used to detect synthetic mS4D-Citrine by WB in RAW 264.7 transfected and untransfected 
cells (negative control). Detection of tubulin was performed as loading control. *pHR-mS4D-SRCRB-Citrine  



FCUP 
Cloning and molecular characterization of mouse S4D-SRCRB  

43 

 

3.2.4. Immunofluorescence assays 

To assess the intracellular localization of the mS4D recombinant protein in 

transfected RAW 264.7 cells and to determine at the same time how specific and/or 

useful were two different anti-hS4D antibodies for the detection of the recombinant 

mS4D, immunofluorescence microscopy assays were performed.  

Assays were conducted in parallel with the two anti-hS4D primary antibodies and 

their corresponding secondary antibodies. Thus, a goat polyclonal anti-hS4D was used 

in combination with Alexa Fluor® 594 anti-goat IgG; and a rabbit anti-hS4D was used 

in combination with Alexa Fluor® 647 anti-rabbit IgG.  

At the same time, two negative controls were considered for each of the 

combinations. In the first control, mS4D transfected cells were stained with an isotype 

control for the primary Ab (goat IgG or rabbit IgG respectively) and the secondary Ab 

was added normally. In the second control, it was used RAW 264.7 WT instead of 

using transfected cells and the primary and secondary antibodies were used normally. 

Through the analysis of the fluorescence microscopy images referring to the 

mS4D transfected cells stained with the goat polyclonal anti-hS4D Ab together with the 

Alexa Fluor® 594 anti-goat IgG secondary Ab, and the corresponding controls, 

informative results were obtained. As shown in Figure 14, mS4D seems to present an 

even distribution across the cytoplasm of the cell (green fluorescence). Besides, a 

dotted pattern is also visible. Furthermore, it is clear the overlapping (in yellow) 

between the mS4D-Citrine protein in the green channel and the antibodies staining in 

the red channel. Importantly, it is also noted the lack of red fluorescence in the control 

using the goat IgG isotype and the absence of any green or red signal in the control 

performed with the WT cells.  

Nevertheless, by zooming in the overlapping image (Figure 14-B) it is possible to 

see that some red dots do not overlap with the green dots emitted by mS4D-Citrine, 

which could be due to minor problems regarding the specificity of the primary Ab and/or 

the ability of the secondary Ab to recognize the primary anti-hS4D.  

The staining of mS4D transfected cells with the combination of rabbit anti-hS4D 

primary Ab with the Alexa Fluor® 647 anti-rabbit IgG secondary Ab did not yield any 

detectable fluorescent signal in the far-red channel, and therefore the resulting pictures 

are not shown. 
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Figure 14: Immunofluorescence images of RAW 264.7 cells expressing mS4D-Citrine.  
A) Cells were fixed with 2% PFA (10 min), blocked with 0.5% BSA in PBS (1X) (30 min) and permeabilized with 
PBS+0.2% Triton X-100 (5 min). Cells were then incubated overnight at 4°C with the goat polyclonal anti-hS4D, 
followed by a further incubation at RT for 1 h with an Alexa Fluor® 594 anti-goat IgG (shown in red). Nuclear DNA was 
labeled with DAPI (shown in blue). Green fluorescence was emitted by the mS4D-Citrine recombinant protein. Images 
were acquired with a fluorescence microscope (Leica-DMI 6000B). B) Detail of the composite images displayed in 
section A. 
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3.2.5. Stimulation assays 

To investigate whether mS4D expression and/or secretion is altered upon 

stimulating cells with pro-inflammatory (LPS, IL-6 and IL-17) and anti-inflammatory (IL-

4) stimuli, the supernatants and the lysates of treated RAW 264.7 transfected cells 

(already sorted), and RAW 264.7 WT cells (used as negative control) were recovered 

and utilized to perform a WB (Figure 15).  

To detect mS4D-Citrine, it was used the same Ab utilized in the previous WB, an 

anti-hS4D. In addition, to obtain a cleaner signal of mS4D-Citrine in the supernatants of 

cells, here we also used an anti-GFP Ab, which would detect the Citrine portion of the 

recombinant protein. Notwithstanding, we did not attain useful results and thus images 

of that are not shown. To solve this, we could try in future experiments to optimize the 

protocol namely by determining at which concentration the Ab should be used to obtain 

a better outcome.  

We firstly analyzed the variation in the secretion of mS4D-Citrine upon 

stimulation by looking at the supernatants of cells (Figure 15-A). In this assay, all 

stimuli were applied at concentrations of 100 and 200 ng/mL.  

Interestingly, it was evident that both concentrations of LPS induced a decrease 

in the amount of mS4D-Citrine secreted, comparatively to the non-stimulated cells 

(Figure 15-A-i). Regarding the rest of the stimuli, it seems they cause a less 

accentuated effect (Figure 15-A-i and ii), but we cannot be sure because we did not 

have a loading control. As expected, in the supernatants of untransfected cells 

(negative controls), mS4D-Citrine was not detected. 

As these results were just indicative and not reliable, the assay was repeated, but 

in that case we recovered the supernatants and the whole cell lysates with the intention 

of using tubulin as loading control for the WB (Figure 15-B). Furthermore, that time 

stimuli were administered at more disparate concentrations, 20 and 200 ng/mL, with 

the intention of inducing greater changes in the levels of mS4D-Citrine. In order to get a 

more accurate measure of the relative amount of protein obtained for each condition, 

densitometry analysis of the bands was performed.  

The results showed that LPS induced a clear reduction in the amount of mS4D 

found in the SN but also in the WL: 85% reduction in the intracellular levels of mS4D 

with 20 ng/mL of LPS and 63% reduction with 200 ng/mL of LPS (Figure 15-B-i and C). 

Taking together the two treatments, the inhibitory effect was significant as compared 

with control cells (not treated), with a p value = 0.01. 
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Regarding IL-4, the type of effect changed depending on the concentrations 

administered: 20 ng/mL of IL-4 caused an increase of approximately 10% in the 

intracellular levels of mS4D, while higher concentrations of the cytokine reduced the 

amount of protein as much as 54% (Figure 15-B-i and C).  

Finally, IL-6 and IL-17 seemed to have a weaker inhibitory effect on mS4D 

protein levels, with the two concentrations of both stimuli inducing about 20% to 30% of 

decrease in the amount of intracellular protein (Figure 15-B-ii and C).  

 Overall, this assay confirms the tendency already seen for the analysis of the 

SN, and demonstrated that, of all stimuli tested, LPS induces a stronger inhibition in the 

production of mS4D-Citrine. 
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Figure 15: Detection of mS4D-Citrine in the supernatants and lysates of stimulated RAW 264.7 cells. 
A rabbit anti-hS4D Ab was used to detect synthetic mS4D-Citrine by WB upon stimulation of RAW 264.7 transfected 
(S4D) and untransfected (WT) cells (negative control). 

 
A) WB of supernatants from treated or untreated RAW 264.7 cells at 24 h after stimulation to detect mS4D-

Citrine levels. i) SN from cells untreated, treated with LPS or IL-4. ii) SN from cells untreated, treated with 
IL-6 or IL-17. Concentration values of the applied stimuli (in ng/mL) or control (-) are in parentheses. 

 
B) WB of whole lysates from treated or untreated RAW 264.7 cells at 24 h after stimulation to detect mS4D-

Citrine levels (top blot) or tubulin as loading control (bottom blot). i) WL from cells untreated, treated with 
LPS or IL-4. ii) WL from cells untreated, treated with IL-6 or IL-17. Concentration values of the applied 
stimuli (in ng/mL) or control (-) are in parentheses. 

 
C) Graphic obtained from the densitometry analysis of the WB bands, showing the relative amount of 

intracellular mS4D-Citrine protein between differently treated cells and the non-treated cells. For the 
normalization, the signal arising from tubulin detection was used as loading control. 
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4. Discussion 

The principal aim of the current work was the cloning of mS4D cDNA. This 

revealed to be a very arduous task and indeed we did not achieve the cloning of the full 

molecule.  

Although mRNA was extracted from different mouse tissues, some of them 

already shown in humans to express the hS4D (Padilla et al. 2002), the amplification of 

specific cDNA proved to be challenging. It is probable that the mS4D mRNA is little 

expressed, which certainly contributed to the difficulty of its cloning; however, other 

factors may have interfered.  

One of the possible causes for the unsuccessful cloning of the full mS4D 

molecule may be the length of the inter-domains. If they were much longer than 

expected, that factor could impair PCRs from occurring properly. Indeed, amplification 

of the full molecule, attempted through the use of forward primers hybridizing in the 

beginning of the first domain and the reverses in the end of the last domain, did not 

work.   

Another reason that perhaps explains the incomplete cloning is the eventual 

transcription of the mS4D gene into two or more different mRNA molecules. If this 

really happens, the unknown organization of the different SRCR domains in each 

mRNA molecule could explain the failure of the long-range PCRs.      

Furthermore, if the extraction and subsequent purification of RNA did not occur 

properly, there would be remains of genomic DNA in the cDNA samples. If this 

happened, perhaps the cloned regions we obtained were preferentially amplified from 

genomic DNA and not from the newly synthesized cDNA. This could explain the 

ineffective attempts to amplify the full cDNA molecule given that the genomic DNA 

presents a different domains/inter-domains organization, which compromises the 

amplification with the primers designed based on the theoretical mS4D mRNA 

sequence.   

In the near future, to amplify the remaining regions of the molecule, the mRNA 

could be extracted again from the same and/or other mouse tissues by using another 

RNA extraction protocol, which could give a purer product in the hope of achieving a 

higher presence of mS4D mRNA. Also, new primers could be designed to perform 

alternative PCRs and a 5´ RACE technique could be attempted in order to amplify the 

5´ UTR of mS4D cDNA.   
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Concerning the successfully cloned segments, given that these came from 

spleen, ovary and embryo, we hence demonstrate the mS4D mRNA presence in never 

before proven sites of its expression. It is noteworthy that all cloned regions of mS4D, 

except for SRCR4, come from the splenic tissue. The presence in the spleen may be 

an evidence of a potential involvement of the protein in lymphocyte selection and/or 

activation that takes place in this secondary lymphoid organ. This possible function, 

closely linked to adaptive immunity, would integrate well with the already described role 

of some other SRCR-SF group B members as PRRs, namely Spα (Sarrias et al. 2005) 

and SSc5D (Miró-Julià et al. 2011), the other two soluble proteins of the group B. 

Additionally, this possibility of an mS4D participation in lymphocyte activation is 

consistent with previous results of the host group that suggest an implication of the 

human protein in the modulation of T cell activation (Almeida 2015).  

 

The second part of the project involved performing in vitro assays to assess 

mS4D functional features. These assays were always performed with RAW 264.7 cells 

stably transfected with the synthetic mS4D. This cell line was chosen due to the fact 

that is a rodent cell line, appropriate for a mouse protein expression, capable of 

producing the recombinant protein with the adequate post-translational modifications. 

Furthermore, the RAW 264.7 cell line consists of cells of myeloid origin with a 

monocyte/macrophage morphology, thereby suitable to assess the role and 

significance of mS4D in an immune context. This context was chosen given the fact 

that most members of group B SRCR-SF, in which the mS4D would integrate, are 

expressed in immune system related cells (Sarrias et al. 2004). 

Cloning of synthetic mS4D into pHR-Citrine vector allowed the production of our 

protein of interest under the control of the SV40 early promoter, which drives high-level 

expression of the gene of interest in the transfected mammalian cells. Furthermore, the 

fluorescent protein Citrine is fused at the C-terminal of mS4D, which is an elegant 

method for tracing the recombinant protein by different fluorescence approaches. The 

vector also contains the origin of replication of ColE1 plasmid, which allowed its 

replication in Escherichia coli cells, and an ampicillin resistance gene, for selection of 

bacterial positive colonies (Figure 9).  

Thus, the resulting construct (pHR-mS4D-SRCRB-Citrine) was introduced into 

RAW 264.7 cells by a lentiviral transfection method, allowing its insertion in the 

genome and therefore generating a stably transfected cell line constitutively expressing 

the mS4D-Citrine recombinant protein.   

Afterwards, it was assessed the percentage of cells from the whole transfected 

population which were in reality positive for mS4D-Citrine. As much as 30% of the cells 
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exhibited significant green fluorescence (Figure 10). Subsequently, and in order to get 

a much more homogeneous culture, positive cells for mS4D-Citrine were sorted (Figure 

11). That was a crucial procedure to do, as we wanted to conduct functional 

experiments with that transfected population and having a heterogeneous population 

could affect the outcome of the experiments.   

Simultaneously, to check whether the recombinant mS4D-Citrine protein was 

being correctly produced by the transfected cells, lysates were used to perform a WB. 

The only available antibodies to detect S4D are against the human protein. Given the 

lack of antibodies specific to mS4D, which is actually one of the reasons that motivated 

the development of this work, we used an Ab against hS4D to detect the mouse 

protein. Although the Ab is specific to hS4D, the manufacturers claim it could also work 

to detect the mouse protein. Results clearly show a band of about 100 kDa (Figure 13), 

which is close to the molecular weight predicted for the recombinant mS4D-Citrine 

protein of 89.5 kDa, as calculated by the ProtParam tool of the ExPASy portal 

(http://web.expasy.org/protparam/). The difference between the values can be 

explained by the presumable glycosylation and other post-translational modifications 

undergone by the protein. From this result we can assume that the Ab used, against 

the hS4D, correctly detects the mouse protein. Moreover, this detection confirms that 

the expression of the recombinant protein was occurring properly and also that the 

addition of the reporter protein does not interfere with the recognition of mS4D by the 

Ab. 

Since RAW 264.7 stably transfected cells express the mS4D protein fused with 

the Citrine reporter, it was possible to determine the localization of our protein of 

interest by looking at the green fluorescence emitted by the Citrine protein. 

Immunofluorescence microscopy assays were thus conducted. These experiments 

were done with the initial unsorted transfected RAW 264.7 cells, fact that contributed to 

a scarce number of cells displaying green fluorescence in each field. For better results, 

the next experiments should be conducted with the already sorted RAW 264.7 

transfected cells.  

Either way, results showed, in general, an overlapping of the red signal emitted 

by the secondary Ab with the green fluorescence emitted by mS4D-Citrine, from which 

we can conclude that the anti-hS4D Ab used is capable of recognizing mS4D in this 

type of assay. Still, sometimes the red signal does not coincide with the green signal 

emitted by Citrine, which reveals unspecific binding of the antibodies. It is also 

observable a green staining in places where the red signal does not exist, which 

signifies that the secondary Ab misrecognizes the primary Ab bound to mS4D-Citrine 

or even that the primary Ab not always recognizes mS4D-Citrine. Perhaps the Citrine 
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fused to mS4D causes impairment in the recognition of the protein by the primary Ab, 

which could lead to these results.  

Beyond that, it is visible that mS4D presents an even distribution across the 

cytoplasm of the cell with a punctate pattern also being apparent. This last observation 

is concordant with previous results obtained with the human protein (Almeida 2015). 

This pattern of distribution may be an evidence of the storage of the protein in vesicles 

to later be secreted, which is a plausible explanation since mS4D is a soluble protein. 

However, because we are looking at a transfected protein we cannot draw definitive 

conclusions about mS4D subcellular localization. Moreover, the Citrine reporter most 

likely affects the usual and natural distribution of the mS4D protein.  

To have insight into functional aspects of mS4D, stimulation assays were 

conducted on RAW 264.7 stably transfected cells. Accordingly, in order to evaluate 

changes in the intracellular expression and/or extracellular release of mS4D in 

response to stimulation, supernatants and whole lysates were collected after 

stimulation to perform WB.  

Both pro- and anti-inflammatory stimuli were applied in an attempt to assess what 

happens to mS4D in different scenarios. LPS, IL-6 and IL-17 constituted the pro-

inflammatory stimuli whereas IL-4 was the only anti-inflammatory stimulus used. 

Analyzing the effect of these molecules on RAW 264.7 cells seemed reasonable since 

all of them can be part of a macrophage microenvironment.  

LPS was administered with the intention of mimicking an infection. LPS, since it is 

the main component of the outer membrane of Gram-negative bacteria, is a strong 

inducer of the immune system. When the recognizing machinery of a cell senses LPS, 

the signaling cascade activated will result in cytokine production which in turn will 

trigger the innate immune response (Delves and Roitt 2000; Jerala 2007). Being a 

scavenger receptor, it would be expectable that mS4D could sense LPS or at least be 

involved in a pathway activated by its presence.  

The first results, obtained with supernatants of stimulated cells, show that LPS 

seems to induce a decrease in the secretion of mS4D-Citrine. Analysis of the 

subsequent assay demonstrated that same pattern. However, the apparent decrease 

on mS4D secretion in cells treated with LPS was due to the former inhibition of its 

intracellular levels, verified in the WB of the whole cell lysates. If that intracellular 

reduction of mS4D protein levels is due to an impaired protein synthesis or an increase 

in protein degradation upon LPS stimulation is a question to be further explored. 

Indeed, the changes on mS4D expression as an effect to LPS administration 

suggest the involvement of mS4D in innate immune responses, directly associated with 

the clearance of PAMPs such as LPS. This observation corroborates the already 
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mentioned hypothesis for the human orthologue S4D as having a role in mucosal 

innate immunity (Padilla et al. 2002). 

IL-6 and IL-17 constitute pro-inflammatory cytokines, often associated with 

autoimmunity (Bauer and Herrmann 1991; Ishihara and Hirano 2002; Jin and Dong 

2013). Other group B SRCR-SF members have been associated with autoimmune 

disorders (Martinez et al. 2011; Balakrishnan et al. 2014; Kofler et al. 2016), and so we 

thought it would be profitable to assess what kind of response these cytokines would 

cause in this unexplored member of the family. IL-6 is well known as a significant 

mediator of acute inflammatory responses (Bauer and Herrmann 1991), exhibits anti-

inflammatory as well pro-inflammatory properties and presents regulatory functions in 

inflammation and immune responses (Heinrich et al. 2003). IL-17 stimulates the 

production of pro-inflammatory cytokines and chemokines, being an important immune 

regulator, involved in inflammatory responses to infection, and inflammatory diseases 

(Jin and Dong 2013; Burkett et al. 2015). 

Both IL-6 and IL-17 caused a similar inhibitory effect on mS4D intracellular 

amount without major differences between the two tested concentrations, however 

much less marked than the exhibited by LPS. 

The fact that these three stimuli, all pro-inflammatory, caused a reduction in 

mS4D levels suggests that the protein may act as regulatory molecule in the context of 

inflammation, and therefore its expression should be repressed in circumstances where 

an active pro-inflammatory response is required, namely in infection and injury.  

Conversely, IL-4 is a multifunctional cytokine secreted by different immune cells, 

mainly by T-helper 2 cells, mast cells, eosinophils, basophils, but also by non-immune 

cells as fibroblasts and epithelial cells. IL-4 is known to regulate a variety of immune 

responses, affecting the outcome of T and B cells but importantly is the best-

characterized promoter of M2 polarization in macrophages (Gadani et al. 2012).  

Here, IL-4 induced two opposite effects on mS4D production depending on the 

dose of the treatment. The lowest concentration produced a slight increase in mS4D 

intracellular levels while the highest dosage caused a decrease of more than 50%. This 

discrepant difference may be related to some pleiotropic effects of the IL-4 cytokine 

(Paul 1991).  

The multiplicity of IL-4 actions may be reflected in the dual effect observed on 

mS4D production, and could depend on the concentration of the cytokine used in each 

treatment. Perhaps IL-4 influence on macrophage activation is the underlying cause of 

the increase in mS4D protein expression. M2 macrophages tune inflammatory 

responses (Mantovani et al. 2002) and there seems to be a positive correlation 

between this type of cells and the progression of autoimmunity (Fairweather and 
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Cihakova 2009). And upregulation of SR by IL-4 has already been described in the 

context of an autoimmune disease (Isomäki and Punnonen 1997). Maybe a similar 

situation is happening here when a lower concentration of IL-4 causes a small increase 

in mS4D intracellular levels.  

All together, these results showed that all stimuli administered generated a 

change in the production levels of mS4D. This variation in the amount of protein 

produced indicates the sensitivity of the protein to the different stimuli applied and 

hence suggests that mS4D might have an influence in the cellular inflammatory 

response and contribute to the immune response.  

Anti-inflammatory IL-4 caused a slight increase in the amount of intracellular 

mS4D, and all pro-inflammatory stimuli (LPS, IL-6 and IL-17) exhibited an inhibitory 

effect on the production of the protein. This tendency of up-regulation by anti-

inflammatory stimuli and down-regulation by pro-inflammatory agents was confirmed in 

another member of the family, CD163 (Martinez et al. 2011).  

However, it is important to have in mind that these are very preliminary results 

and can only give suggestions about potential roles of mS4D. In order to be able to 

have reliable results, we should repeat the experiment to confirm the effect of each of 

the cytokines. To make this assay more informative, next time different concentrations 

of the stimuli can be applied and shorter time points could be considered. We could 

also measure TNF-α levels, an adequate tool to assess the activation state of the cells 

here, since it is mainly produced by activated macrophages (Wajant et al. 2003). 

Eventually, we could test other stimuli and also transfect other types of cell lines such 

as a T cell line, since mS4D is expressed in the spleen.  

Furthermore, it is required to emphasize the fact that the expression of the 

recombinant mS4D is under the control of a foreign promoter (SV40) and not under its 

endogenous one. To overcome that issue it will be indispensable to generate specific 

antibodies against the endogenous mS4D protein in the future. 
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5. Conclusion 

The main purpose of this project was the cloning of mS4D. With the work 

developed we succeeded at cloning some fragments of mS4D cDNA: part of SRCR1 

and SRCR4, complete SRCR2 and SRCR3, and 3´ UTR were obtained. Consequently, 

we proved, for the first time, the existence of mS4D mRNA in spleen, ovary and 

embryo. Notwithstanding, the cloning of the full molecule is fundamental to characterize 

this recent member of group B SRCR-SF. To achieve that, a more refined and 

improved amplification strategy must be found. The presence of mS4D mRNA in the 

spleen suggests a possible role of mS4D in lymphocyte selection and/or activation.  

The in vitro assays performed with the recombinant mS4D-Citrine protein gave 

some clues about mS4D features. A cytoplasmic distribution of the protein with a 

“dotted” pattern was seen, supporting the probable storage of this soluble protein in 

secretory vesicles. A variation in mS4D production levels of transfected cells upon 

stimulation with anti and pro-inflammatory stimuli was detected. This demonstrates the 

sensitivity of the protein to the tested stimuli and thereby may indicate its participation 

in cellular inflammatory and immune responses, namely as a regulatory molecule.  

Besides, we validated two useful tools to be used in future studies: an anti-hS4D 

Ab capable of detecting synthetic mS4D in WB, and another anti-hS4D, effective in 

recognizing synthetic mS4D in immunofluorescence assays. These tools can be helpful 

to detect the endogenous mS4D protein in cell lines and also in tissues, by 

immunohistochemistry assays.  

Nonetheless, these results are just preliminary and a further exploration is 

required in order to clarify mS4D structural and functional aspects. The findings 

provided by this work constitute thus foundations, which hopefully will be useful to 

proceed with the study of mS4D. After cloning the whole endogenous mS4D, it would 

be interesting to study its putative secretion pathway, possible signaling pathways and 

ligands. And importantly, the cloning of the full molecule would enable the production of 

the endogenous protein, required to obtain a specific anti-mS4D Ab. The anti-mS4D Ab 

will be essential to confirm whether pre-existing mS4D KO mice are effectively deficient 

for the protein. The Ab will also be very useful to deduce the tissue distribution of 

mS4D and to discriminate which cell types express it.  

Concluding, all of this will improve our knowledge about the unexplored mS4D, 

and inevitably, will improve the understanding of the human orthologue function and of 

the SRCR-SF in general. 
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Supplementary Figure 1: Sequence of theoretical mS4D mRNA with the mapping of mS4D cDNA cloned regions 
and correspondent primers used in PCRs.  
Theoretical nucleotide sequence of mS4D mRNA (NM_001160366.1) and aminoacidic sequence are shown with cDNA 
cloned regions (in green) and primers (in orange). Features of mS4D mRNA are annotated: the coding sequence of 
mS4D (in dark blue), predicted signal peptide (SP, in yellow), the four SRCR domains (blue) and the 3´ UTR (grey). 


