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Abstract

T lymphocytes stimulated through their antigen receptor (TCR) preferentially express mRNA 

isoforms with shorter 3´ untranslated regions (3´ UTRs) derived from alternative pre-mRNA 

cleavage and polyadenylation (APA). However, the physiological relevance of APA programs 

remains poorly understood. CD5 is a T-cell surface glycoprotein that negatively regulates TCR 

signaling from the onset of T-cell activation. CD5 plays a pivotal role in mediating outcomes of 

cell survival or apoptosis, and may prevent both autoimmunity and cancer. In human primary T 

lymphocytes and Jurkat cells we found three distinct mRNA isoforms encoding CD5, each derived 

from distinct poly(A) signals (PASs). Upon T-cell activation, there is an overall increase in CD5 
mRNAs with a specific increase in the relative expression of the shorter isoforms. 3´UTRs derived 

from these shorter isoforms confer higher reporter expression in activated T cells relative to the 

longer isoform. We further show that polypyrimidine tract binding protein (PTB/ PTBP1) directly 

binds to the proximal PAS and PTB siRNA depletion causes a decrease in mRNA derived from 

this PAS, suggesting an effect on stability or poly(A) site selection to circumvent targeting of the 
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longer CD5 mRNA isoform by miR-204. These mechanisms fine-tune CD5 expression levels and 

thus ultimately T-cell responses.
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Introduction

CD5 is a transmembrane glycoprotein that belongs to the conserved scavenger receptor 

cysteine-rich (SRCR) family of receptors. This family contains extracellular domains 

homologous to the scavenger receptor type I of macrophages (1). While CD5 is a pan-T cell 

marker, it is also present on B1a lymphocytes (2, 3). Importantly, the CD5 protein is an 

inhibitor of TCR-mediated signaling (4). While this protein does not display intrinsic 

enzymatic activity, it couples to and impinges upon several signaling pathways through 

molecular associations mediated by its cytoplasmic tail (5–7). CD5 is expressed early in T 

lymphocyte ontogeny and acts as a fine-tuning regulator during positive and negative 

selection to promote the development of a high affinity repertoire of antigen receptors (8, 9). 

Paradoxically, during thymic positive selection as well as in activation of naïve T cells, 

expression levels of CD5 are proportional to the strength of T-cell responses. Indeed, high 

expression of CD5 identifies cells committed to activation and differentiation (9–12).

Many observations suggest a role for CD5 in autoimmune diseases (13, 14); however, the 

significance of the expression levels of CD5 in regard to disease is sometimes 

counterintuitive: although it is a negative regulator, disruption of the CD5 gene 

paradoxically predisposes stimulated T lymphocytes to activation-induced cell death. For 

example, in an animal model of multiple sclerosis, CD5-deficient mice develop only 

attenuated EAE upon injection of the encephalitogenic myelin peptide antigen, concomitant 

with a more ready initiation of T-cell programmed cell death (15). In further support of this 

mechanistic notion, auto reactive T cells from Fas-deficient mice similarly develop only 

mild EAE, since auto-reactive T cells responding to the agonist were desensitized in a dose-

dependent manner (16). In this latter case, the lower T-cell reactivity was not related with 

decreased TCR expression or receptor affinity, but instead correlated with an increased 

expression of CD5.

In spite of clearly defined roles in TCR-mediated signaling and autoimmunity, the 

transcriptional mechanisms controlling CD5 mRNA expression are still poorly 

characterized. Polyadenylation is a co-transcriptional mechanism of pre-mRNA processing, 

consisting of the 3′ end endonucleolytic cleavage of the transcript and polymerization of a 

poly(A) tail (17–20). The cleavage site in the pre-mRNA, the poly(A) site, is typically 

defined by several cis-elements, including the hexamer AAUAAA or a similar sequence, a 

GU/-U rich downstream sequence element (DSE) and an upstream sequence element (USE) 

(20, 21). Over 70% of all mammalian genes generate diverse mRNA isoforms by alternative 

polyadenylation (APA) (22). APA has been correlated to a variety of cellular programs such 
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as embryogenesis, differentiation, neurostimulation, leukocyte activation and cancer (23–

28).

Alternative PAS selection is modulated by cis-elements and secondary structures present in 

the pre-mRNA and by several trans-acting factors (reviewed in (29–32). These consist of a 

myriad of protein regulators, including factors involved in cleavage/polyadenylation, 

splicing and transcription, and other RNA binding proteins. One of these factors is PTBP1 

(PTB/hnRNPI; Polypyrimidine Tract Binding Protein 1). This multifunctional protein is 

involved in splicing (33) and also in mRNA 3´ end formation of the C2 complement (34, 

35), COX 2, pro-thrombin, β-globin and β-adducin pre-mRNAs (36–39) by recruiting or 

impeding the binding of other protein factors to the pre-mRNA.

Genome-wide studies have shown that upon T-cell activation there is a preferential usage of 

proximal PASs resulting in an increased steady-state expression of mRNAs containing 

shorter 3′ UTRs (28, 40). Initial proof-of-concept studies revealed a potential physiological 

relevance for this phenomenon, specifically that reporter constructs fused to longer 3′ UTRs 

produced lower levels of protein in comparison with constructs fused to the shorter 3′ UTRs 

encoded by the same transcriptional unit. Shorter 3′ UTRs do not usually contain as many 

miRNA target sites as longer transcripts, and for some cases such as HIP2, the inhibitory 

effects conferred by the longer isoform could be rescued by deletion of miRNA target sites 

in the distal portion of the 3′ UTR (28). However, recent genome-wide studies also revealed 

that global 3′ UTR shortening is not always accompanied by increases in protein production 

(40, 41) or increased RNA stability (41). These newer observations suggest that the 

functional relevance of the shift in PAS usage observed in activated T cells must be analyzed 

for individual genes and in the proper cellular context.

Here we analyzed CD5 mRNA production and regulation in non-activated and TCR-

stimulated primary T lymphocytes and Jurkat T cells. We report the identification of three 

human CD5 mRNA isoforms resulting from APA in the 3′ UTR (pA1, pA2 and pA3) and 

the characterization of molecular mechanisms involved in CD5 mRNA regulation. We show 

that CD5 pre-mRNA is alternatively polyadenylated, in agreement with previous high-

throughput data (28), and also that the shorter 3’ UTRs encoded by the CD5 gene confer 

higher expression on a reporter than the longer isoforms. We also show that PTBP1 binds 

and increases the levels of pA1 mRNA and that miR-204 targets and partially silences the 

longer mRNA in activated T cells. Our results indicate that a combination of an increase in 

CD5 mRNA levels, PTBP1, and miR-204 silencing, all contribute for the increase in CD5 

protein levels observed upon T-cell activation.

Results

Human CD5 produces three APA-derived mRNA isoforms

The CD5 gene is located in chromosome 11, contains eleven exons, and according to the 

UCSC genome browser (https://genome.ucsc.edu/) and the PolyA_DB database (42) 

contains two annotated PAS in its 3′ UTR (Fig. 1A, indicated by two vertical lines). In 

experimentally assessing the accuracy of these annotations via 3′ rapid amplification of 

cDNA ends (RACE), we identified additional PASs in human T cells and Jurkat (Fig.1B). A 
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~190 base pair (bp) product (pA1 in Fig. 1B) corresponds in fact to the usage of a set of 

three closely proximal PASs near the stop codon (AAGGAA, AAUAGU and AAGUAG, 

indicated in Fig. 1C as pA1a, b and c). As these are non-canonical PAS and positioned very 

closely together, it is possible that the transcription machinery does not discriminate 

between them; we hereafter name the whole set as pA1. The ~500 bp product (pA2 in Fig. 

1B) corresponds to the usage of the AUUAAA PAS (indicated as pA2 in Fig.1C) and 

annotated in the UCSC Genome Browser. The ~1300 bp product (pA3 in Fig.1B) 

corresponds to the usage of distal AAUAAA hexamers, pA3a and b (represented in Fig.1C 

as pA3). To evaluate the level of conservation of the identified PAS, alignment of the CD5 
genomic sequences (Ensembl) from seven representative mammalian species was performed 

using the Geneious v4.8 software (43) (Fig. 1D). Conservation of the three groups of PAS 

decreases from the proximal to the distal. Interestingly, although the sequences of human 

pA3a and pA3b correspond to the canonical signal AAUAAA, which has been reported as 

the most frequently used (44), these are the least conserved.

Activated T cells preferentially use CD5 proximal PAS and produce higher CD5 protein 
levels

A global increase in the relative steady-state expression of mRNAs using the most proximal 

PAS has been reported to occur upon T-cell activation in both mice (28) and humans (40), 

however, this does not globally correspond to an increase in protein production (40). To 

investigate how CD5 APA impacts protein expression, we measured CD5 relative expression 

in resting and activated cells. Using RT-qPCR we show that aggregate CD5 mRNA 

expression is increased in activated T cells relative to the resting condition (Fig. 2A). Having 

established that the pattern of expression of CD5 mRNAs is similar in the Jurkat cell line 

and ex-vivo primary T lymphocytes (Fig. 1B), we assessed the relative expression of CD5 
APA isoforms in activated Jurkat cells in comparison to the resting cells condition, by 3’ 

RACE (Fig. 2B). Upon 24h of activation with a combination of CD3 and CD28 mAb, we 

observed a bulk increase of the CD5 mRNA levels; CD5 Total pA mRNA showed a ~2-fold 

increase (Fig. 2A). However, we additionally observed an increase in the intensity of the 

bands correspondent to the shorter mRNAs (pA1 and pA2), suggesting that they are 

specifically increased in comparison to resting condition (Fig. 2B).

To ascertain the correspondence between changes in CD5 mRNA species and protein 

production during T-cell activation, we measured CD5 protein levels by immunoblot and 

flow cytometry in resting and activated Jurkat cells. As shown in Fig. 2C, there is a ~1.7 

increase in total CD5 protein levels upon T-cell activation. This corresponds to a similar 

increase of CD5 (~2 fold) at the cell surface as shown by FACS after CD3/CD28 activation 

(Fig. 2D). Cells were confirmed to be in an activated state by the enhanced expression of the 

activation marker CD69 (Supporting Information Fig. 1). Therefore, the overall increase on 

mRNA levels upon T-cell activation, in particular those correspondent to proximal PAS 

usage, is accompanied by augmented levels of CD5 protein (absolute and at the cell surface).

To understand the impact of the different CD5 3´ UTRs due to APA on protein expression in 

resting and activated cells, we subcloned the DNA fragments corresponding to the three 

different CD5 3´ UTRs downstream of a luciferase reporter gene. To ensure that we were 
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assessing translational activity independently of cleavage and polyadenylation activity, we 

fused a strong SV40 PAS at the end of each CD5 3′ UTR. The alternative PAS were deleted 

by site-directed mutagenesis in the longer constructs to ensure usage of the SV40 PAS. The 

resulting constructs were named Luc-pA1, Luc-pA2 and Luc-pA3 (Fig. 3A). We confirmed 

that only the relevant mRNA was produced from each construct and that the endogenous 

CD5 PASs were inactivated via 3′ RACE (Supporting Information Fig. 2). These constructs 

were transiently transfected into Jurkat cells, either resting or activated with CD3/CD28, and 

the activity of the reporters was quantified via dual-luciferase assay, using Renilla (which 

was co-transfected together with firefly luciferase) as a control (Fig. 3B). The longest 

isoform (Luc-pA3) displayed significantly lower levels of Luciferase activity in resting and 

activated cells, compared with the shorter isoforms (Luc-pA1 and Luc-pA2, Fig. 3B), 

suggesting that shorter 3′ UTRs confer increased protein expression to the native CD5 

mRNA transcripts. Although in resting cells Luc-pA1 and Luc-pA2 yielded similar 

luciferase levels, in activated cells Luc-pA1 originates significantly higher protein levels 

than Luc-pA2 (P <0.05). These results indicate that the 3′ UTR derived from pA1 usage 

produces increased amounts of protein in activated T cells.

PTBP1 modulates CD5 mRNA levels

Several RNA binding proteins (RBPs) bind to the 3´UTR of pre-mRNAs and function in 

mRNA 3´ end processing. A subset of these RBPs are emerging as multifunctional 

regulators of lymphocyte development and function (45). To implicate candidate RBPs as 

regulators of CD5 APA, we used the SFmap predictor (46) (Suppl. Fig. 3). We found that 

CD5 3´ UTRs displayed predicted binding sites for several RBPs, including for PTBP1 

(score > 0.8; Fig. 4A), a multifunctional protein that regulates alternative splicing (reviewed 

in (33)), mRNA 3´ end formation (34–39, 47) and APA (36, 38). Importantly, more than half 

of the predicted nucleotides of PTBP1 binding site are conserved between seven 

representative mammalian species, all displaying a high pairwise identity (Fig. 4B).

As PTBP1 has been shown to function in APA and the CD5 3´UTR contains PTBP1 

predicted binding sites, we sought to investigate whether this RNA binding protein could 

modulate CD5 APA. First, we tested PTBP1 binding to CD5 mRNA, by RNA 

immunoprecipitation (RIP) assays, using primers in the vicinity of pA1. As depicted in Fig. 

4C, PTBP1 binds to CD5 mRNA. Negative control mRNAs for PTB binding (ARRDC2 and 

DCAF4) were chosen using published (48)and unpublished PTB iCLIP data-sets (Elisa 

Monzon-Casanova, personal communication). We found that PTBP1 does not bind 

ARRDC2 by RIP in Jurkat and therefore used this as a negative control (Supporting 

Information Fig. 4)

Protein-RNA interactions can be detected by UV crosslinking assays where a radiolabeled 

RNA is incubated with a protein extract and the mixture is UV irradiated. UV radiation 

forms covalent bonds between the RNA and the proteins that are bound to, or in close 

proximity of the RNA. Proteins of interest can then be immunoprecipitated (CLIP method) 

from the mixture and separated by SDS-PAGE (49). To confirm PTBP1 binding in the 

predicted sites in CD5 3′ UTR, we thus performed UV-crosslinking as in (35), using the 

region in the vicinity of the three PAS as pre-mRNA templates with Jurkat nuclear extracts 
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and with recombinant PTBP1 (Fig. 4D). Immunoprecipitation after UV crosslinking with 

anti-PTBP1 antibody showed that PTBP1 binds nearby pA1 and pA3 PAS (Fig. 4D) and this 

was confirmed using recombinant PTBP1 protein in the UV-crosslinking assays (third lane 

in each gel). No clear PTBP1 binding was observed for pA2 PAS. To demonstrate the 

specificity of PTB binding we performed UV crosslinking competition assays, where each 

radiolabeled RNA template (pA1, pA2 and pA3) was incubated together with increasing 

amounts of the correspondent unlabeled transcript (10, 5 and 1 fold molar excess). 

Increasing amounts of pA1 competitor strongly inhibited the crosslinking of PTB to pA1 

RNA, without affecting the cross-linking of other proteins (Fig. 4E, left panel). However, 

pA3 unlabeled competitor used at the same concentrations does not disrupt the protein 

binding pattern suggesting that PTB binding to pA3 is nonspecific (Fig. 4E, right panel).

The C2 complement mRNA contains a well characterized PTB binding site within an 

Upstream Sequence Element, USE, localized upstream of its PAS 

(AUGCUUGUUUCACUUUCAC) (34, 35, 37, 50). Therefore, we used C2 complement 
(C2) as a positive control and C2ΔPTB, where the PTB binding site was mutated to 

AAGAAUGAAACACAAACAC (35) as a negative control for PTB binding. As expected, 

we observed a ~55 kDa protein band (Fig. 4E, right panel, C2 lane, ~55 kDa band), which is 

not detected when the C2ΔPTB transcript is used (Fig. 4E, right panel, C2ΔPTB lane). 

Taken together our results show that PTB binds specifically to CD5 pA1.

To investigate a function for PTBP1 in CD5 APA, we knocked-down PTBP1 using two 

different PTBP1 siRNAs in Jurkat cells. Since PTBP1 was efficiently depleted, as confirmed 

by mRNA levels (Supporting Information Fig.5) and western blotting (Fig. 4F), we asked 

whether this RNA binding protein modulates CD5 APA by measuring mRNA isoforms by 

qRT-PCR in comparison to samples treated with siRNA scrambled control (relative 

expression presented in Fig. 4G; Statistical analyses were made in relation to scramble 

control.). Although the expression levels of the longer pA2 and pA3 CD5 mRNA isoforms 

do not change significantly when PTBP1 is knocked-down, total CD5 mRNA levels 

significantly decreased by approximately one third, when compared with the scramble 

control (Fig. 4G). The decrease of total mRNA levels observed without a corresponding 

reduction of those of the longer mRNA isoforms, suggests that PTBP1 activates pA1 usage 

or stabilizes the shorter mRNA. Taken together, these results show that PTBP1 binds to CD5 
pre-mRNA pA1 and increases pA1 mRNA levels.

The long CD5 mRNA isoform is regulated by miR-204

3′ UTRs contain a diverse set of cis-regulatory elements, including microRNA binding 

sites, which control gene expression. Having shown that the longer CD5 pA3 mRNA 

isoform originates low levels of luciferase protein (Fig. 3B), we went on to investigate the 

role of miRNAs in targeting the longer CD5 mRNA isoform. In order to identify potential 

miRNAS regulating CD5 APA-derived mRNA isoforms, we performed an in silico analysis 

of CD5 3′ UTR using TargetScanHuman (http://www.targetscan.org/) and found two 

putative miR-204/211 binding sites (Fig. 5A and Supporting Information Fig. 3). Alignment 

of the two putative miR-204/211 binding sites in seven mammalian species showed high 

conservation between mammalian species (≥ 70% pairwise identity) (Fig. 5B). Interestingly, 

Domingues et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.targetscan.org/


both putative miR-204/211 binding sites target the 3′ UTR of the longer CD5 mRNA 

isoform produced after pA3 is used. To investigate whether this longer mRNA could be 

regulated by miR-204/211, we quantified the expression of miR-204 and miR-211 in resting 

and activated human primary T cells and Jurkat cells, by qRT-PCR. Expression of miR-211 

is nearly undetectable (Supporting Information Fig. 6), we thus focused our studies on the 

function of miR-204 in CD5 expression in T cells. As shown in Fig. 5C and D, the 

expression of miR-204 is significantly increased upon activation of either human primary T 

cells or Jurkat cells.

To characterize the interaction of miR-204 with the longer CD5 mRNA isoform, we 

modified the Luc-pA3 luciferase reporter construct by deleting the two putative 

miR-204/211 binding sites within this reporter to generate the Luc-pA3ΔmiR construct (Fig. 

5E). The Luc-pA3 and Luc-pA3ΔmiR luciferase reporter constructs were transiently 

transfected into Jurkat cells and luciferase assays were performed using resting or activated 

cells as described above. In resting cells, no significant changes in protein expression levels 

between the different constructs were observed (Fig. 5F) which may be due to miR-204 low 

levels in resting cells However, in activated cells there is a significant 2-fold increase of 

luciferase activity between the control and the construct devoid of miRNA binding sites 

(Fig. 5F). These results indicate that miR-204 targets the longest CD5 mRNA isoform. To 

elucidate the physiological significance of the pA3 transcript we specifically depleted this 

isoform using custom made siRNAs and quantified the CD5 protein expression at the T-cell 

surface. We observed that siRNA depletion of pA3 caused a decrease in CD5 at the cell 

surface (Supporting Information Fig. 7). Thus, although CD5 shorter 3’ UTRs confer greater 

expression to reporter constructs, these results demonstrate that the pA3 transcript continues 

to contribute to the expression of CD5 protein levels at the T-cell surface following 

stimulation.

Discussion

CD5 deregulation has been studied in the context of autoimmunity and anti-tumoral 

responses. Given the relevant role of this gene product in human disorders, it is of the utmost 

importance to elucidate the regulatory mechanisms involved in the control of CD5 
expression.

Extracellular stimuli can drive temporal and spatial changes in the mRNA profiles of many 

genes, contributing to the continuous homeostasis of the cell and ultimately of the organism. 

A cell submitted to different functional programs such as proliferation, differentiation or 

development, often undergoes a switch in the PAS used (24, 26, 28), therefore, specific APA 

patterns resulting from the differential usage of proximal vs distal PAS in the 3´UTR have 

been correlated with various characteristic cellular states (24, 26, 28).

T cell activation results in a global shift towards the production of mRNAs containing 

shorter 3´UTRs, presumably due to an increased usage of the proximal PAS in most APA-

containing genes (28). By shortening the length of the 3´ UTR, potential cis-regulatory sites 

are excluded from the transcript, predicting altered post-transcriptional regulation of affected 

mRNAs. However, if on the one hand there is a substantial number of APA-containing genes 
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whose proximal vs distal PAS usage does not change, on the other hand there is no global 

correlation between 3´ UTR shortening and increase in protein production (40), be it in T-

cell activation or in any other described biological system. For instance, we have shown that 

in the regulation of the gene polo of Drosophila melanogaster, increased protein production 

correlates instead with the usage of the longer transcript resulting from the usage of the 

distal PAS (51).

In the present study we used human primary T cells and a Jurkat T-cell line, to show that 

CD5 protein levels increase upon T-cell stimulation parallel to a complex post-

transcriptional regulatory mechanism including PTB, APA, and miR-204 silencing 

(proposed model in Figure 6). In activated T cells, we observe an overall increase in the 

aggregate expression of CD5 mRNAs, although the relative expression of the longest CD5 
mRNA isoform remains largely unchanged. Indeed, our data suggest that this longest 

isoform is negatively regulated in the activated state by an increase in relative expression of 

miR-204, which specifically recognizes the two conserved miRNA binding sites present 

only in this transcript. The relative increase in CD5 protein expression is thus due to 

increases in relative expression of the two shorter CD5 mRNA isoforms. While it is likely 

that both of these mRNAs ultimately contribute to the aggregate protein increase, we 

demonstrate that PTBP1 plays a direct role in the increase of relative expression of CD5 
mRNAs derived from usage of the most coding-sequence proximal pA1, and that the 

resulting UTR confers the highest expression on a luciferase reporter.

We show that at rest, pA2 and pA3 are the predominant CD5 mRNAs (Fig. 1B and Fig. 2B). 

Upon T-cell activation, there is a ~2-fold increase in CD5 total mRNA levels and a similar 

increase in CD5 protein production. Although pA2 and pA3 are still the predominant 

isoforms in activated T cells, by 3’RACE we observe that they specifically increase in 

comparison to resting cells (Fig. 2B). This could be due to pA1 mRNA having a longer half-

life than pA2 and pA3 mRNAs, which fits with a role for PTBP1 in increasing pA1 mRNA 

levels (Fig. 4) and for miR-204 in pA3 mRNA silencing (Fig. 5). PTBP1 is a multifunctional 

protein, with well-described functions in splicing, translation, polyadenylation and mRNA 

stability. In T cells, PTBP1 has been shown to bind to the 3′ UTR of the CD40 ligand 
(CD154) mRNA, stabilizing it during activation of T cells, which corresponds to the 

temporal expression of CD154 (52, 53). In other cell types, PTBP1 was shown to bind to cis-

elements in the pre-mRNA and modulate PAS usage (34, 36–39, 47, 54, 55). In the case of 

the C2 complement and pro-thrombin genes, PTBP1 binds to an USE and modulates PAS 

efficiency (35, 37). Although PTBP1 binds to the vicinity of both pA1 and pA3 on CD5 pre-

mRNA, we show that the binding to pA1 is specific, and that PTBP1 depletion results in a 

decrease of total CD5 mRNA levels. It is possible that this effect is due to preferential 

selection of pA1 or stabilization of this mRNA by PTBP1, resulting in an increase in mRNA 

levels. These results are consistent with a model in which PTBP1 activates CD5 expression 

by modulating the levels of CD5 mRNA isoforms. Predictably, many other factors and 

elements may contribute to the regulation of CD5 transcription and translation. For instance, 

PTBP1 may associate with different proteins or complexes whether binding to the vicinity of 

pA1 or pA3, as suggested by the UV-crosslinking results. miR-204 is involved in the 

regulation of multiple functions in different cell types. Namely, it is important to regulate 

multiple aspects of eye development being expressed at high levels in human and mouse 
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retinal pigment epithelium (56, 57). Several studies have also shown that miR-204 is 

frequently down regulated in human cancers suggesting a function as a tumor suppressor in 

colorectal cancer (58), non-small cell lung cancer (59), in pancreatic cancer (60) and renal 

cell carcinoma (61), among others. We found that in T cells miR-204 targets the longest 

CD5 mRNA isoform, itself derived from distal PAS usage. We also found that pA3 siRNA 

depletion leads to a considerable decrease in CD5 protein levels (Supporting Information Fig 

7). Although shorter CD5 3’ UTRs are responsible for augmented Luciferase protein 

production in reporter assays in comparison with longer 3’ UTRs, the results of the siRNA 

experiments are explained by the fact that the longest CD5 mRNA isoform is still the 

predominant mRNA isoform upon T-cell activation (Fig. 2B). Therefore, in pA3 siRNA 

depleted cells the shorter transcripts cannot compensate for the loss of pA3 mRNA because 

a large proportion of the total CD5 mRNA has been lost, resulting therefore in a decrease in 

CD5 protein levels.

Taken together, our results lead us to propose a working model where TCR-mediated 

activation causes an increase in CD5 protein at the T-cell surface, which is due to the 

combined action of several mechanisms (Figure 6). Overall CD5 transcription is increased 

leading to the production of three mRNA isoforms by APA all contributing, at different 

levels, for protein production. PTBP1 binds in the vicinity of pA1 leading to an increase in 

mRNA levels and miR-204 targets the longer CD5 mRNA. All these molecular mechanisms 

contribute to the increased CD5 protein expression observed in activated T cells.

The complex array of regulation that we observe in this context is perhaps a hallmark of the 

very precise and fine regulation that key regulatory proteins such as CD5 must have to 

guarantee an adequate yet balanced response to an activating stimulus. In contrast to 

immune activation response genes, which can be thought of to be expressed in transient or 

even binary fashion, basal levels of CD5 transcription are set during thymic education and 

stably maintained in the absence of antigen receptor engagement. Yet once productive 

antigen receptor engagement occurs, the relative expression and thus activity of CD5 must 

be finely modulated in response to the strength of the signal emanating from the receptor. 

The model that we put forth here allows for modulation of CD5 protein expression in both 

directions. Recognition of the longest CD5 mRNA isoform (which is the predominant 

species in unstimulated cells) by miR-204 allows negative regulation of CD5 protein 

expression, whereas PTB-mediated increased production of shorter CD5 mRNAs lacking 

miR-204 binding sites allows the possibility of increased production of CD5 protein, even in 

the context of simultaneous negative regulation. Given the central role of CD5 in the 

regulation of immune responses and its impact on autoimmunity and cancer (62, 63), a 

detailed description of the genetic mechanisms and the responsive elements and factors 

regulating the expression of CD5 in an activation-dependent manner is crucial to devise 

therapies to address CD5-dependent human diseases.

Materials and Methods

Human primary T-cell isolation

Buffy coats from healthy donors were provided by Hospital São João, Serviço de 

Imunohemoterapia (Porto, Portugal). T cells were extracted with the Easysep Human T-cell 
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Enrichment Kit (StemCell Technologies) from peripheral blood mononuclear cells (PBMCs) 

previously isolated using Lympholyte-H (Cedarlane Laboratories) as described by the 

manufacturer.

Cell culture and T-cell activation

Jurkat E6.1 cells were grown and maintained at 37˚C with 5% of CO2 in RPMI 1640 

Medium with GlutaMAX, supplemented with 10% heat-inactivated FBS and 1X Penicillin-

Streptomycin (10,000 U/mL) (Gibco, Life Technologies). For T-cell stimulation, cultures 

were activated with 5 µg/mL of anti-CD3 (eBioscience) and 2 µg/mL of anti-CD28 

antibodies (eBioscience).

Flow Cytometry

Cells were washed and resuspended in FACS buffer (1X PBS, 0.2% BSA, 0.1% NaN3). 

5×105 cells/well were incubated on ice with mAbs according to manufacturer’s instructions. 

After 40 min, cells were washed twice with FACS buffer and resuspended in 400 µL of 1X 

PBS for analysis on a FACS Calibur (Becton Dickinson). Antibodies: mouse PE-labeled 

monoclonal anti-human CD5-FITC (Abcam), mouse monoclonal CD69-PE (MACS); and 

FITC mouse IgG2a and PE mouse IgG1 (BD) as isotype controls.

RNA extraction and qRT-PCR

RNA was extracted using PureLink RNA Mini Kit (Ambion) following the manufacturer’s 

protocol and treated with DNase I (Roche) by the On-column PureLink DNase Treatment 

Protocol. cDNA was synthesized using Superscript III reverse transcriptase (Life 

Technologies) and random hexamers (Sigma) according to the Superscript III 

manufacturer’s protocol. qRT-PCR reactions were performed using SYBR Select Master 

Mix (Applied Biosystems) following the manufacturer’s instructions and the primers listed 

in Table S1. The qRT-PCR results were analyzed using the ΔCt method (Relative expression) 

or the ΔΔCt method (Normalized fold expression) (64) using 18S as the reference gene.

qRT-PCR for miRNA quantification

RNA was isolated by mirVanaTM RNA isolation kit (Life technologies). cDNA synthesis 

was made using 10 ng of total RNA using the TaqMan MicroRNA Reverse Transcription Kit 

(Life technologies) according to the manufacturer’s protocol. Real-time PCR for miRNA 

quantification was performed using TaqMan MicroRNA Assay kit (Applied Biosystems) 

according to the manufacturer’s protocol; U6 spliceosomal RNA was used for 

normalization. The relative expression level of miR-204 was normalized to that of the U6 

internal control by using the 2−ΔΔCt cycle threshold method.

3′ RACE and CD5 mRNA isoforms mapping

cDNA was synthesized from Jurkat E6.1 and primary human T cells total RNA using the 

SMARTer RACE cDNA Amplification kit (Clontech) with the SMARTScribe™ Reverse 

Transcriptase. First and nested PCR reactions were performed with Phusion DNA 

Polymerase (Thermo Scientific) following the manufacturer’s protocols. The forward gene-

specific primers RACE kit Fw1 and RACE kit Fw2 (Table S1) were designed according to 
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kit protocol’s specificities. Nested PCR purified products were cloned into pCR2.1-TOPO 

vector using the TOPO-TA Cloning® Kit (Life Technologies) according to the 

manufacturer’s protocol. Plasmid DNA was extracted using PureLink Quick Plasmid 

Miniprep Kit (Life Technologies), following the manufacturer’s procedure and sequenced in 

GATC Biotech.

Human CD5 3′ UTR constructs

The IRES-GFP sequence was removed from pIRES2-EGFP using BamHI and NotI (New 

England Biolabs) and the hCD5 3′ UTR was inserted into SmaI to produce pIRES2-CD5_3´ 

UTR. Luciferase was obtained by PCR reaction from pAc5.1V5HisA Firefly plasmid using 

phosphorylated primers with NheI and XhoI restriction sites at the 5′ and 3′ end and 

inserted into pIRES2-CD5_3′ UTR. Final construct was named hCD5 3′ UTR wt. The 

different constructs containing the different CD5 3′ UTRs were obtained using site-directed 

mutagenesis and standard PCR techniques.

Cell Transfection

Jurkat E6.1 cells were transfected using Amaxa® Cell Line Nucleofector® Kit V (Lonza) 

and the X-005 program on the Nucleofector® Device, following manufacturer’s guidelines. 

For the Luciferase assays, 1.7 µg of construct and 0.5 µg of pcDNA-renilla plasmid were 

transfected. For PTBP1 knockdown two small interfering RNAs (siRNAs) (Sigma-Aldrich; 

PTBP1#1: 5′-GCACAGUGUUGAAGAUCAU-3′ and PTBP1#2: 5′-

AACUUCCAUCAUUCCAGAGAA-3′) were transfected in a final concentration of 300 nM 

and cells were incubated for 48 h. A scramble sequence was used as negative control 

(GenePharma; 5′-UUCUCCGAACGUGUCACGU-3′).

For CD5 pA3 isoform knockdown a custom made siRNAs (Dharmacon; siCD5: 5′-

GGUCCAAGCCGCAUAAUAAUU-3′) was transfected in a final concentration of 300 nM 

and cells were incubated for 60 h. A scramble sequence (siScramble) was used as negative 

control (GenePharma; 5′-UUCUCCGAACGUGUCACGU-3′).

Luciferase Assays

The Dual-Luciferase Reporter Assay kit (Promega) was used following the manufacturer’s 

protocol. Ninety µL of LAR II and 30 µL of PLB (Passive Lysis Buffer) lysate were added to 

the 96-well plate, and the Firefly Luciferase activity was measured 3 times with shaking in-

between reads in a Synergy 2 Multi-Mode Microplate Reader (BioTek). Subsequently, 85 µL 

of STOP &Glo Reagent were added and Renilla Luciferase activity was measured by the 

same procedure. In these experiments a plasmid containing the renilla gene was used as a 

control and co-transfected together with the experimental luciferase plasmid. The renilla 
allows to monitor transfection efficiency and cell viability, which may impact the delivery of 

the plasmid to the nucleus of the cell and transcription.

Western blotting

Whole-cell lysates were resolved into a 10% SDS-PAGE, transferred with the iBlotgel 

device (Life Technologies) and the membrane incubated with anti-human PTBP1 rabbit 

polyclonal antibody diluted 1:5000 in TBS-0.2%Tween 20 containing 3% nonfat dried milk 
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and with the goat anti-rabbit IgG-HRP secondary antibody (Santa Cruz Biotechnologies). 

Detection was made using enhanced luminescence (ECL Prime; GE Healthcare).

CD5 was detected using a monoclonal rabbit anti-human CD5 antibody and a HRP-coupled 

goat anti-rabbit secondary antibody. A mouse monoclonal anti-tubulin antibody followed by 

an HRP-coupled goat anti- mouse antibody were used to detect tubulin as a loading control.

RNA immunoprecipitation

RNA immunoprecipitation (RIP) with anti-hPTBP1 rabbit polyclonal antibody was 

performed using the EZ-MagnaRIP RNA-Binding Protein Immunoprecipitation Kit (Merck 

Millipore), following the manufacturer’s guidelines. The purified immunoprecipitated RNA 

was analyzed by RT-PCR using the primers RIP-CD5 Fw and RIP-CD5 Rev (Table S1).

UV-crosslinking immunoprecipitation assays

Radiolabeled probes and unlabeled (cold) RNA competitors were produced by in vitro 
transcription and UV crosslinking assays were performed as previously described (35)using 

40 mg of Jurkat E6.1 nuclear extracts, prepared using the NE-PER nuclear and cytoplasmic 

extraction reagent Kit (Pierce) following the manufacturer’s protocol, or 500 ng of 

recombinant histidine-tagged PTBP1.For the competition assays, 1µl of RNA competitor 

with the appropriate concentration was added (10, 5 and 1-fold molar excess). For 

immunoprecipitation, 5 µL of the anti-hPTBP1 antibody, 100 µl Protein A Sepharose beads 

50% slurry (Sigma-Aldrich) and 1 mL of IP-2 buffer (50 mM Tris-HCl [pH 7.9], 50 mM 

NaCl and 0.1% NP-40 [v/v]) were added to 50 µl of cross-linked material. The samples were 

separated on a 10% SDS-PAGE and exposed to a radiographic film. pA1, pA2 and pA3 

DNAs for in vitro transcription were prepared by PCR using specific primers containing a 

T7 RNA polymerase promoter. C2 and C2ΔPTB plasmids were previously described (35).

Statistical analysis

Data presented in the graphics are from at least two independent experiments and presented 

as mean ± S.D. (standard deviation). Two-tailed Student’s t-test or two-way ANOVA with 

Turkey’s multiple comparison test was used to test differences. P values <0.05 were 

considered statistically significant and * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification and characterization of CD5 alternative polyadenylated mRNAs
(A) Schematic representation of human CD5 gene and PAS (snapshot of UCSC Genome 

Browser, March 2015: https://genome.ucsc.edu/). Reported PAS from PolyA DB are 

indicated by vertical lines at the 3′ end of the gene. (B) CD5 3′ RACE representative gel 

using resting Jurkat E6.1 cells and human primary T cells. Three bands corresponding to the 

CD5 APA mRNA isoforms pA1, pA2 and pA3 are indicated by arrows. NTC: PCR non-

template control; M: Molecular-weight size marker. (C) CD5 3′ UTR sequence. Arrows 

represent the cleavage sites of the mRNAs mapped by 3′ RACE and sequencing, PAS are 

indicated in bold and underlined. pA1 a/b/c corresponds to three close PAS and to band pA1 

in panel B; pA2 is indicated in bold and underlined, and corresponds to pA2 in panel B; 

pA3a/b corresponds to two PAS and to band pA3 in panel B. (D) PAS conservation analysis 

performed by alignment of the CD5 3′ UTR sequences of seven mammalian species using 

the Geneious v4.8 software. PAS pairwise percentage identity is indicated. (B and C) Data 

shown are representative of 2 independent experiments.
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Figure 2. T-cell activation increases CD5 mRNAs and protein expression
(A-D) Jurkat E6.1 cells were activated with anti-CD3 (OKT3) and anti-CD28 (28.2) or left 

untreated. (A) CD5 expression was determined by qRT-PCR in resting (0h) and upon 24h 

activation. Data is shown as mean +SD of three replicates pooled from 2 independent 

experiments. **p < 0.01; Student’s t-test. (B) 3'RACE of CD5 in resting (0h) and activated 

Jurkat cells (24h). (C) A representative western blot of CD5, detected using a monoclonal 

rabbit anti-human CD5 antibody. A mouse monoclonal anti-tubulin antibody was used to 

detect tubulin as a loading control. The ratios were determined using band densitometry. 

Blots are representative of 2 independent experiments. (D) FACS profile for CD5 cell 

surface expression in resting and activated (with anti-CD3/CD28) Jurkat E6.1 cells. Data 

shown are representative of 3 independent experiments
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Figure 3. Different CD5 3′ UTRs modulate protein activity in a T-cell activation dependent 
manner
(A) Schematic representation of the three different CD5 3′ UTR luciferase reporter 

constructs that were transiently transfected in Jurkat E6.1 cells. To assure that each isoform 

was expressed and used the corresponding PAS at the end of the 3′ UTR, proximal PAS 

were deleted from Luc-pA2 and Luc-pA3. All constructs contain the SV40 PAS downstream 

of the CD5 3′ UTR to assure that the transcript is efficiently terminated. (B) Luciferase 

activity was measured in resting and activated (with anti-CD3/CD28) Jurkat E6.1 by a 

Synergy 2 Multi-Mode Microplate Reader. Levels of Luciferase activity were normalized for 

the levels of Renilla activity (control). Data are shown as mean +SD (n= 3 replicates) and 

are pooled from 3 independent experiments. *p<0.05, **p<0.01; Student’s t-test.
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Figure 4. PTBP1 increases CD5 pA1 mRNA levels
(A) PTBP1 putative binding sites were predicted in the CD5 3′ UTR sequence using SFmap 

predictor. Sequences with scores higher than 0.8 (0–1 range) are indicated. Arrows represent 

the PAS location on CD5 3′ UTR. (B) Conservation analysis of the seven putative PTBP1 

binding sites performed by alignment of the CD5 3′ UTR sequences of seven representative 

mammalian species using the Geneious v4.8 software. Pairwise percentage identities are 

indicated. (C) RNA immunoprecipitation using an anti-PTBP1 antibody and analyzed by 

RT-PCR. Primers were designed in the proximity of CD5 pA1. (D) Top: schematic 

representation of the three DNA fragments used in the RNA in vitro transcription with the 

T7 promoter. Bottom: UV-crosslinking and immunoprecipitation assays using Jurkat nuclear 

extracts. First lane of each gel: input of UV-crosslinking samples; second lane: 

immunoprecipitation with anti-PTBP1 antibody after UV crosslinking; third lane: UV-

crosslinking assay using recombinant PTBP1. (E) UV-crosslinking competition assays. Each 

radiolabeled pA1, pA2 and pA3 was incubated with 10, 5 and 1-fold molar excess of 

unlabeled pA1, pA2 and pA3 competitor transcript (Cold comp.). C2 and C2ΔPTB were 

used as positive and negative controls for PTB binding, respectively. (C-E) Data shown are 
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representative of 2 independent experiments. (F) Knock-down of PTBP1 in Jurkat cells 

assessed by western blot using a PTBP1 specific antibody. An anti-α-tubulin antibody was 

used as loading control. (G) Relative expression of CD5 APA mRNA isoforms after PTBP1 

knock-down (PTB KD). A Scramble sequence was used as control. Data are shown as mean 

+ SD and are pooled from 4 independent experiments. ** p<.01; two-way ANOVA with 

Turkey’s multiple comparison test.
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Figure 5. miR-204 is upregulated in activated T cells and targets the longer CD5 APA mRNA 
isoform
(A) The miR-204/211 putative binding sites were predicted on TargetScan using CD5 3′ 
UTR and the seed region sequences are indicated. Arrows represent the PAS location on 

CD5 3′ UTR. (B) Conservation analysis of miR-204/211 binding sites performed by 

alignment of the CD5 3′ UTR sequences of seven mammalian species using the Geneious 

v4.8 software. Pairwise percentage identities are indicated below. (C and D) qRT-PCR 

analysis of miR-204 expression in resting and activated human primary T cells and Jurkat 

cells. Data are shown as mean +SD (n= 3 replicates) and are pooled from 3 independent 
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experiments. *p <0.05; Student’s t-test (E) The two miR-204/211 target sites located in the 

Luc-pA3 luciferase reporter plasmid were deleted by site-directed mutagenesis originating 

plasmid Luc-pA3ΔmiR. (F) Luciferase activity was quantified 48 hours after transfection of 

Jurkat in resting and activated state (using anti-CD3/CD28). Data are shown as mean +SD 

(n= 3 replicates) and are pooled from 3 independent experiments. ***p < 0.001; unpaired t 

test with Welch's correction.

Domingues et al. Page 26

Eur J Immunol. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Working model for regulation of CD5 expression in T cells
CD5 expresses three alternatively polyadenylated CD5 mRNA isoforms that differ in their 

3′ UTR length, all contributing for CD5 protein production by different levels. Signaling 

through the TCR leads to an increase in CD5 mRNAs levels and, in comparison to resting 

conditions, the shorter isoforms levels are specifically increased. PTBP1 increases the levels 

of the shorter mRNA either by preferential use of the proximal PAS or by stabilizing this 

mRNA isoform. The longer CD5 mRNA isoform is targeted by miR-204. These concerted 

mechanisms of APA, PTB and miR-204 fine-tune CD5 expression during T-cell activation.
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