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A mis padres, 

a Clara, 
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Ante él se encontraba el Árbol, su Árbol, ya terminado, si tal cosa puede afirmarse de un árbol 

que está vivo, cuyas hojas nacen y cuyas ramas crecen y se mecen en aquel aire que Niggle 

tantas veces había imaginado y que tantas veces había intentado en vano captar.  

Miró el Árbol, y lentamente levantó y extendió los brazos.  

“Es un don”, dijo.  

[…] Todas las hojas sobre las que él había trabajado estaban allí, más como él las había intuido 

que como había logrado plasmarlas. Y había otras que sólo fueron brotes en su imaginación y 

muchas más que hubieran brotado de haber tenido tiempo. No había nada escrito en ellas; eran 

sólo hojas exquisitas; pero todas llevaban una fecha, nítidas como las de un calendario. Se veía 

que algunas de las más hermosas y características, las que mejor reflejaban el estilo de Niggle, 

habían sido realizadas en colaboración con el señor Parish: no hay otra forma de decirlo. 

 

Hoja de Niggle, J.R.R. Tolkien 
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Resumen 

 

La expresión de microARNs en células T cambia ampliamente en respuesta a la 

activación. A las pocas horas, ocurre una bajada global en los niveles de microARNs, 

sobre la que destacan microARNs individuales que aumentan o disminuyen su 

expresión. En este trabajo, hemos seguido por secuenciación la cinética temprana de 

expresión de microARNs y sus modificaciones post-transcripcionales en células 

primarias humanas T CD4+ activadas por estimulación de receptor de células T o con 

IFN I. Se han identificado por su expresión diferencial un grupo de microARNs que no 

se habían vinculado antes con activación de células T. Los microARNs que disminuyen 

sus niveles presentan más uridilación en su extremo 3’, confirmando observaciones 

previas del laboratorio realizadas en células T de ratón. Los microARNs que aumentan 

su expresión presentan un enriquecimiento en adenilación en su extremo 3’. En medio 

de un contexto adverso en el que parece probable que opere un mecanismo activo de 

degradación de microARNs, es posible que la adición de adenina en 3’ suponga una 

protección que podría utilizarse para mejorar la estabilidad de microARNs en terapia.  

La estimulación del receptor de células T aumenta la expresión de las 

exoribonucleasas Dis3L2 y Eri1 (descritas por su capacidad de degradar 

preferentemente sustratos uridilados) y de las enzimas transferasas de uridina TUT4 y 

TUT7, que podrían estar uridilando sus sustratos. Buscando otras enzimas que pudieran 

jugar un papel en la degradación de microARNs en células T, se identificó ISG20L2 

como una exoribonucleasa (3’ a 5’) capaz de interaccionar preferencialmente con 

microARNs uridilados. ISG20L2 degrada microARNs con una eficiencia que se ve 

afectada por los nucleótidos que encuentra en el extremo 3’. También identificamos que 

los aminoácidos D267, D183 and E185 están implicados en la actividad catalítica de 

ISG20L2. 

Estudiando los posibles sustratos de ISG20L2 en células T, por el momento, los 

microARNs no parecen ser la población más afectada por el silenciamiento de esta 

enzima, al menos en células J77 no activadas. Sin embargo, el ARN mensajero de 

moléculas inmunoreguladoras como AHR, NKG2D, CTLA4, CD137, TIM3, PD-L1 y 

CD69, se acumuló en ausencia de ISG20L2. Pese a que se ha descrito que ISG20L2 

está implicada en biogénesis de ribosomas, la proliferación y supervivencia de clones 

J77 deficientes en esta enzima no se vieron comprometidas. Sin embargo, sí se 

observaron cambios en la regulación de moléculas importantes para la activación T 

como CD69, CD3ε, CD25, CTLA-4, PD-1 e IL2. 
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Summary 

 

MiRNA repertoire of T cells undergoes extensive changes in response to 

activation. Beyond a global decrease in miRNA levels few hours after activation, 

some individual miRNAs are specifically up-regulated or down-regulated. We have 

assessed miRNA expression and post-transcriptional modification kinetics in human 

primary CD4+ T cells upon stimulation by T cell receptor (TCR) or with IFN I, using Next 

Generation Sequencing. Multiple miRNAs not related before with T cell activation profile 

have been identified as differentially expressed. Downregulated miRNAs presented 

higher 3’ uridylation, consistently with previous studies from our laboratory in mouse 

cells. Adenylation was overrepresented in upregulated miRNAs. In the midst of an 

adverse environment, with the likely presence of active miRNA degradation 

mechanisms, miRNAs multiplying their levels may use 3’ adenine as a protective signal. 

This potential strategy could open a new avenue to improve miRNA stability for therapy 

in T cells. 

Upon TCR stimulation, exoribonucleases Dis3L2 and Eri1 (previously described for 

its preferential degradation of uridylated substrates) upregulated their levels; together 

with terminal uridylyl transferases TUT4 and TUT7, that could be labelling their 

substrates. In the search of other relevant exoribonucleases in T cell context, we 

identified through mass spectrometry ISG20L2, a previously described 3’ to 5’ 

exoribonuclease, as an enzyme with a preferential interaction for uridylated miRNAs. We 

show ISG20L2 degrades miRNAs, with an efficiency influenced by nucleotides present 

at 3’ edge. In addition, we identify residues D267, D183 and E185 are involved in 

catalytic activity.  

In our search to find ISG20L2 substrates in T cells, so far miRNAs have not been 

found as the most affected population, at least in J77 non-activated cells. However, 

mRNA levels of various immunoregulatory molecules were largely affected, with 

upregulation of AHR, NKG2D, CTLA4, CD137, TIM3, PD-L1 and CD69. 

KO J77 clones were generated to study ISG20L2 function in T cells. IS20L2 had 

been described to be involved in ribosome biogenesis, but proliferation and cell survival 

of KO clones were not impaired. Remarkably, specific key molecules for T cell activation 

CD69, CD3ε, CD25, CTLA-4, PD-1 and IL2 were dysregulated.  
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Introduction 

 

1. Immune system overview, a focus on T cells 

The immune system is formed by a diverse network of cells and soluble factors, 

which have been organized in two sections: innate and adaptive. Both immune arms 

work in continuous collaboration in order to protect an organism against external threats.  

Innate and adaptive immunity are able to specifically distinguish pathogen sequences 

from self-structures. The innate immune system is ready to act immediately against 

conserved common general patterns, while the adaptive immune system is able to mount 

an immune response generated precisely against the particular antigen sequences of 

the current infection.  

The first line of defence offered by the innate immune system is achieved through 

monocyte derived cells (dendritic cells and macrophages), granulocytes (basophils, 

eosinophils and neutrophils), mast cells and complement proteins. The adaptive immune 

system takes a longer time to mount an antigen driven response, due to the requirements 

of clonal selection and expansion, but in turns tailors a highly effective immunity towards 

a much larger diversity of antigens and is able to maintain a pool of memory cells able 

to act more rapidly on a re-infection. Adaptive responses rely mainly on specific 

antibodies generated by B lymphocytes (humoral immunity against pathogens and their 

toxins) and T cell responses, both helper (CD4+ T cells) and cytotoxic (CD8+ T cells). 

CD8+ T cells are able to recognize and eliminate infected cells and CD4+ T cells 

orchestrate function and recruitment of other immune cells through cytokine secretion. 

 

T cell activation and signalling 

T cell effector function is conditioned by the detection of foreign antigens on cellular 

surfaces, while precisely trained to tolerate self-peptides. The mechanism enabling this 

antigen surveillance consists on the interaction between the T cell receptor (TCR) and a 

cognate antigenic peptide presented on the Major Histocompatibility Complex (MHC) 

molecule. B lymphocytes, dendritic cells and macrophages, are professional antigen 

presenting cells (APCs) able to display peptides derived from internalized antigens on 

their MHC II molecules, which are recognized by CD4+ T cells. In contrast, CD8+ T cells 

recognize MHC I molecules bearing intracellular peptides, which are expressed on every 

nucleated cell, including APCs. This TCR-MHC interaction occurs in the context of the 

immune synapse, a highly specialized structure formed in the contact area between T 

cells and APCs (1–3).  
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T cell activation requires this specific TCR peptide recognition and the presence of 

co-stimulation. Costimulatory signals are provided by surface receptors expressed on 

the T lymphocytes that interact with specific ligands on APCs, and can be either 

activatory (such as CD28 and ICOS) or inhibitory (like CTLA-4 and PD-1). Among 

multiple pathways downstream of the TCR: PI3K, AKT and mTOR are crucial mediators 

of T cell activation. These signals are counter-balanced by negative regulators such as 

PTEN and BIM.  These activating and inhibiting events are integrated into a net response 

that triggers the activation and/or repression of transcription factors (NFAT, AP-1, NF-

κB, and others) essential for expression of immune effector molecules, e. g. cytokines. 

The T cell receptor is a protein complex composed of several chains with a 

transmembrane region and intracellular and extracellular domains of various lengths, 

specifically it includes: a heterodimer of α/β or γ/δ chains, and CD3γ, CD3δ, CD3ζ and 

two CD3ε. When a specific peptide is recognized by the variable extracellular domain of 

the α/β or γ/δ chains, a conformational change exposes to phosphorylation intracellular 

domains, such as ITAMs, in ε, γ, δ and ζ chains (4,5). This interaction has been mimicked 

in this work using αCD3 antibodies, which were combined with αCD28 to provide co-

stimulatory signals (6,7); or in J77 and Raji co-cultures, through incubation with SEE, 

which brings together TCR and MHC II molecules (8,9). ZAP70 binds to phosphorylated 

ITAMs and activates LAT, which recruits PLCγ1 (10–12). PIP2 (phosphatidilinositol-4,5-

biphophate), located at the plasma membrane, is hydrolysed by PLCγ1 into the second 

messengers IP3 (inositol-1,4,5-triphosphate) and DAG (diacylglycerol). IP3 induces 

calcium release from the endoplasmic reticulum; which leads to NFAT nuclear 

translocation, and together with DAG and other stimuli, activates NF-κB (13). DAG 

activates various PKCs (serine/threonine kinases), both leading to PKD2 activation 

(required for cytokine production) (14,15). In addition, DAG localized accumulation is one 

of the mechanisms promoting cytoskeleton rearrangement and centrosome polarization 

(16), which enables a directional secretion of vesicles and cytokines (17–19). Ca
2+

 influx 

can be artificially induced with a ionophore, such as ionomycin, which is used here in 

combination with PMA, a potent PKC activator (20). 

T cell differentiation 

Activation of naïve CD4+ T cells, usually occurs in lymph nodes or lymphoid 

associated organs, and leads to differentiation into a particular effector subset: Th1, Th2, 

Th9, Th17, Th22, Tfh or Treg (21). TCR and co-receptor signalling together with 

environmental cytokines determine the most appropriate T helper cell phenotype that the 

newly activated cell must acquire to better coordinate adaptive immune responses. Th1 

and Th2 which were first described (22), are characterized to target intracellular and 
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extracellular pathogens, respectively. Later Th9, Th17 and Th22 have been also related 

to clearance of parasites and extracellular bacteria; Tfh to promote humoral responses 

and Treg to play an essential anti-inflammatory roles. Each subset is characterized by 

the expression of a specific transcription factor (Tbet, GATA3, PU.1, RORγt, AHR, Bcl-

6 and Foxp3) and a set of characteristics cytokines. 

 

2. T cell regulation by miRNAs 

MiRNAs are small (~19-24 nucleotides) single-stranded non-coding RNA species 

that act as post-transcriptional modulators; they  control gene expression, either by 

promoting mRNAs degradation or repressing their translation (23). More than 2500 

human mature miRNA sequences have been already listed in MirBase (24) although the 

total amount of miRNAs is likely up to ten times higher (25). Friedman et al. estimated 

that miRNAs could modulate around 60% of protein-coding genes, indicating the 

relevance of these regulatory pathways in gene expression (26).  

Dicer is an RNase III endonuclease that controls miRNA biogenesis. It processes 

precursor miRNA (pre-miRNA) into mature miRNA forms (27–29). Constitutive Dicer KO 

mice display embryonic lethality (30), indicating the relevance of this enzyme in 

development. Lineage-specific, Dicer-deficient models were therefore required to study 

the consequences of reduced miRNA function in a tissue-specific manner.  

Dicer-deficient CD4+ T cells were hyper-responsive to TCR stimulation and 

produced IL-2 in the absence of co-stimulation (31). After activation, CD4+ Dicer-

deficient mice showed reduced proliferation, higher levels of apoptosis and a bias 

towards Th1 differentiation and IFN-γ release (32). In Th1 differentiation, IFN-γ 

production and a decline in IL-2  secretion occurred earlier in Dicer-deficient than in wild-

type CD4+ T cells (32). Th2 cells presented reduced levels of GATA3 mRNA and failed 

to suppress IFN-γ expression (32). Consistently, similar phenotypes were observed in T 

cells lacking Drosha or its RNA-binding cofactor DGCR8, which forms a complex 

responsible for primary miRNA transcript processing. Drosha-deficient naïve CD4+ T 

cells differentiated into Th1 and Th2, but expressed higher levels of IFN-γ than control 

cells (33). Similarly, DGCR8-deficient T lymphocytes showed reduced proliferation and 

an increase in IFN-γ secretion (34). A number of very comprehensive reports have 

addressed the role of miRNAs in T cell differentiation (35–39).  

CD4-specific Dicer deficiency also affects the regulatory T cell compartment, 

impairing Tregs development in the thymus and reducing their numbers in peripheral 
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lymphoid organs (40). In addition, deficient naïve CD4+ T cells activated in the presence 

of TGF-β expressed significantly less FOXP3 than control cells (40).  Besides, several 

studies have demonstrated that miRNA disruption in Treg cells leads to autoimmune 

diseases (33,41,42). 

Dicer-deficient CD8+ T lymphocytes responded more rapidly to activation in vitro, 

as indicated by faster CD69 up-regulation and an earlier proliferative response, although 

their survival was reduced after two days (43). CD8+ Dicer KO cells also showed a delay 

in CD69 down-regulation after removal of the TCR-activating stimulus, suggesting a 

sustained activation of cytotoxic lymphocytes in the absence of miRNAs (43). 

Furthermore, CD8+ Dicer-deficient cells failed to produce an efficient in vivo effector 

response, including lower proliferation and impaired cytokine production (IFN-γ and TNF-

α) (43). 

In summary, these models with impaired miRNA synthesis machinery highlight the 

importance of miRNA as positive (booster) and/or negative (brake) regulators of T cell 

development and function. MiR-146a mainly acts as a “brake” miRNA, as miR-146a-

deficient mice develop chronic inflammation and autoimmunity (44). CD4+ and CD8+ T 

cells from miR-146a deficient mice display less apoptosis and increased proliferation and 

expression of activation markers (CD25 and CD69) and effector cytokines (IL2, IFN-γ 

and IL-17A) (45). Likewise, miR-125b is another negative regulator of T cell function, 

contributing to the maintenance of the naïve state in human CD4+ T cells, in which it 

appears at high levels (46). This effect is at least partly achieved via targeting key 

molecules for T cell activation, e.g. BLIMP-1, IL-2Rβ, IL-10Rα and IFN-γ (46).  

Conversely, other miRNAs boost the immune response. For instance, miR-142-deficient 

mouse T cells showed reduced proliferation, deregulated cytokine expression and 

decreased secretion of pro-inflammatory cytokines such as IFN-γ, IL-17 and IL2 in 

response to activation (47,48). Other examples of enhancer miRNAs are miR-155 and 

miR-17~92;  miR-155-depleted mice are immunodeficient (49), whereas miR-17~92-

deficient T cells exhibited reduced antitumoral responses (50). 

As it has been previously described, T cell responses result from the integration of 

a complex network of activatory and inhibitory signals. In this context, miRNA targeting 

of key immunoregulatory molecules boosts or dampens immune functions, to preserve 

homeostasis while supporting the full development of effector functions. Figure I1 aims 

to highlight the network behaviour involved in miRNA function: individual miRNAs 

interact with a set of targets and each target in turn can be regulated by several miRNAs. 

In addition, mRNA regulation can occur at different levels, either through miRNA directly 

targeting the molecule or indirectly regulating its expression via targeting its receptor 

and/or transcription factors. In fact, our current knowledge is limited by the difficulty of  
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considering more than one miRNA in experimental designs, which increases its technical 

complication, but also enable models that simulate the complexity of the physiological 

scenarios. 

 

 

3. MiRNAs dynamics in T cell activation 

Given miRNA potential to fine-tune immune responses (39,51–53), it is not 

surprising miRNA repertoire undergoes extensive changes upon T cell activation (54–

60). This intense remodelling highlights miRNA function is constrained by a specific 

spatiotemporal frame related to the signals that induce T cell-based effector functions. 

Figure I2 summarizes miRNA species described to be either upregulated or 

downregulated upon T cell stimulation. Different studies have yielded data that may 

appear contradictory, likely due to T cell subset differences, the origin of the sample 

(murine or human) and the strategy and length of stimulation. Additional differences stem 

from the strategy used to evaluate miRNA expression, being arrays the most commonly 

employed technique, together with RT-qPCR and Northern Blot.  

Despite variability, some trends are very consistent, including downregulation of 

miR-26a, miR-26b, miR-150, miR-181a, miR-223 and miR-342-3p; and upregulation of 

miR-155 and the miR-17~92 cluster (particularly miR-17-5p, miR-18a-5p and miR-19b). 

MiR-146a was downregulated in mouse T cells, but upregulated in human upon 

activation, while miR-31 behaved in the opposite way, suggesting the existence of 

species-specific regulatory mechanisms. 

In addition to variations in miRNA expression, it would be essential to consider the 

total abundance of each miRNA in the cell. Interestingly, only 7 miRNAs accounted for 

around 60% of the total sequencing reads in CD8+ T cells (57). 

 

Figure I1. Overview of miRNA modulation on positive and negative immune-
regulator molecules (previous page). 
Signalling coming from TCR and costimulatory molecules is integrated by the T 

lymphocyte promoting cell survival, proliferation and production of effector molecules, 

such as cytokines. This complex network is fine-tuned by miRNAs that target key 

immunoregulatory molecules, supporting either T cell activation (booster) or inhibition 

(brake). MiRNAs exert their function by targeting the mRNA 3’UTR in the cytoplasm, 

although for simplicity sake some have been depicted in the nucleus, close to their 

targeted immunoregulators. In PI3K, C and R designated the catalytic and regulatory 

subunits, respectively. 
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1 upregulated -1 downregulated 
not differentially expressed or not analyzed

T cell subset CD4+ CD4+ Total CD8+ CD2+ CD3+
Activation Abs OVA Abs gp33-41 Abs Ab

Time 42h 18h 3d 7d 48h 3d 3d 7d 3d 7d
References A B C D E F

previous ID Name
miR-155 miR-155-5p 1 1 1 -1 1 1 1 1 1 1 8
miR-17 miR-17-5p 0 1 0 0 1 1 1 1 1 1 7

miR-18, miR-18a miR-18a-5p 0 1 0 1 1 0 1 1 1 1 7
miR-19b miR-19b-3p 1 0 0 0 1 0 1 1 1 1 6

miR-21 miR-21(a)-5p -1 1 -1 1 1 1 1 1 1 1 6
miR-19a miR-19a-3p 0 0 0 0 1 0 1 1 1 1 5

miR-20, miR 20a miR-20a-5p 0 1 -1 0 1 0 1 1 1 1 5
miR-106a miR-106a-5p 0 1 0 0 1 0 0 0 0 0 2
miR-132 miR-132-3p 0 1 0 0 1 0 0 0 0 0 2
miR-210 miR-210-3p 0 0 0 0 1 1 0 0 0 0 2
miR-221 miR-221-3p 0 0 0 1 1 0 0 0 0 0 2
miR-92a miR-92a-3p 0 0 0 -1 1 0 1 0 0 0 1

miR-106b miR-106b-5p 0 0 -1 0 1 1 0 0 0 0 1
miR-20b miR-20b-5p 0 0 -1 0 1 0 0 0 0 0 0
miR-29b miR-29b-3p 0 0 -1 0 1 0 0 0 0 0 0

miR-98 miR-98-5p 0 0 -1 0 1 0 0 0 0 0 0
miR-146, miR-146a miR-146a-5p -1 0 -1 -1 0 1 0 1 0 1 0

let-7f let-7f-5p 0 0 0 -1 1 0 0 0 0 0 0
miR-15a miR-15a-5p 0 0 -1 -1 0 0 0 0 0 0 -2
miR-23a miR-23a-3p 0 0 -1 -1 0 0 0 0 0 0 -2
miR-29a miR-29a-3p -1 0 -1 0 0 0 0 0 0 0 -2
miR-30a miR-30a-5p 0 -1 -1 0 0 0 0 0 0 0 -2
miR-30b miR-30b-5p 0 -1 -1 0 0 0 0 0 0 0 -2

miR-125b miR-125b-5p 0 0 0 0 -1 -1 0 0 0 0 -2
miR-139 miR-139-5p 0 -1 -1 0 0 0 0 0 0 0 -2
miR-142 miR-142(a)-3p -1 0 0 -1 0 0 0 0 0 0 -2

miR-146b miR-146b-5p 0 0 -1 0 -1 0 0 0 0 0 -2
miR-191 miR-191-5p -1 0 -1 0 0 0 0 0 0 0 -2

let-7g let-7g-5p 0 0 -1 0 0 -1 0 0 0 0 -2
miR-15b miR-15b-5p 0 -1 -1 -1 0 0 0 0 0 0 -3
miR-26b miR-26b-5p 0 -1 -1 0 -1 0 0 0 0 0 -3

miR-31 miR-31-5p 1 1 0 1 -1 -1 -1 -1 -1 -1 -3
miR-142 miR-142(a)-5p -1 0 -1 -1 0 0 0 0 0 0 -3

miR-181a miR-181a-5p -1 0 -1 0 -1 0 0 0 0 0 -3
miR-16 miR-16-5p -1 -1 -1 -1 0 0 0 0 0 0 -4

miR-26a miR-26a-5p 0 -1 -1 -1 -1 0 0 0 0 0 -4
miR-451 mir-451a 0 0 0 0 0 0 -1 -1 -1 -1 -4
miR-150 miR-150-5p -1 -1 -1 -1 -1 0 0 0 0 0 -5
miR-223 miR-223-3p 0 0 -1 0 -1 0 -1 -1 -1 0 -5
miR-342 miR-342-3p 0 -1 -1 -1 -1 -1 0 0 0 0 -5

G G

CD4+
Abs

CD8+
Abs

mouse human

Figure I2. MiRNAs differentially expressed upon T cell stimulation.  
MiRNAs described in at least two different studies are summarized. Different subsets 

of T cells (both mouse and human) were activated with either antibodies against CD3 

alone (Ab), or together with antibody against CD28 (Abs), or with specific peptides 

(OVA or gp33-41). Cells were stimulated during different lengths of time ranging from 

18h to 7 days. The studies included in the table are: A ((54)), B ((55)), C((56)), D((57)), 

E((58)), F((59)), G((60)). Whenever more than one detection method was used, only 

consistent data obtained with at least two techniques was selected [(57)]. Most 

studies evaluated miRNA expression with miRNAs arrays, some together with RT-

qPCR and Northern Blot. 
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Beyond individual miRNA changes, it is important to highlight that miRNA levels 

undergo a global downregulation upon stimulation. In this regard, almost three times 

higher total miRNA arrays hybridization signal has been detected in mouse CD8+ naive 

T cells compared to activated cells (57); similarly, an independent study found a 

significant downregulation of the total amount of miRNA in stimulated mouse and human 

CD4+ T cells compared to non-stimulated controls as early as 4 h after activation (54). 

 

 

4. Regulation of miRNA tunover 

MiRNA levels are the result of both biogenesis and degradation processes. RNA Pol 

II transcribes primary miRNA (pri-miRNAs) under de control of RNA Pol II-associated 

transcription factors, enhancers and epigenetic regulators (61–63). Two RNase III 

enzymes, Drosha and Dicer, are responsible for miRNA biogenesis with their sequential 

processing of pri-miRNAs. First, the microprocessor complex (Drosha/DGCR8) 

generates a hairpin precursor miRNA (pre-miRNA, 70-100nt) in the nucleous which is 

exported to the cytosol. Second, Dicer cleaves the pre-miRNA into a double-stranded 

miRNA duplex (18-22nt). These steps are tightly regulated by RNA-binding proteins 

which bind to miRNA precursos and regulate Drosha and Dicer activity (64). A minority 

of miRNA follow non-canonical biogenesis pathways independent of Drosha or Dicer 

processing, such as miRNAs generated from snoRNAs or mirtrons generated via pre-

mRNA splicing (64). Upon loading onto Argonaute protein, where only one strand is 

retained (mature miRNA), miRNAs are stabilized (65), presenting half-lives ranging from 

hours to days. In fact, downregulation of Argonaute proteins during T cell activation has 

been suggested to be responsible for the global miRNA downregulation previously 

mentioned (54). MiRNA bound to Argonaute are the core component of the miRNA-

induced silencing complex (miRISC), where miRNA interact with 3’-UTRs of target 

mRNAs and exert their effector function (66,67). 

MiRNA degradation, critical to achieve a dynamic repertoire, is not as well understood 

as miRNA biogenesis. A series of endonucleases have been described to already 

degrade pre-miRNAs, preventing Dicer processing and terminating miRNA biogenesis: 

IRE1a, MCPIP-1 (Regnase-1) and PMR1. During endoplasmic reticulum stress, IRE1a 

degrades pre-miRNA involved in repression of Caspase-2 mRNA (68). Regnase-1 

downregulates a broad range of pre-miRNAs (69). PMR1 promotes breast cancer cell 

motility by cleaving miR-200 family (preferentially between UG dinucleotides) (70). 

Certain ‘global’ mature miRNA degradation mechanisms have been suggested, such 

as TDMD (target RNA-directed miRNA degradation). In TDMD, miRNAs bound to 
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Argonaute with high complementarity to their target mRNAs, are tailed at 3’ and trimmed 

(71–75). In NK cells and CD4+ T cells, Eri1 exonuclease has been described to reduce 

miRNA levels (76). Other ribonucleases have been described in a variety of organisms 

with a selective specificity: SDNs degrade miRNAs containing a 3’-OH group in 

Arabidopsis thaliana (77); Xrn-1 and Xrn-2 degrade 5’-monophosphate miRNAs 

in Caenorhabditis elegans (78,79); RRP41 (a core component of the exosome complex) 

and XRN1 degrade miR-382 in HEK293T cells (80); PNPT1 (PNPase
old-35

) degrades 

miRNA-221 in melanoma cells (81); and the endonuclease TSN cleaves miRNA with CA 

or UA dinucleotides, promoting cell cycle progression (G1 to S phase transition) in human 

cells (82). Other ribonucleases have been described to be guided by post-transcriptional 

modifications such as PARN or Dis3L2, and are discussed in the following section. 

 

 

5. MiRNAs post-transcriptional modifications 

Next Generation Sequencing (NGS) has identified not only nucleotide additions to 

the expected genomic miRNA sequences, but also trimmings and substitutions (83,84). 

Post-transcriptional Modifications (PtMs) generate multiple variants of the same miRNA 

(isomiRs) that differ in their 5’, 3’ or internal modifications. PtMs modulate biogenesis, 

stability and function (67,85,86). Several mechanisms elicit PtMs on the canonical 

miRNA sequence including: alternative processing by Drosha or Dicer, RNA editing and 

non-template nucleotide addition.  

During sequential cleavage in miRNA biogenesis, Drosha (pri-miRNA => pre-

miRNA) and Dicer (pre-miRNA => miRNA duplex) excisions are slightly flexible, 

becoming a source of 5’ and 3’ isomiRs (87–93).  

Other forms of PtMs derive from RNA editing which include conversion of adenosine 

(A) to inosine (I) by ADARs (adenosine deaminases acting on RNA) (94–97); or 

deamination of cytidine (C) to uridine (U) by APOBECs (apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like) (98,99). Since I is a guanosine (G) analog, A-to-I 

editing is equivalent to an A-to-G mutation. For miRNAs, A-to-I editing is well-

characterized (100,101), whereas the physiological relevance of C-to-U modification is 

currently unknown.  

Additional enzymes responsible for miRNA PtMs are TErminal Nucleotidyl 

Transferases (TENTs). TENTs catalyse non-template additions (NTAs) of nucleotides 

mainly at the 3’ end (‘tailing’) (102). TENTs are often flexible substrate-wise, but those 

with a preference towards adding adenosine are known as non-canonical poly(A) 

polymerases (ncPAPs). Other TENTs prefer to add uridine, namely terminal uridyl 
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transferases (TUTases). Uridylation and adenylation are the most typical 3’ end 

modifications across animal miRNAs (103–107). Multiple studies have explored these 

modifications and their consequences in detail. Conclusions often appear contradictory, 

which likely result from the specific biological context, including different species, cell 

type or cellular compartment. For instance, GLD-2 (PAPD4/TENT2) 3’ monoadenylation 

seems to stabilize specific miRNA populations in human fibroblasts (108) and miR-122 

in the liver (109). In mouse early embryos, 3’ mono- and oligoadenylation appears to 

protect certain miRNAs in a context of large degradation (110). However, PAPD5 

(TENT4B/GLD4/TUT3) adenylates miR-21-5p on 3’, promoting its degradation by PARN 

(Poly(A)-specific ribonuclease) (111). In human monocytes, knocking down PAPD4 

showed no overall effect of 3’ adenylation on miRNA stability, but adenylation instead 

altered miRNA effectiveness through reduction of their incorporation into the RNA-

induced silencing complex (RISC, the complex where miRNAs induce mRNA 

degradation or inhibit their translation) (105). Uridylation also promotes diverse 

outcomes on miRNA. Pre-let-7 miRNA can be uridylated at its 3’ by TUT4 (ZCCHC11) 

or TUT7 (ZCCHC6) (112,113). Lin28 (an RNA-binding protein) binds to pre-let-7 and 

favours oligouridylation (10-20 uridines), which inhibits subsequent Dicer processing and 

serves as a signal for Dis3L2 degradation (112–116). In the absence of Lin28, pre-let-7 

undergoes monouridylation to pursue its maturation process (117). Let-7 promotes cell 

differentiation, and the regulatory mechanism triggered by Lin28 expression maintains 

pluripotency in stem cells (112,118). Non-templated uridine addition also occurs on 

mature miRNA, such as miR-26, which has been described to undergo 3’-uridylation by 

ZCCHC11 (TUT4) (119). MiR-26a and miR-26b uridylation has been shown to reduce 

their ability to repress IL-6 (119). Beyond pre-let-7, Dis3L2 has been also described to 

degrade Ago-bound mature miRNAs after TUT oligourydilation (120). 

 

 

6. An unknown T cell ribonuclease? 

Global miRNA decay occurring in T cells only few hours after stimulation (54,57) and 

a specific downregulation of uridylated miRNAs in activated mouse CD4+ T cells (121), 

seem to point to the existence of an active degradation mechanism that would act 

preferentially on miRNAs bearing 3’ uridines. Dis3L2 and Eri1 could be responsible for 

this intense and rapid miRNA degradation. Dis3L2 ability to degrade uridylated miRNAs 

has just been discussed, and Eri1 is another 3’ to 5’ exonuclease which degrades 

oligouridylated histone mRNAs (122) and reduces miRNA levels in CD4+ T cells and NK 
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cells (76). These enzymes and other undescribed ribonucleases could be behind T cell 

activation miRNA decay. 
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Objectives 

 

 

Part I 

 

-Study early changes occurring at the level of miRNA expression and post-transcriptional 

modifications in human primary CD4+ T cell activation. 

 

-Identify potential enzymes degrading uridylated miRNAs in activated T cells. 

 

 

Part II 

 

This second stage was proposed after identifying ISG20L2, a previously described 3’ to 

5’ exoribonuclease, as a candidate for uridylated miRNA degradation in T cells: 

 

-Evaluate ISG20L2 activity as a miRNA degrading enzyme. 

 

-Design a CRISPR-Cas9 strategy to silence ISG20L2. 

 

-Identify ISG20L2 substrates. 

 

-Study ISG20L2 expression upon T cell activation. 

 

-Analyse ISG20L2 function in T cells. 
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Materials and Methods 

 

 

1.  Reagents and antibodies 

Details of reagents are indicated in the corresponding sections. Antibodies used in 

this thesis work are gathered in Table M1. Plasmids pEGFP-C1-ISG20L2 and pGEX-

ET-1-ISG20L2 (GST) were a kind gift from Jean-Jacques Diaz (Cancer Research Center 

of Lyon, France). 

 

Antibody 
Host 

species 
Manufacturer 

Catalog 
number 

Application 

aTubulin- FITC Mouse Sigma-Aldrich F2168 if 

CD19 PerCP-Cy5.5 Mouse Tonbo Biosciences 65-0199-T100 cyt 

CD25 PECy7 Mouse Biolegend 302612 cyt 

CD3(OKT3) Mouse Biolegend 317302 if 

CD69 V450 Mouse BD Biosciences 560740 cyt 

Cleaved Caspase-3 
AF647 

Rabbit Cell Singaling 9602S cyt 

Dis3L2 Rabbit Nobus biologicals NBP1-84740 wb 

Eri1/THEX1 Rabbit Cell Signaling 4049 wb 

ERMs 90/3 Rabbit + + wb 

GFP Mouse Takara Bio 632381 wb 

ISG20L2 Rabbit Proteintech 24639-1-AP wb 

Ki67 PECy7 Rat Biolegend 652426 cyt 

p150 (glued) Mouse BD Pharmingen 610474 wb 

TUT4/ZCCHC11 Goat Pro Sci incorporated 46-610 wb 

TUT7/ZCCHC6 Rabbit Proteintech 25196-1-AP wb 

anti-goat HRP Rabbit 
ThermoFisher 

Scientific 
31402 wb 

anti-rabbit HRP Goat 
ThermoFisher 

Scientific 
31460 wb 

 

 

Table M1. Antibodies used in this thesis. 
In the application column: wb (western blot), if (immunofluorescence), cyt (flow 

cytometry). (+) kindly provided by Heinz Furthmayr, Stanford University, CA 
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2.  Cell culture 

Human primary CD4+ T cell isolation and activation 

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats, 

obtained from healthy donors, by separation on Biocoll Separating Solution (Biochrom, 

L6115) according to standard procedures. Non-adherent cells were separated from 

PBMCs after a 30 min adherence step at 37 °C. CD4+ T cells were purified from non-

adherent cells using Human Resting CD4+ T cell Isolation Kit (STEMCELL 

Technologies, 17962). A specific reagent to isolate resting T cells was selected to avoid 

the presence of pre-activated CD4+ T cells in sequencing samples. In experiments 

performed to evaluate protein expression, CD4+ T cells were isolated with EasySep 

Human CD4+ T Cell Isolation Kit (STEMCELL Technologies, 17952). 

For T cell stimulation, we treated CD4+ T cells with either aCD3aCD28 

(ImmunoCult™ Human CD3/CD28 T Cell Activator; STEMCELL Technologies, 10971) 

or IFN I (1:1000, Human IFN Alpha Hybrid (Universal Type I IFN); PBL ASSAY 

SCIENCE, 11200-1). Cells were cultured in RPMI 1640 (Gibco), supplemented with 10% 

fetal bovine serum (FBS, Sigma), 20mM Hepes (Hyclone), 0.3mg/mL L-glutamine 

(Hyclone), 100 U/mL penicillin (Gibco) and 100 µg/mL streptomycin (Gibco). 

These studies were performed according to the principles of the Declaration of 

Helsinki and approved by the local Ethics Committee for Basic Research at the Hospital 

La Princesa (Madrid), informed consent was obtained from all human volunteers. 

 

Human lymphoid cell lines culture and activation 

Jurkat-derived T cell line J77 E6.1 (Vαl.2 Vβ8+ TCR) and lymphoblastoid B cell line 

Raji, were obtained from ATCC. These human cell lines were cultured in the same media 

used for primary cells and routinely tested for potential mycoplasm contamination.  

J77 cells were activated (in the RPMI supplemented media used for primary cells, 

but containing only 5% FBS) either with PMA (phorbol 12-myristate 13-acetate, 5ng/mL; 

Sigma-Aldrich, p-8139) and ionomycin (250ng/mL; Sigma-Aldrich, I0634), or with Raji 

cells and SEE. In this second approach, Raji cells were incubated with SEE (0.5 μg/mL; 

Toxin Technologies, PE404), for 30 min at 37ºC. SEE pulsed cells were washed and 

cultured with T cells. For flow cytometry assays 150 000 cells J77 and 150 000 Raji cells 

were plated in P96 wells; and for RNA isolation 1.2•10
6
 J77 and 120 000 Raji, in P48 

wells. Plates were centrifuged at low speed to favour earlier proximity between cells and 

incubated at 37ºC. Co-cultures without SEE were prepared in parallel to use as controls. 
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3. RNA isolation, library preparation and NGS 

smallRNAseq in human primary CD4+ T cells 

Three independent experiments were performed with resting CD4+ T cells isolated 

from different healthy donors. Samples were collected at 0h and after aCD3aCD28 or 

IFN I stimulation during 3h, 6h and 24h. The 21 samples were lysed in QIAzol Lysis 

Reagent (Qiagen, 79306) and RNA was extracted using the miRNeasy Mini Kit (Qiagen, 

217004). In order to reduce phenol-based reagent contaminations, purified RNA 

samples were precipitated using sodium acetate (3M, 0.1x sample volume) and ethanol 

(100%,3x sample volume). RNA integrity was evaluated using an Agilent 2100 

Bioanalyzer (Eukaryote Total RNA Nano assay). 

A total of 200 ng of total RNA were used to generate barcoded miRNA-seq libraries 

using the NEBNext Multiplex SmallRNA Library Prep Set for Illumina (New England 

Biolabs). Briefly, 3´ and 5´ SR adapters were first ligated to the RNA sample. Next, 

reverse transcription followed by PCR amplification was used to enrich cDNA fragments 

with adapters at both ends. The quantity and quality of the miRNA libraries were 

determined using the Agilent 2100 Bioanalyzer High Sensitivity DNA chip.  

Libraries were sequenced on a HiSeq2500 (Illumina) to generate 60 bases single 

reads. FastQ files for each sample were obtained using bcltofastQ 2.20 Software 

software (Illumina). NGS experiments were performed in the Genomics Unit of the CNIC. 

 

smallRNAseq in J77 cells (control and ISG20L2 knockdown) 

RNA was isolated, as described for primary cells, from GFP+ cells 72h after 

electroporation with pSpCas9(BB)-2A-GFP (control cells), or pSpCas9(BB)-2A-GFP-

sgRNA_target1 and pSpCas9(BB)-2A-GFP-sgRNA_target6 (knockdown cells). Three 

independent experiments were performed and isolated RNA was used both for 

smallRNAseq and mRNAseq detailed in the next paragraph. The same smallRNAseq 

protocol detailed for primary cells was followed with two exceptions. Here, 100 ng of total 

RNA were used for library generation. In addition, RNA sample was not limited to the 

miRNA size (cutting a gel band) in order to include also other small RNAs. 

 

mRNAseq in J77 cells (control and ISG20L2 knockdown) 

Total RNA (100 ng) was used to generate barcoded RNA-seq libraries using the 

NEBNext Ultra II Directional RNA Library preparation kit (New England Biolabs) 

according to manufacturer’s instructions. First, poly A+ RNA was purified using poly-T 

oligo-attached magnetic beads followed by fragmentation and first and second cDNA 

strand synthesis. Next, cDNA ends were repaired and adenylated. The NEBNext adaptor 
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was then ligated followed by second strand removal, uracile excision from the adaptor 

and PCR amplification. The size of the libraries was checked using the Agilent 2100 

Bioanalyzer and the concentration was determined using the Qubit® fluorometer 

(ThermoFisher). 

Libraries were sequenced on a HiSeq2500 (Illumina) to generate 60 bases single 

reads. FastQ files for each sample were obtained using CASAVA v1.8 software 

(Illumina). 

 

 

4. RNA-Seq data analysis 

smallRNAseq in human primary CD4+ T cells 

Sequencing reads were pre-processed by means of a pipeline that used FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to assess read quality; and 

Cutadapt (123) to trim sequencing reads, eliminating Illumina adaptor remains, and to 

discard those that were shorter than 15 nt or longer than 35 nt after trimming. Around 

80% of the reads from any of the samples were retained. Resulting reads were aligned 

against a collection of 2657 human, mature miRNA sequences extracted from miRBase 

(release 22), to obtain expression estimates with RSEM (124). Percentages of reads 

participating in at least one reported alignment were around 40%. Expected expression 

counts were then processed with an analysis pipeline that used Bioconductor package 

Limma (125) for normalization (using TMM method) and differential expression testing, 

taking into account that samples had been obtained in three batches, and considering 

only 626 miRNA species for which expression was at least 1 count per million (CPM) in 

3 samples. Changes in gene expression were considered significant if associated to 

Benjamini-Hochberg adjusted p-value < 0.1. Clustering of expression profiles and 

production of heatmaps were performed with Genesis (126). Epi-transcriptomic 

modifications were detected with Chimira (127), an online tool that, after alignment of 

miRNA-Seq reads against miRBAse records, identifies mismatched positions to classify 

them and to quantify multiple types of 3'-modifications (uridylation, for example), as well 

as 5'-modifications and internal modifications or variations. Count tables produced by 

Chimira were further processed with ad-hoc produced R-scripts to normalize 

modification counts by library size and to calculate summary statistics across groups of 

replicate samples. Analyses were restricted to the collection of 626 miRNA species with 

detectable expression.  

Two core analysis were performed by Ingenuity Pathway Analysis (Content version: 

49932394 (Release Date: 2019-11-14), one with all miRNAs differentially expressed at 
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least one time point of stimulation with aCD3aCD28 and a second one with the 

corresponding IFN-I regulated miRNAs. MiRNA-target networks were buildt with miRNet 

loading the highest upregulated and downregulated miRNAs for each treatment (128). 

Ven diagrams were elaborated with Venny: 

(https://bioinfogp.cnb.csic.es/tools/venny/index.html). 

 

smallRNAseq in J77 T cells (control vs ISG20L2 KD) 

Bioinformatic analysis was performed as just described for primary cells, but without 

imposing a maximum read length of 35nt with the purpose of including other small 

RNAs apart from miRNAs. Percentages of reads participating in at least one reported 

alignment were around 47%. sRNAtoolbox (https://arn.ugr.es/srnatoolbox/) was used 

to quantify the abundance of the different types of small RNA detected. 

 

mRNAseq in J77 T cells (control vs ISG20L2 KD) 

Data analysis was performed as described for primary cells, with these variations: 

-After trimming, discarded sequences are those shorter than 30nt. 

-Reads were mapped against reference transcriptome GRCh38.91. Percentages of 

reads participating in at least one reported alignment were around 84%. 

 

 

5. Data and code availability for miRNAs PtMs 

GEO submission 

All raw and processed sequencing data generated in this study have been 

submitted to the NCBI Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo/) 

under accession number GSE156287. 

 

UCSC genome browser sessions  

Alignments are accessible at the following UCSC Genome Browser session:  

 *  https://genome.ucsc.edu/s/mjgommo/CD4T_IFN_I 

*  https://genome.ucsc.edu/s/mjgommo/CD4T_aCD3aCD28 

Each session has been configured to allow the visualization of 13 custom tracks, which 

consist in:  

- miRBase_mature track: representing the coordinates of all mature miRNAs described 

in miRBase, release 22.  
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-12 BAM alignment tracks, corresponding to three replicate samples for the control 

condition (0h) and each of the time points (3h, 6h, 24h) for IFN I or aCD3aCD28 

treatment.  

MiRNA detection and quantification has been performed in this study by aligning NGS 

processed reads against a transcriptomic reference consisting in all mature miRNA 

sequences described in miRBAse, release 22, for Homo sapiens. To produce genomic 

alignments that were fully congruent with those generated for quantification, BAM 

alignments displayed in the UCSC tracks have been generated with RSEM using a 

genomic reference constructed with the mature miRNA coordinates described in 

miRBase, release 22, exclusively. For this reason, coverage is expected only on the 

intervals corresponding to regions that code for mature miRNAs. MIMAT IDs are used to 

identify such intervals because they are guaranteed to be unique (locus specific). 

Visualization of the tracks may require reloading the page, because of timeout issues.  

 

In-house scripts 

Chimira results describing miRNA modifications consist in a separate table for each 

sample.  A specialized, in-house R script (CHIMProcessor.R) was developed to process 

the collection of output files, as well as several other auxiliary files, in order to normalize 

modification frequencies by library size, merge frequency information from replicate 

samples, filter data using various parameters and generate combined tables and 

preliminary plots. The script is available from GitHub, at:                                    

    *  https://github.com/mjgommo/CD4T_miRNA_MOD 

 

 

6. Immunoblotting 

Cells extracts were prepared in lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1%NP-

40, 5mM EDTA, 50mM NaF, 5mM DTT) supplemented with a protease inhibitor cocktail 

(Complete, Roche). Cell lysates were cleared of debris and nuclei by centrifugation 

(15000g, 15 min), mixed with Laemli solution and β-mercaptoethanol (2% final volume) 

and boiled 5 min at 90ºC. Proteins were separated on 8-10% SDS-PAGE gels and 

transferred to a nitrocellulose membrane. Membranes were incubated with primary 

specific antibodies and peroxidase conjugated secondary antibodies. 

Chemoluminescence was measured with LAS-3000 (Fujifilm). Band intensities were 

quantified with Image Studio Lite (LI-COR Biosciences), normalized to ERMs values and 

relativized to unstimulated conditions (when no band was detected at 0 h, background 

was taken as reference signal). 
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7. Cell electroporation 

Prior to transfection cells were washed first with PBS, and afterwards with Opti-MEN 

(Gibco). Cells were then resuspended in Opti-MEN at 30•10
6
 cells/mL and 400µL (12•10

6
 

cells/mL) were added to each 4mm Bio-Rad cuvette together with corresponding 

plasmids (a total of 10µg of DNA). Cells were electroporated with a Gene Pulser Xcell 

Electroporation System (Bio-Rad) at 240mV and 975µF. After electroporation cells were 

cultured in media containing 5% FBS (instead of 10% FBS used for cell maintenance). 

Death cells were discarded using Biocoll Separating Solution (Biochrom, L6115). GFP+ 

cells were sorted either as a pool or individually to a P96-well plate for clone isolation. 

For miRNA pull-down experiments cells were lysed without prior sorting. 

 

 

8. MiRNA pull down 

Streptavidin dynabeads (Dynabeads MyOne Streptavidin C1; Invitrogen, 65001) 

were loaded with biotinylated miRNAs according to manufacturer instructions. Per 

condition, 12-20•10
6
 J77 cells were lysed in 1mL of buffer*

1
; and after nuclei and debris 

clearance, incubated overnight with beads (50µL). UV-Crosslink (400x100mJ; 

Stratalinker UV crosslinker, Stratagene) was performed and beads were extensively 

washed*
2
 (6-7 times). Finally, beads were prepared in 20µL of washing buffer for mass 

spectrometry or boiled in Laemli for western blot analysis. For ISG20L2-GFP pull-down 

validation, lysed J77 cells had been previously electroporated with pEGFP-C1-ISG20L2. 

*
1 

Lysis buffer: PBS, NP40 1%, NaCl 150mM, EDTA 5mM, NaF 50mM, DTT 5mM, 

Complete (Roche Diagnostics, 11836145001) and PhosSTOP (Roche, 4906837001). 

*
2  

Washing buffer: PBS, NP40 0.05%, NaCl 150mM, EDTA 5mM, NaF 50mM, DTT 5mM 

and Complete. 

 

 

9. Mass spectrometry analysis 

Protein digestion 

Proteins were subjected to in-gel tryptic digestion as described previously (129). 

 

Mass spectrometry 

The resulting peptides were analysed by liquid chromatography coupled to tandem 

mass spectrometry (LC-MS/MS) on an Easy nLC-1200 nano-HPLC apparatus (Thermo 
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Scientific, San Jose, CA, USA) coupled to a hybrid quadrupole-orbitrap mass 

spectrometer (Q Exactive HF, Thermo Scientific). The dried peptides were taken up in 

0.1% (v/v) formic acid and then loaded onto a PepMap100 C18 LC pre-column (75μm 

I.D., 2cm, Thermo Scientific) and eluted on line onto an analytical NanoViper PepMap 

100 C18 LC column (75μm I.D., 50cm, Thermo Scientific) with a continuous 

gradient consisting of 8-30% B in 90 min (B = 80% ACN, 0.1% formic acid) at 200 nL/min. 

Peptides were ionized using a Picotip emitter nanospray needle (New Objective). Each 

MS run consisted of enhanced FT-resolution spectra (120 000 resolution) in the 400–

1200 m/z range followed by data-dependent MS/MS spectra of the 20 most intense 

parent ions acquired along the chromatographic run. The AGC target value in the 

Orbitrap for the survey scan was set to 1 000 000. Fragmentation in the linear ion trap 

was performed at 30% normalized collision energy with a target value of 10 000 ions. 

The full target was set to 30 000, with 1 microscan and 50 ms injection time, and the 

dynamic exclusion was set to 0.5 min. 

 

Peptide identification 

For peptide identification the MS/MS spectra were searched with the Sequest 

algorithm implemented in Proteome Discoverer 1.4 (Thermo Scientific). Database 

searching against human protein sequences from the UniProt database (March 2017, 

158 382 entries) was performed with the following parameters: trypsin digestion with 2 

maximum missed cleavage sites; precursor and fragment mass tolerances of 800 ppm 

and 0.02 Da, respectively; Cys carbamidomethylation as static modifications; and Met 

oxidation as a dynamic modification. The results were analysed using the probability ratio 

method (130) and a false discovery rate (FDR) for peptide identification was calculated 

based on the search results against a decoy database using the refined method (131). 

 

 

10. MiRNA degradation assays 

Catalytic mutants and protein expression 

Mutants were obtained using QuickChange II Site-Directed mutagenesis Kit 

(Agilent) on ISG20L2-GST (pGEX-4T-1) with the following primers (introduced mutations 

are depicted bold and grey): 

NAF: D267 (GAC) => A267 (GCC) 

Forward: 

5’-CTCACAGGGAAGATAGTGGTGGGGCATGCCATCCACAACGCCTTCAAAGCC-3’ 
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Reverse:  

5’-GGTGAGGGACTTGGGGTGAAAGTACTGAAGGGCTTTGAAGGCGTTGTGGAT-3’ 

IACAM: D183 (GAC) => A183 (GCC), E185 (GAG) => A185 (GCG) 

Forward:  

5’-GCATCCCAGAAGTTGCCACGGAAGATGGTGGCAATTGCCTGTGCGATGGTG-3’ 

Reverse: 

5’-GGAACTAACATGCCCCTTTGGTCCTGTGCCCACCATCGCACAGGCAATTGC-3’ 

ISG20L2-GST (pGEX-4T-1) mutants (NAF and IACAM) were expressed in E.coli  

RIPL strain with 0.2mM IPTG induction and overnight incubation at 16ºC. ISG20L2-GST 

(pGEX-4T-1) WT was expressed in p-Lys strain with 0.2mM IPTG induction and 30 min 

incubation at 30ºC (to avoid degradation at larger culture times). Bacteria were lysed 

through sonication in buffer containing Tris HCl 50mM pH 7.5, NP40 0.1% KCl 100mM, 

β-mercaptoethanol 1mM, Glicerol 5% and protease inhibitor. Proteins were affinity 

purified with Glutathione Sepharose beads (GE Healthcare) and concentrated (Protein 

Concentrator 30000 MWCO PES, Thermo Scientific Pierce). 

 

RNA degradation assays 

RNA degradation assays were performed incubating the purified proteins with 

radioactively labelled (5′ end-
32

P) substrates, at 37ºC. RNAs used were: miRNA-151, 

miRNA-151-AA, miR-151-UU, miR-151-CC, U30 and A30. Degradation assays were 

performed in TrisHCl 10mM pH 7.6, KCl 50mM, MgCl2 5mM, DTT 10mM, 0.8 units/µL 

RNAsin (Promega; used to prevent unintentional degradation by potential contaminants: 

RNAse A, B and C) and BSA 0.01%. Reaction was developed in 10µL and stopped with 

formamide buffer (formamide 80%, bromophenol blue 0.1%, xylene cyanol 0.1% and 

EDTA 5mM). Samples were resolved on 20% poly-acrylamide denaturing gels 

containing urea 8M. Radioactively labelled RNA was detected with a phosphorimaging 

screen in a FLA-9000 phosphorimager (FujiFilm). 

 

 

11. Generating CRISPR-Cas9 ISG20L2 KO clones  

CRISPR-Cas9 plasmids including sgRNA targeting human ISG20L2 were obtained 

following the protocol described by Ran et al. (132). Plasmid pSpCas9(BB)-2A-GFP 

(PX458) (available from AddGene) was modified to incorporate specific sgRNA (single 

guide RNA). Target sequences were selected using CHOPCHOP (133,134) 

(http://chopchop.cbu.uib.no). For each target sequence, a pair of oligos was designed 
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including an overlapping region with the plasmid, followed by G (if the target sequence 

does not present a G on 5’) to facilitate transcription (Table M2). Oligos were 

phosphorylated (T4 Polynucleotide Kinase; Thermo Scientific, EK0031) and annealed, 

and plasmid digested (FastDigest BbsI; Fermentas/Thermo Scientific, FD1014); prior to 

the ligation reaction (T4 DNA ligase; Promega, M1801). Finally, plasmids purified from 

DH5α transformed with the ligation product and cultured under ampicillin selection, were 

sequenced to confirm the specific sgRNA incorporation. 

 

Target sequence            PAM             Plasmid overlapping nucleotides 

Target 1 

TTGTGGACTACCGAACCAGGTGG 

Fwd: CACCGTTGTGGACTACCGAACCAGG 

Rev:  AAACCCTGGTTCGGTAGTCCACAAC 

Target 6 

GGGAGCTCTTCTTCTGAGAGCGG 

Fwd:   CACCGGGAGCTCTTCTTCTGAGAG 

Rev:   AAACCTCTCAGAAGAAGAGCTCCC 

Target 8 

AGAAGCGGAGGCTCTTAGAACGG 

Fwd: CACCGAGAAGCGGAGGCTCTTAGAA 

Rev:   AAACTTCTAAGAGCCTCCGCTTCTC 

 

J77 cells were transfected with a combination of two plasmids with sgRNA directed 

towards two different targets (1+6 or 6+8). One GFP+ cell was sorted to each well (96-

well plate), containing pre-conditioned media. This media was obtained from a J77 cell 

culture after centrifuging at high speed, and filtering the supernatant with a 0.22µm 

strainer. For genotyping forward and reverse primers were designed to amplify by PCR 

a region (856nt) including all targets (1,6 and 8):  

Forward (ISG20L2 genomic): CCTCTTTTCATCCATAAGCCAC 

Reverse (ISG20L2 genomic): TAGACCTCTCTCCATCCACCTC 

Knock out clones were identified for removal of fragments 1-6 (274nt) or 6-8 (302nt), 

leading to an amplification of a smaller region (582 and 554, respectively). Genomic DNA 

was isolated with Gentra Puregene cell kit (Qiagen, 158745-K). PCR was performed with 

REDExtract-N-Amp PCR Reaction mix (Sigma-Aldrich, R4775), and resolved in 3% 

agarose (Agarose D1 Low EEO, Covalab) gels stained with ethidium bromide (Sigma-

Aldrich, E-1510). 

 

 

Table M2. Oligos used to generate CRISPR-Cas9 plasmids with specific sgRNA. 
G was added in 5’, when target sequence did not start with G in 5’, to favour RNA Pol 

III transcription. Fwd: forward, Rev: reverse 
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12. qPCR (quantitative real-time PCR) 

For RNA extraction, 100µL of chloroform (Sigma-Aldrich, C2432) were added to 

500µL of QIAzol (Qiagen, 79306) lysed sample, and the mix was shaken vigorously. 

After 12000g centrifugation for 15 min at 4ºC, aqueous phase (which contains RNA, 

while DNA is retained at interphase and proteins at the pink bottom phase) was 

transferred to a new tube. RNA was precipitated by addition of 250µL of isopropanol and 

overnight incubation at -20ºC. Samples were centrifuged at 12000g for 10-30 min and 

supernatants discarded. Pellet were washed with ethanol 75%, centrifuged 7500g (5 

min, 4ºC) and resuspended in RNAse free H2O. 

Reverse transcription was performed with the High Capacity cDNA Reverse 

Transcriptase kit (Applied Biosystems, 4368814). Quantitative real-time PCR (qPCR) 

was prepared by triplicate using SYBR green GoTaq qPCR Master Mix (Promega, 

A6001) and run in a 7900 HT Fast Real-Time PCR system (Life technologies). Primers 

are detailed in Table M3. Data were analysed with SDS2.4 (Applied Biosystems) and 

QBasePlus (Biogazelle). Expression levels were normalized taking as reference β-actin, 

B2M (β2-microglobulin), GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) 

HPRT1(hypoxanthine phosphoribosyltransferase 1) and/or YWHAZ (Tyrosine 3-

Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta). 

 

 

Gene Forward primer Reverse primer 

AC073111.3-201/2 GCAACGGCACAGTTGCAGAG GGCAGGTCTTCTTACTGGATGT 

AC090198.1-201 GTCCTTGAGAGACAGCAAATGA TCTCTCGCAAGGGTAGAGGT 

AC240565.2 CCCCGCTTTTGACTTTCGGT AGGCAGGAGCTTTGGACTC 

AHR ATGGATCAATACTTCCACCTC TTTGGCATCACAACCAATAG 

AL078644.1 GGTCTGTTTTGTCTGCGTGC GGGCCCCAGTAGGTTAGGAT 

AMIGO3 CGAGTACGTATGCTTGGCCT GCTGGTGTTGCAGTAAAGCC 

AQP3 ACCAGCTTTTTGTTTCGGGC GGCTGTGCCTATGAACTGGT 

B-Actin ATCATGTTTGAGACCTTCAA AGATGGGCACAGTGTGGGT 

B2M GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT 

BCL2 GATTGTGGCCTTCTTTGAG GTTCCACAAAGGCATCC 

BCL2L11 ATGCAAGGAGGGTATTTTTG CGTAACAGTCGTAAGATAACC 

BCL2L2 CCTTTGGAATGGAAGCTTAG GAGGGAATGTTTTCTCCTTG 

Table M3. mRNA qPCR primer sequences. 
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Gene Forward primer Reverse primer 

CD137 ACAACCATTTATGAGACCAG ACATCCTCCTTCTTCTTCTTC 

CD25 GACGTCCATATTTACAACAGAG TCTACTCTTCCTCTGTCTCC 

CD69 CAGCAAAGACTTTCACTGTAG CATTTTCTTGTCCACTCTCC 

CTLA4 TTGCTAAAGAAAAGAAGCCC AAAGTTAGAATTGCCTCAGC 

DOCK10 CGGAGCCTGTTGAGACCTG CTAGGCTTTTCTTGCCGCTG 

EEF1A1 TATCCACCTTTGGGTCGCTT GTGGGGTGGCAGGTATTAGG 

FP236241.1 ATTCAGGCAACTGAGGGGTG AACCAGTCCTTCCACCAACC 

GAPDH ACAGTTGCCATGTAGACC TTGAGCACAGGGTACTTTA 

GITR AATTCAGTTTTGGCTTCCAG CAGTCTGTCCAAGGTTTG 

H2AX GGCCTCCCAGGAGTACTAAGA CTCTTTCCATGAGGGCGGTG 

HPRT1 CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA 

IDH1 GGCTGTGGTTGTGAGTCTGA TAGTTTATCGCCTGCCGGG 

    IFN γ GGTAACTGACTTGAATGTCC TTTTCGCTTCCCTGTTTTAG 

IL2 AGGGATCTGAAACAACATTC GCCTGATATGTTTTAAGTGGG 

ISG20L2 GAGATGTGCTTTATGACGAG TCTTCCCTGTGAGTATCTTC 

KI67 GACAGAGGTTCCTAAGAGAG AACAATCAGATTTGCTTCCG 

LAG3 TATAACCTCACTGTTCTGGG TCTAGTCGAAGGGTAAAGTC 

LEF1 AGAGAGAGAAACTACAGGAATC CCACCATGTTTCAGATGTAG 

LINC00324 GCAGCATGCTCTGCAACGAA GGTTACCGACTTGGTGCCAT 

LINC00449 CTGGTTGGGAGCAGGCTAAG ACTGCCCAATGCAAGAATGC 

MTOR GGAGGAGAAATTTGATCAGG GGGCAACAAATTAAGGATTG 

NKG2D AGGACAAAATGACCAAAGAC CTTGGGGATATCTGAATTGC 

PD-L1 ATGCCCCATACAACAAAATC GACATGTCAGTTCATGTTCAG 

PD1 CTCCAGGCATGCAGATCC GGCCTGTCTGGGGAGTCTA 

RHOH GCCTTTGCCACTTCTTGGAG AGCCTAGTCTTCAACTGGTGTG 

RIMBP3C GGAAGGAGATACAGGCGCTC CTCCGGCATTTGACTGGTCT 

RPL22 GCCATGGCTCCTGTGAAAAAGC GTTCCCAGCTTTTCCGTTCAC 

RPL22L1 TTTTGAGCAATTTCTACGGG TCAATGTGAACAACATTCCC 

SCARNA9 AGCCTAATCATTTCTGGGCAA GCTCAGGTCAAGTGTAGAAACC 

SNORD3A ACGAGGAAGAGAGGTAGCGT ATCAATGGCTGACGGCAGTT 

TIGIT GTACTTCTGCATCTATCACAC GGGCTTTCTTCTTTCTAGTC 

TIM3 CTCTGACTTTTCTTCTGCAAG ACCTTGTAAGTAGTAGCAGC 

TNFAIP3 GCCAAGAGAGATCACACCCC GCGATCCTTTCGCAAAGTCC 
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Gene Forward primer Reverse primer 

TTLL1 TGGAAAATACCTCTATCTGGACTTT CCCGGGACCACTTTTTGATCT 

TUBA1A GAAGCAGCAACCATGCGTGA TCTCCTCCCCCAATGGTCTT 

ULK1 GTTCCAAACACCTCGGTCCT CCAACTTGAGGAGATGGCGT 

VISTA CCCAGGATAGTGAAAACATC TTCAATCCCTTGAATGTTGC 

YWHAZ AACTTGACATTGTGGACATC AAAACTATTTGTGGGACAGC 

ZNF322P1 GCATTCATTGGAGAGCCTTACT GGGCCTGATAAGACAGGAGC 

 

 

 

13. Flow cytometry 

Cells were blocked with γ-globulin (100μg/mL) in PBE (PBS, BSA1%, EDTA 5mM) 

at 4ºC for 20 min. Afterwards, cells were stained with corresponding conjugated surface 

antibodies (1:200, in PBE) at 4ºC for 30 min. Cells were washed with PBS and Propidium 

Iodide (Sigma-Aldrich, P4864), DAPI (Invitrogen, D3571) or TO-PRO-3 (Invitrogen, 

T3605) were added to distinguish dead cells.   

Whenever staining included intracellular antibodies, instead of adding viability dyes 

at the end, cells were incubated during the blocking step with FYDCS (Fixable Yellow 

Dead Cell Stain: LIVE/DEAD® Fixable Yellow Dead Cell Stain Kit, for 405 nm excitation; 

Invitrogen, L34968) in PBS instead of PBE. After surface staining, cells were fixed and 

permeabilized with FIX&PERM Cell Permeabilization Kit (Invitrogen, GAS-003). 

Intracellular antibodies were incubated overnight at 1:100 dilution in permeabilization 

medium. 

Proliferation was evaluated staining cells prior to cell culture with CellTrace Violet 

Cell Proliferation (Invitrogen, C34557). 

For Annexin V apoptosis assay, cells were washed twice with PBS and incubated 

with Annexin V (1:40; BD Pharmingen, 550474) for 15 min in binding buffer 

(HEPES/NaOH 10mM, pH 7.4; NaCl 140mM; CaCl2 2,5mM). 

Cells were acquired in a FACS Canto 3L or LSRFortessa (BD Biosciences). 

Software used for acquisition was BD FACSDiva (BD Biosciences) and samples were 

analysed with FlowJo (BD Biosciences). 

 

Table M3. mRNA qPCR primer sequences. 
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14. Immunofluorescence 

Raji cells were stained with CMAC cell tracker (10μM; Molecular Probes, C2110) 

and pulsed with SEE (0.5μg/mL; Toxin Technologies, PE404) for 30 min at 37ºC. 150000 

Raji cells and 150000 J77 cells were plated on each Poly-L-Lys-coated (50μg/mL, 1h, 

37ºC) slide, and incubated at 37ºC for 30 min. Cells were fixed with 2% 

paraformaldehyde in PBS, washed with TBS and permeabilized with 0.2% TritonX-100 

(Sigma) in TBS (5min, RT). Cells were blocked for 30 min (γ-globulin 100μg/mL, BSA 

3%, azide 0.2% in TBS), incubated with primary antibodies (biotinylated CD3 OKT3 and 

Tubulin-FITC, both 1:100 in blocking buffer), washed, and incubated with stretavidin-647 

(Invitrogen, S-21374) and phalloidin conjugated to Alexa Fluor 568 (for actin staining) 

(both 1:200 in blocking buffer). Slides were mounted on Prolong (Molecular Probes, 

p36930) and images were captured with a Leica SP5 confocal microscope fitted with a 

63x oil objective.  

Maximal projections were assembled using Leica software and analysed with Fiji 

(ImageJ) (https://imagej.net/Fiji) and Imaris (Oxford Instruments). Accumulation of CD3ε 

at immune synapse was quantified using ‘Synapse Measures’ plugin for Fiji, developed 

by Calabia-Linares et al. (135). Imaris was used to model Raji B cell surfaces and 

measure T cell MTOC distance to synaptic contact area (136).  

 

 

15. ELISA 

J77 cells were stimulated with PMA and ionomycin, and supernatants were collected 

either at 20 or 45 h. IL2 detection was performed by ELISA (Human IL-2 ELISA Kit, 

Diaclone, 851500010). Manufacturer’s instructions were followed, but samples were 

incubated overnight. 

 

 

16. Statistical analysis 

Graphs represent median and interquartile range for experiments with more than 4 

replicates. In miRNAseq modification study, where data from 3 donors were available, 

mean and SEM were represented.  

GraphPad Prism was used to perform statistical analyses according with the specific 

experimental designs. For non-parametric group analysis Kruskal-Wallis test and Dunn’s 

multiple comparisons were applied. Mann-Whitney test was used whenever comparing 
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two groups (to avoid normality assumption).  

Fisher’s Exact Test p-value, with a 0.05 threshold value, was the statistical test used 

with Ingenuity Pathway analyses. 

Significance is represented in graphs with the following symbols: * p-value<0.05, ** 

p-value<0.01, *** p-value<0.001; **** p-value<0.0001. For certain experiments, low but 

non-significant p-values are indicated with text. Non-significant comparisons are 

indicated as:  ns. 
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Results 

 

Part I 

In order to gain a mechanistic insight in the early changes occurring, upon T cell 

activation, at the level of miRNA expression and miRNA post-transcriptional 

modifications (PtMs); we have studied the effect of aCD3aCD28 and IFN I stimulation in 

human primary CD4+ T cells through Next Generation Sequencing (NGS). Since large 

changes in total miRNA levels occur very early (54), 3, 6 and 24 h were selected for our 

time course. Additionally, we evaluated the expression of several enzymes which could 

play an important role in miRNA remodelling. 

 

1.1. MiRNA modulation by aCD3aCD28 

A total of 120 miRNAs were found to be differentially expressed (adjusted p value 

<0.1, 62 upregulated and 58 downregulated) upon stimulation of resting human CD4+ T 

cells with aCD3aCD28 for 3, 6 and 24 h by NGS analysis [Fig. 1.1AB]. The most 

upregulated miRNAs (fold change indicated in brackets) at 24 h were miR-4455 (122x), 

miR-222-5p (24x), miR-7974 (21x), miR-155-3p (18x) and miR-4521 (15x) [Fig. 1.1B]. 

Remarkably, miR-1281 showed a 14-fold change upregulation at 3 h which was 

maintained at 6 h, but vanished at 24 h. The most downregulated miRNAs at 24h were 

miR-4485-3p (-11x), miR-4695-3p (-5x), miR-570-3p (-4x) and miR-1260a (-4x). With the 

exception of miR-155-3p, none of these miRNAs had been associated previously to T 

cell activation, probably due to the lack of studies using an unbiased approach such as 

NGS. Consistent with previous evidence (137), we also found downregulation of miR-

150 and miR-223; while miR-155, miR-17-5p and miR-18a-5p were upregulated. 

Ingenuity pathway analysis (IPA) indicated that differentially expressed miRNAs were 

mainly involved in processes related to cell development, growth, proliferation and 

movement [Fig. 1.3A]. Networks of predicted targets for the miRNAs with the highest up- 

and down-regulation show large overlapping with 59 genes targeted by at least 2 of the 

6 most upregulated miRNAs and 149, targeted by at least 2 of the 6 most downregulated 

[Fig. 1.4A]. 
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Figure 1.1. Differential miRNA expression 3h, 6h and 24h after aCD3aCD28 
stimulation of human primary CD4+ T cells.  
A) The heatmap represents relative expression values for a non-redundant collection 

of differentially expressed miRNAs (adjusted p-value <0.1), detected after stimulation 

with aCD3aCD28 for 3h, 6h, and 24h. B) Log fold change of differentially expressed 

miRNAs at 3, 6 and 24h compared to 0h. Representative miRNAs names are 

included, particularly those with higher fold changes. MiRNAs detected with higher 

CPMs occupy higher positions in Y axis. 
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Figure 1.2. Differential miRNA expression 3h, 6h and 24h after IFN I stimulation 
of human primary CD4+ T cells. 
A) The heatmap represents relative expression values for a non-redundant collection 

of differentially expressed miRNAs (adjusted p-value <0.1), detected after stimulation 

with IFN I for 3h, 6h, and 24h. B) Log fold change of differentially expressed miRNAs 

at 3, 6 and 24h compared to 0h. MiRNAs detected with higher CPMs occupy higher 

positions in Y axis. C) Venn diagram with miRNAs differentially up and down-

regulated by IFN I and aCD3aCD28. 
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Figure 1.3. Ingenuity Pathway Analysis: molecular and cellular functions. 
Core analysis performed with Ingenuity Pathway Analysis on differentially expressed 

miRNA (adjusted value <0.1) associated to their highest fold change during stimulation. 

Graphs include molecular and cellular functions found to be significantly represented for 

aCD3aCD28 miRNAs (A) and IFN I miRNAs (B). Fisher’s Exact Test p-value, threshold 

value 0.05, displaying only entities that have a –log(p-value) greater than 1.3. 
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Figure 1.4. MiRNA predicted targets. 
Targets predicted for the 6 miRNAs with highest up (left) and down-regulation (right) 

in aCD3aCD28 (A) and IFN I (B) sets. Networks include gene targets predicted for at 

least two of the selected miRNAs. Data were generated using miRNet, applying a 

degree filter of 1 in all but miRNAs nodes. C) Summary of targets and functions 

described for miRNA with a strong differentiated behaviour: miR-1281 and miR-4455. 
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1.2. MiRNA modulation by IFN I 

In a separate set, resting human CD4+ T cells were stimulated with IFN type I. IFN 

I significantly altered the expression levels of 57 miRNAs (adjusted p value <0.1): 24 

microRNAs were upregulated, and 33 were downregulated [Fig. 1.2A,B]. Compared with 

the data in Fig. 1.1, we found that 37 miRNAs were common to the IFN I and 

aCD3aCD28 subsets (15 upregulated and 21 downregulated in both stimulations, and 1 

miRNA regulated in opposite directions) [Fig. 1.2C].  

The most upregulated miRNAs (fold change indicated in brackets) at 24 h were miR-

1281 (15x, 3h), miR-3195 (7x, 6h) and miR-3614-5p (8x, 24h). The most downregulated 

miRNAs at 24h were miR-27a-5p (-14x) and miR-4485 (-15x) [Fig. 1.2AB]. IPA revealed 

that most processes controlled by IFN I-regulated miRNAs were very similar to those 

observed for cells stimulated through aCD3aCD28, mainly: cell development, 

movement, growth and proliferation [Fig. 1.3B]. Predicted targets show a more intense 

network overlapping among the 6 most downregulated miRNA with 189 targets common 

to at least 2 miRNAs; while 52 genes would be targeted by at least 2 of the six most 

upregulated [Fig. 1.4B]. 

 

 

1.3. Post-transcriptional Modifications kinetics in T cell 

activation 

A global assessment of Post-transcriptional Modifications (PtMs) indicated that miRNAs 

in our samples underwent extensive 3’-end modification compared to their canonical 

sequences [Fig. 1.5A]. Unexpectedly, C addition was highly represented in our samples 

at the most modified position: 0 or ‘3p end nucleotide’. A and C modifications were 

similarly represented in this position, much more frequently than U and G [Fig. 1.5A]. 

Modifications at 5’ end and ADAR editing (A to G) were detected on a very limited basis. 

According to the global profile, positions 0 (3p end) and +1 (3p end +1), were by far the 

most heavily modified, followed by positions -1 and +2 [Fig. 1.5A]. For this reason, 

nucleotide modifications at the 3’ end were analysed in greater detail in an attempt to 

discover specific sequences that could guide miRNA dynamics in T cells. PtMs patterns 

found in the 3’ end (positions -4 to 4) were evaluated (data not shown), indicating that 

the most common modifications across the different samples were: C, A, U and G mono-

additions, and A and U oligo-additions. ‘AU’ was the most frequent multi-nucleotide 

modification, although sequences combining more than one nucleotide were clearly 

underrepresented. We also detected UAGU modifications at position -4, as well as AGU 
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and AGUU at -3. We evaluated the presence of U, A, C, G and of UU+, AA+, CC+, GG+ 

(homopolymers of two or more equal nucleotides) at highly modified 3’-end positions. 

The results were conjoined for the different stimulation time points [Fig. 1.5B]. Analysed 

PtMs remained stable during activation and were clearly associated to a specific 3’ end 

position [Fig. 1.5B].  

 

 

Figure 1.5. Post-transcriptional miRNA modifications: a global view. 
A) Global post-transcriptional modifications (PtMs) profile for all 21 sequenced 

samples generated by Chimira. B) Kinetics of most abundant PtMs (mono-additions: 

U, A, C, G; and oligo-additions: ³UU, ³AA, ³CC, ³GG) at positions ‘3p-end’ (0) and 

‘3p-end + 1’ (+1), in the population of 626 expressed miRNA species in unstimulated 

conditions and during activation with aCD3aCD28 (left) or IFN I (right). Mono-

additions refer to the specific nucleotide on their own or followed by a different 

nucleotide, but not followed by the same nucleotide. Oligo-additions include PtMs with 

two or more equal nucleotides. 
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Figure 1.6. Kinetics of miRNA post-transcriptional modifications for 
aCD3aCD28 differentially expressed miRNAs.  
Kinetics of most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: 

³UU, ³AA, ³CC, ³GG) at positions ‘3p-end -1’ (-1), ‘3p-end’ (0), ‘3p-end + 1’ (+1) and 

‘3p-end + 2’ (+2);  for up-regulated miRNAs (left) and down-regulated miRNAs (right) 

with an adjusted p-value <0.1. Mean and SEM (from three independent experiments) 

were plotted for each modification counts at specific positions across time points (A) 

and as pie charts whose area is proportional to the total number of counts for the 

specific position at indicated time points (B). 
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Figure 1.7. Kinetics of miRNA post-transcriptional modifications for IFN I 
differentially expressed miRNAs.  
Kinetics of most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: 

³UU, ³AA, ³CC, ³GG) at positions ‘3p-end’ (0) and ‘3p-end + 1’ (1) and ‘3p-end + 2’ 

(2), for up-regulated miRNAs (left) and down-regulated miRNAs (right) with an 

adjusted p-value <0.1. Mean and SEM (from three independent experiments) were 

plotted for each modification counts at specific positions across time points (A) and 

as pie charts whose area is proportional to the total number of counts for the specific 

position at indicated time points (B). 
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To assess whether PtMs could be guiding the differential miRNA expression 

described in Fig. 1 and Fig. 2, modifications at positions -1, 0, +1 and +2, were 

represented considering only data from miRNA upregulated or downregulated, either 

upon aCD3aCD28 stimulation [Fig. 1.6AB] or IFN I [Fig. 1.7AB]. Data divided according 

to differential regulation, revealed the presence of a specific ‘PtMs barcode’ for each 

population. Upregulated miRNAs were more extensively modified, with the distinct 

signature of high levels of A addition at +1 and C addition at 0 [Fig. 1.6AB, Fig. 1.7AB]. 

aCD3aCD28 downregulated miRNAs show reduced levels of these specific 

modifications and a marked presence of U additions, mostly at +1 [Fig. 1.6AB]. Adenine 

additions at position +1 were much higher in upregulated miRNAs with counts of A mono-

additions around 140000-210000, while downregulated miRNAs counts did not go 

beyond 30000 in aCD3aCD28 stimulation [Fig. 1.6A] or 2000 in IFN I [Fig. 1.7A]. 

Additions of two or more adenines were also a specific signature of upregulated miRNAs 

at 0 and +1 [Fig. 1.6A, Fig. 1.7A]. Strikingly, miRNAs found to be upregulated showed 

around 20000 cytosine counts at position 0 before stimulation [Fig. 1.6A, Fig. 1.7A], 

which remain stable upon IFN I stimulation [Fig. 1.7A] and grew up to around 50000 

counts after 24h of aCD3aCD28 stimulation [Fig. 1.6A], whereas downregulated 

miRNAs maintained their cytosine counts around 5000 and below across all time points 

[Fig. 1.6A, Fig. 1.7A; position 0]. 

To gain a better understanding of the most abundant modifications in upregulated 

miRNAs, we identified the individual miRNAs exhibiting higher adenylation at position 1 

and cytosylation at position 0 [Fig. 1.8-1.11]. A higher number of modified miRNAs were 

found in aCD3aCD28 stimulation [Fig. 1.8, 1.9], than in IFN I [Fig. 1.10, 1.11]. A group 

of miRNAs were found to be significantly cytosylated [Fig. 1.9, 1.11]. Nevertheless, miR-

3195 on its own seems to account for the differential accumulation of cytosylation in 

upregulated miRNAs. Remarkably, a higher frequency of adenylation was found in 

upregulated miRNAs [Fig. 1.8, 1.10]. MiR-92a-3p, the upregulated miRNA with higher 

expression both in aCD3aCD28 [Fig. 1.1] and IFN I [Fig. 1.2] stimulations, counts with 

31-42% of reads with an adenine at position 1 in all evaluated time points. In 

aCD3aCD28 stimulation, we have identified a group of upregulated miRNAs which 

present a higher frequency of adenylation [Fig. 1.8]. 
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Figure 1.8. MiRNAs with significant adenylation at position 1 (aCD3aCD28).  
Heatmaps include upregulated (right) and downregulated (left) miRNAs with 

significant adenylation at position 1, detected in aCD3aCD28 stimulation. Reads with 

adenine at position 1 are normalized to total reads, in order to visualize the frequency 

of adenylation for each miRNA. Pie charts are included below for the 5 miRNAs most 

adenylated within each group. These graphs show in colour the percentage of reads 

with specific modifications at position 1, while reads with modifications at other 

positions and unmodified reads are depicted in gray.  
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Figure 1.9. MiRNAs with significant cytosylation at position 0 (aCD3aCD28).  
Heatmaps include upregulated (right) and downregulated (left) miRNAs with 

significant cytosylation at position 0, detected in aCD3aCD28 stimulation. Reads with 

cytosine at position 0 are normalized to total reads, in order to visualize the frequency 

of cytosylation for each miRNA. Pie charts are included below for the 5 miRNAs most 

adenylated within each group. These graphs show in colour the percentage of reads 

with specific modifications at position 0, while reads with modifications at other 

positions and unmodified reads are depicted in gray.  
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Figure 1.10. MiRNAs with significant adenylation at position 1 (IFN I). 
Heatmaps include upregulated (right) and downregulated (left) miRNAs with 

significant adenylation at position 1, detected in IFN I stimulation. Reads with adenine 

at position 1 are normalized to total reads, in order to visualize the frequency of 

adenylation for each miRNA. Pie charts are included below for the 3 miRNAs most 

adenylated within each group. These graphs show in colour the percentage of reads 

with specific modifications at position 1, while reads with modifications at other 

positions and unmodified reads are depicted in gray.  

 

 

 

 

Figure 1.11. MiRNAs with significant cytosylation at position 0 (IFN I) (next 
page). 
Heatmaps include upregulated (right) and downregulated (left) miRNAs with 

significant cytosylation at position 0, detected in IFN I stimulation. Reads with cytosine 

at position 0 are normalized to total reads, in order to visualize the frequency of 

cytosylation for each miRNA. Pie charts are included below for the 3 miRNAs most 

adenylated within each group. These graphs show in colour the percentage of reads 

with specific modifications at position 0, while reads with modifications at other 

positions and unmodified reads are depicted in gray (continued). 
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1.4. Dis3l2, Eri1, TUT4 and TUT7 regulation upon T-cell activation 

In addition, we evaluated the expression kinetics of four proteins related to RNA 

metabolism: TUT4 and TUT7 (terminal uridylyl transferases), and Dis3L2 and Eri1 

(exonucleases that preferentially degrade uridylated RNA (115,116,122)). For these 

experiments, we stimulated human CD4+ T cells from seven donors with aCD3aCD28 

during various times up to 48 h. A significant average upregulation was found after 

activation for all evaluated enzymes [Fig. 1.12A-D]. Early upregulation of Eri1 and Dis3L2 

could be driving global miRNA downregulation upon T-cell activation. The 

overexpression of TUT4 and TUT7, could be indicating a higher uridylation activity, which 

could mark miRNA for degradation by Eri1 and Dis3L2. 

 

Figure 1.11. MiRNAs with significant cytosylation at position 0 (IFN I). 
Read full legend in previous page.  
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  Figure 1.12. Expression of uridylated RNA degrading enzymes (Dis3L2 and Eri1) 
and terminal uridyl transferases (TUT4 y TUT7) upon CD4+ T cell activation. 
Western blot analysis of protein expression in human primary CD4+ T cell stimulated with 

aCD3aCD28, assessing Dis3L2 (A), Eri1 (B), TUT4 (C) and TUT7 (D). Fold increase 

compared to non-stimulation was represented for each donor to observe evolution upon 

activation (left panel) and using group median and interquartile range with whiskers 

ranging from minimum to maximum values (middle panel). Right panels include two 

examples for each protein to highlight inter-donor variability in upregulation kinetics. Band 

intensities were normalized to ERMs values and relativized to unstimulated conditions. 

Statistical analysis: Kruskal-Wallis test, Dunn’s multiple comparisons test [ * p-value 

<0.05, ** p-value<0.01, *** p-value<0.001; 0.05<p-value<0.1: indicated with numbers]. 
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Part II 

In this second part we present the data obtained studying ISG20L2, a potential 

candidate for specific miRNA degradation in T cells. We describe how ISG20L2 was 

identified, an approach towards potential RNA targets and a first understanding of its role 

in T cell function. 

  

 

2.1. Looking for a U’ exonuclease 

In order to find out an enzyme which could be behind degradation of uridylated 

miRNAs in T cell activation, a pull-down experiment was performed using miRNAs with 

different 3’ ends. Three isoforms (canonical, with two additional 3’ adenines or with two 

additional 3’ uridines) of two different biotinylated miRNA were bound to streptavidin 

magnetic beads and incubated with a lysate of activated mouse CD4+ T cells [Fig. 2.1A]. 

By analysing proteins which were retained to the beads through mass spectrometry, we 

detected peptides from a previously identified 3’ to 5’ exonuclease, ISG20L2, only when 

the pull-down was performed with uridylated miRNAs: 4 peptides for miRNA-25-UU and 

2 peptides for miR-151-UU [Fig. 2.1B]. These results were validated repeating the 

experiment in J77 cells and analysing proteins bound to beads through Western Blot 

[Fig. 2.1C]. Initially, these experiments were conducted overexpressing ISG20L2-GFP 

in J77 and later interaction with endogenous ISG20L2 was evaluated [Fig. 2.1C]. In both 

cases, ISG20L2 was found to present higher affinity for uridylated miRNAs than for their 

canonical or adenylated forms. Interestingly, ISG20L2 interaction with miR-151-AA was 

stronger than with the canonical miR-151, while interaction with miR-25-AA was not as 

high. These data point to a strong capacity of nucleotides added on 3’ to favour ISG20L2 

target recognition, but also to an influence of the miRNA sequence itself determining this 

interaction. This is particularly relevant for Dis3L2, an exonuclease previously described 

for its capacity to degrade specifically uridylated miRNAs. Here, we blotted Dis3L2 and 

detected it interacts preferentially with uridylated miRNA-25, with a pattern of interaction 

similar to ISG20L2, but barely recognizes miR-151 [Fig. 2.1C].  

Table 2.1 includes all ‘nuclease proteins’ identified by mass spectrometry for the 

described pull-down experiment performed in mouse activated T cell and a subsequent 

experiment using human T lymphoblasts. ISG20L2 is the only enzyme with more 

peptides found both in miR-25 and miR-151 uridylated miRNAs compared to their 

canonical forms in both experiments [Table 2.1]. With human cells, only an ISG20L2 

peptide per sample was detected interacting with 25-UU, 151-UU and 151-AA [Table 
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2.1]. This very limited peptide count could be due to a low protein input. The pull-down 

performed with human lymphoblasts included two additional conditions: beads with 

 

 

  Figure 2.1. ISG20L2 binds uridylated miRNA in T cells. 
A) Pull-down experiment design: biotinylated miRNAs either in their canonical 

sequence or with a 3’ addition of two uridines or two adenines were incubated first 

with T cell lysates, UV-crosslink to maintain RNA-protein interactions and lastly 

streptavidin beads were added. B) Amount of ISG20L2 peptides identified through 

mass spectrometry using a lysate of activated CD4+ T cells. C) Validation of ISG20L2 

preferential interaction with uridylated miRNAs performing the pull-down experiment 

in J77 E61 either relying on ISG20L2 GFP overexpression (top) or ISG20L2 

endogenous expression (bottom). Overexpression ISG20L2 images (top) show blot 

with anti-GFP and with anti-Dis3L2. ISG20L2 endogenous images (bottom) show blot 

with anti-ISG20L2 and with anti-Dis3L2. Endogenous Dis3L2, an exonuclease 

described to degrade uridylated miRNAs, is shown as a positive control of U-

interaction. 
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poly(U) and poly(A). The idea behind using this homopolymeric RNA stretches was to 

have an additional option to identify RNA degrading enzymes that would target an RNA 

with more than one or two added uridines. Dis3L2 peptides were only detected in human 

samples, interacting with miR-25-UU and poly(U) [Table 2.1]. No peptides belonging to 

Eri1 (Q8IV48, ERI1 gene; thought to be a likely candidate for degradation of uridylated 

miRNA), were identified, nor was it visible by western blot in any bead samples, only in 

lysate input (data not shown). Eri1 exoribonuclease 3 (O43414, ERI3 gene) is an Eri1 

paralog, but only one peptide was detected in poly(A) beads [Table 2.1]. 

Table 2.2 (mouse) and Table A.3 (human, annexes) show proteins found to interact 

more strongly with uridylated miRNAs. The list has been compiled considering 

differential peptide detection comparing uridylated miRNA with canonical forms, and 

subtracting non-specific binding (number of peptides bound to beads without biotinylated 

RNAs). Table A.5 gathers an additional list of proteins not included in Tabe A.3, which 

were found to have a differential interaction towards poly(U). Table A.4 shows proteins 

with preferential interaction with poly(A). 

Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

 MOUSE:          

P52760 Ribonuclease UK114     1   X X 

Q3U1G5 ISG20L2   4   2  X X 

 HUMAN:          

Q8IYB7 Dis3L2   3     14  

Q9H9L3 ISG20L2   1   1 1   

Q99575 Ribonucleases P/MRP  
protein subunit POP1 

  2 2 2 1 2 6 1 

Q9H0D6 5'-3' exoribonuclease 2    1    4  

Q9UPY3 Endoribonuclease Dicer         4 

O43414 ERI1 exoribonuclease 3         1 

P78346 Ribonuclease P  
protein subunit p30 

        1 

Q9NRR4 Ribonuclease 3        1  

B4DI15 

cDNA FLJ60550,  
weakly similar to Exosome 

complex exonuclease RRP44 
(EC 3.1.13.-) 

       1  

P78345 Ribonuclease P  
protein subunit p38 

 1 1  1   1  

P51530 DNA replication ATP-dependent 
helicase/nuclease DNA2 

 1     1   

 

Table 2.1. Nuclease proteins identified by biotinylated miRNA pull-down. 
Proteins described as ‘nuclease’ identified by mass spectrometry in pull-down 

samples. X is depicted when the condition was not included in the experiment.  
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Ribosomal proteins and ribonucleoproteins are abundantly represented in these 

lists, which is not surprising due to their RNA interacting function. Proteins previously 

described to interact with uridylated RNA, such as Lupus La protein and LARP7, were 

enriched in the correspondent samples. La protein (targeted by autoantibodies in 

patients suffering Sjögren's syndrome or systemic lupus erythematosus) and its homolog 

in mouse, interact with the UUU-3’OH of nascent RNAP III (RNA polymerase III) 

transcripts, protecting them from degradation (138–140). La-related protein 7 (LARP7) 

recognizes the same motif in a specific RNAP III transcripts subset (141). Therefore, 

these proteins serve as a positive control of specific interaction with uridylated RNA. In 

our data: Lupus La protein homolog, La-related protein 7 [Table2.2] and Lupus La protein 

[Table A.3] are enriched in uridylated substrates. In addition, hnRNPM (heterogeneous 

Accession Protein name Beads miR-25 miR25 
-UU 

miR25 
-AA miR-151 miR151 

-UU 
miR151-

AA 
Q8K310 Matrin-3  4 23 13 1   

Q8BVY0 Ribosomal L1 domain-containing protein 1 1  8 2 2 2 5 

Q9Z204 Heterogeneous nuclear ribonucleoproteins C1/C2 1 2 5 2  5 1 

Q05CL8 La-related protein 7   5   2  

P09405 Nucleolin  11 15 8 5 7 11 

P32067 Lupus La protein homolog  2 5 2  3 1 

Q3U1G5 Interferon-stimulated 20 kDa exonuclease-like 2   4   2  

Q3TEA8 Heterochromatin protein 1-binding protein 3   4    1 

Q9CZM2 60S ribosomal protein L15  2 4 2 1 3 4 

Q91VC3 Eukaryotic initiation factor 4A-III      4  

P62717 60S ribosomal protein L18a 1 4 6 3 3 5 8 

Q8BHD7 Polypyrimidine tract-binding protein 3  1 4 2    

P62900 60S ribosomal protein L31   3 1 2 2 1 

Q99ME9 Nucleolar GTP-binding protein 1   2   1 3 

Q922P9 Putative oxidoreductase GLYR1   3     

Q9ESX5 H/ACA ribonucleoprotein complex subunit 4 3 6 9 6 5 7 11 

O09167 60S ribosomal protein L21 3 2 5 2 3 5 3 

O55142 60S ribosomal protein L35a 1 2 3 1 1 3 2 

P53026 60S ribosomal protein L10a 1  2 1  1 2 

P62827 GTP-binding nuclear protein Ran 1  1   2  

P62960 Nuclease-sensitive element-binding protein 1   2 1 1 1 1 

P62889 60S ribosomal protein L30  1 2   1 2 

Q8VEK3 Heterogeneous nuclear ribonucleoprotein U  1 2 1 1 2 2 

Q922K7 Probable 28S rRNA (cytosine-C(5))-methyltransferase  1 1   2 1 

Q9CQS2 H/ACA ribonucleoprotein complex subunit 3   2 1   1 

Q9Z2X1 Heterogeneous nuclear ribonucleoprotein F   1 1  1 1 

P43277 Histone H1.3   1 1  1  

Q8VDW0 ATP-dependent RNA helicase DDX39A    1  2  

P62082 40S ribosomal protein S7   1   1 1 

Q6P5B0 RRP12-like protein   2     

 
Table 2.2. Mouse proteins with peptides enriched in uridylated miRNA beads. 
Proteins with a sum of at least 2 peptide counts more in uridylated miRNA samples 

than in canonical and beads samples. Keratins (7) have been removed from the list. 

Ribosomal proteins have a blue background and ribonucleoproteins a green one. 

ISG20L2 is indicated in yellow.  
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nuclear ribonucleoprotein M), which has been described to bind poly(U) and poly(G) 

RNA (142), is highly represented here in poly(U) beads and more abundant in uridylated 

miRNAs compared to their canonical forms in human samples [Table A.3] (in mouse 

samples peptides detected in uridylated miRNAs did not surpass the background 

threshold). A large number of Matrin-3 peptides have been detected in miR-25-UU and 

poly(U) beads [Table 2.1, Table A.3]. This RNA-binding protein has been described to 

have a role in mRNA stabilization (143) and to interact with hnRNPM (144) .   

In summary, these results support ISG20L2 preferentially interacts with uridylated 

miRNAs and is the strongest nuclease candidate found here to play a potential role in a 

uridylated-guided miRNA remodelling in T cells. 

 
 

 

2.2. ISG20L2 degrades miRNA 

ISG20L2 belongs to a family of 3’ to 5’ exoribonucleases: DEDDh (145), which is 

characterized for the presence of four conserved core of acidic residues (one glutamate 

(E) and three aspartates (D)) distributed in three separated sequence segments and a 

common catalytic mechanism involving metal ions (146–148). A fifth also conserved 

histidine completes the DEDD residues leading to the DEDDh family name. These 

residues provide a binding site for the two divalent metal ions and play a critical role in 

the active site. 

ISG20L2 was aligned with other two closely related DEDDh enzymes, ISG20L1 

(AEN) and ISG20, using COBALT (Constraint-based Multiple Alignment Tool) [Fig 

2.2AB]. These proteins share a high homology, particularly in the catalytic region 

(identified by COBALT as DNAQ_like_exo (or DEDD) in ISG20 and ISG20L1; while 

ISG20L2 catalytic region is recognized as ISG20) [Fig. 2.2A]. In order to generate 

ISG20L2 catalytic mutants, critical positions in the active site were hypothesized by 

association with ISG20 and ISG20L1. The conserved D residues are marked in yellow, 

green and blue following the positions described in UniProt to be involved in metal 

binding by ISG20 (bold and underlined residues) [Fig. 2.2B]. 

Two strategies were designed in order to generate two different mutants: NAF and 

IACAM. NAF was generated mutating D267 to alanine (A), by producing a punctual 

mutation to change adenine to cytosine in the central position of the corresponding codon 

[Fig. 2.2C]. IACAM includes two A substitutions: replacing D183 and E185 [Fig. 2.2C].  
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WT and catalytic mutants were fused to GST in a pGEX-4T-1 plasmid [Fig. 2.2D]. 

WT ISG20L2-GST was extremely difficult to express in bacteria, while NAF and IACAM 

were easily overexpressed at various conditions (RIPL strain, induced with IPTG 0.2mM, 

overnight at 16ºC was a particularly good scheme). Expression of ISG20L2-SMT3 in 

A
Sequence ID Start Alignment End

1 40938036034032030028026024022020018016014012010080604020

AAH00575.1 (+) 1
ISG20L2 pr... ISG20L2 protein ISG20L2 protein

ISG20

353

AAH05164.1 (+) 1
AEN protein AEN protein AEN protein

DnaQ_like_exo

327

CAG33223.1 (+) 1
ISG20
DnaQ_...

ISG20
DnaQ_like_exo

ISG20
181

NCBI Multiple Sequence Alignment Viewer, Version 1.18.1

B

C
75

63

48

35

25

75

63

48

35

25

75

63

48

35

25

75

63

48

35

25

NAF IACAM WT NAF IACAM WT NAF IACAM WT
Coomasie gel :%��Į,6*��/�� :%�Į*67�D

NAF

IACAM

Figure 2.2. ISG20L2 catalytic mutants. 
A) Alignment of conserved regions in the catalytic centre of ISG20L2, ISG20L1 (AEN) 

and ISG20 generated by COBALT (Constraint-based Multiple Alignment Tool). Red 

indicates highly conserved alignment columns (with no gaps) (column-method based 

on residue’s relative entropy threshold). DnaQ_like_exo region refers to DnaQ-like 

(or DEDD) 3’-5’ exonuclease domain superfamily. Regions identified without text 

included due to space limitations refer to active sites and substrate binding sites. B) 

Sequence alignment of ISG20L2, ISG20L1 and ISG20. Bold and underlined residues 

have been described to be key sites for ISG20 catalytic activity. Aspartic (D) 

conserved residues are coloured in yellow, green and blue. C) Mutations introduced 

to generate catalytic mutants NAF and IACAM. D in 267 is mutated to alanine (A) 

through a one base nucleotide exchange (A to C) to generate NAF mutant. IACAM 

mutant is achieved by D183 and glutamic (E) 185 mutation to A. D) WT and catalytic 

mutants fused to GST obtained after affinity purification and concentration (left: 

coomasie gel, middle: wb with anti-ISG20L2, right: wb with anti-GST). 
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pET28 plasmid was also attempted but bacteria grew extremely slowly. Finally, WT 

ISG20L2-GST was produced using a p-Lys strain induced with 0.2mM IPTG for only half 

an hour, to avoid degradation found at larger induction times.  

 

 

A
-CC-AA-UU-CC-AA-UU-CC-AA-UU[ - ]-UU

30min 30min 30min10min
+EDTA

miR-151 [ - ] [ - ]

-CC-AA-UU[ - ] -UU -UU -CC-AA-UU[ - ] -CC-AA-UU[ - ]miR-151

WTWT

30min

WT
+cold miR-151 [ - ]

30min
NAFWT

A30U30 A30U30 A30U30 A30U30 A30U30 A30U30
5 min 15 min 30 min 15 min 15 min

IACAM

B

C

NAF IACAM

1.02 0.86 0.75 0.80 0.88 0.59 0.42 0.42 0.66

0.66 0.77 0.70 0.49 0.46 0.67 0.70 0.60 0.63 0.85

0.54 0.83 0.15 0.49 0 0.24 0.08 0.67 0.20 0.82

Figure 2.3. ISG20L2 degrades miRNAs with an efficiency influenced by terminal 
3’ end nucleotides.  
Degradation assays performed in the presence of WT, NAF or IACAM proteins 

incubated with various miR-151 isoforms (canonical [-], uridylated (miR-151-UU), 

adenylated (miR-151-AA), cytosylated (miR-151-CC)) (A, B) or homopolymeric 

stretches of 30 adenines (A30) or 30 uridines (U30) (C). RNA incubated in absence 

of protein for the time corresponding with the longest assay are included in every gel, 

and used as a reference for normalization of non-degraded quantifications. EDTA 

was added to test dependence on divalent cations (A). +cold miR-151[-] indicates the 

degradation assay was conducted in the presence of unlabeled canonical miRNA 

(C). 
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Figure 2.3AB shows degradation experiments performed with miR-151 isoforms. As 

expected, ISG20L2 catalytic activity is inhibited in the absence of free divalent cations 

(chelated by EDTA) [Fig 2.3A]. ISG20L2 degraded miR-151-UU and miR-151-AA at 

similar rates, with greater efficiency than miR-151 and miR-151-CC [Fig. 2.3AB]. 

Degradation experiments in the presence of non-radioactively labelled miR-151 (cold 

miR-151), reveal a protective effect of the cytosine additions [Fig. 2.3B]. NAF and IACAM 

mutants degraded miRNAs with a reduced efficiency compared to WT, particularly the 

double mutant IACAM [Fig. 2.3B]. Therefore, ISG20L2 residues D267, D183 and E185 

are involved in the exoribonucleolytic enzymatic activity. 

Poly(U) and poly(A) stretches of 30 nucleotides were used with the aim of revealing 

a potential substrate preference not visible in our experimental setting when comparing 

miRNAs which only differ in two terminal nucleotide additions. U30 3’ ends were 

degraded more efficiently by ISG20L2 than A30 3’ ends [Fig. 2.3C]. NAF and IACAM 

mutants degraded U30 at a similar rate than the WT, while showing a reduced A30 

degradation, as if poly(U) degradation was so favoured than even overcomes the active 

site mutations [Fig. 2.3C]. While degradation bands in Fig. 2.3AB were very diffuse and 

did not show specific bands, degradation smear in Fig. 2.3C presented a differential 

degradation pattern between U30 and A30. 

These results show ISG20L2 is able to degrade miRNAs and its catalytic activity can 

be modulated by miRNA 3’ end nucleotides.  

 

 

2.3. ISG20L2 is upregulated in T cell stimulation 

ISG20L2 expression was evaluated in resting human CD4+ T cells samples isolated 

from human donors and stimulated with aCD3aCD28, or with type I IFN. Cells were 

incubated for 6 to 72 h and analysed by Western Blot. A representative western blot 

image is shown in Fig 2.4A, together with ISG20L2 kinetics for both activations with 

seven donors [Fig. 2.4B]. ISG20L2 was upregulated after activation in every donor, 

except for D5, which counted with higher ISG20L2 basal levels maintained through 

stimulation. 
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2.4. ISG20L2 silencing using CRISPR-Cas9 

Three sequences were selected for CRISPR-Cas9 targeting in ISG20L2 exon 2 

using the web-based tool CHOPCHOP (133,149) [Fig. 2.5A]. Targets 8 and 6, closer to 

the translation initiation site were chosen attempting to disrupt protein translation as soon 

as possible. Target 1 is located in the predicted catalytic region (which is extended also 

along exons 3 and 4). sgRNAs were designed for the selected targets and included 

individually in the plasmid pSpCas9(BB)-2A-GFP (PX458) (132). These plasmids were 

electroporated in pairs with the aim of removing the region between each couple. GFP 

expression allowed cell sorting of the positively transfected cells [Fig. 2.5B]. Gene editing 

is expected to occur in a fraction of GFP+ cells, generating a pool of ISG20L2 WT, HT 

and KO cells [Fig. 2.5B]. Probably due to a relatively short life span, testing ISG20L2 

expression in this GFP+ pool revealed silencing was achieved after 48 h [Fig. 2.5C].  

ISG20L2

ERMs

Į&'�Į&'�� IFN I
A

B

0 6 �� �� �� 0 6 �� �� ��hours

Figure 2.4. ISG20L2 is upregulated in human T cells upon stimulation. 
CD4+ resting T cells were isolated from healthy human donors and stimulated either 

with antibodies aCD3aCD28 (left panels) or with type IFN I (right panels). Cells were 

incubated for 6 to 72 h and analysed by Western Blot. A) Blot images obtained for a 

representative donor (D1). B) ISG20L2 fold change increment taking 0 h as a 

reference, measured for seven donors. Statistical analysis: Kruskal-Wallis test, 

Dunn’s multiple comparisons test [ * p-value <0.05, ** p-value<0.01, ns: non-

significant]. 
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In order to generate clonal KO cell lines, GFP+ sorting was also performed collecting 

single cells into 96-well plates. Interestingly, these cells only survived when cultured in 

pre-conditioned media. A total of 31 clones were isolated following 6+1 strategy; and 9, 

with 6+8 [Fig 2.6]. Although punctual mutations may have occurred, deletion of the region 

delimited by the target pair (582 nt, 6+1; 554 nt, 6+8), was analysed finding 4 hetero 

clonal lines [Fig. 2.6A]. 

 Isolated lines presented variable ISG20L2 expression [Fig. 2.6B]. The largest 

ISG20L2 reduction was observed for the clone HT(6+8/6) [Fig. 2.6B]. However, since 

WT
KO

WT

KO
HT

HT

WT HT KO
KO KO

GFP+ pool

clonal
line

A

B

GFP

Pe
rC

P-
C

y5
.5

6+1 6+1 6+1 6+16+8 6+8 6+8 6+8ctr ctr ctr ctr
24h 48h 72h 96h

clonal
line

p150

ISG20L2

C

8 16

1 1.77 0.98 1 0.10 0.10 1 0.05 0.19 1 0.03 0.09

Figure 2.5. ISG20L2 is silenced 48h after CRISPR-Cas9 electroporation.  
A) Location of the 3 target positions selected in exon 2 with CHOPCHOP. B) 

Positively electroporated cells were sorted for GFP+ expression and either used as 

a pool or further cultured to obtain clonal lines from single cells. C) ISG20L2 silencing 

in GFP+ pool (obtained with two different strategies: targeting 6+1 or 6+8 positions) 

at various time points. ISG20L2 expression has been quantified taking p150 as 

loading control, and normalizing each time point to the expression of the control 

sample (electroporated with CRISPR-Cas9 without sgRNA). 
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ISG20L2 expression was not completely abrograted and with the aim of obtaining a set 

of clones to test as biological replicates in functional experiments, a second round of 

electroporation was performed. HT23(6+1) was electroporated again with plasmids 

targeting 6 and 1, and HT6(6+8) with 6 and 8. Again if a whole KO (with both 8-6 or 6-1 

regions removed, not only punctual mutations) was generated, it did not survive, since 

we only found HT clones through genotyping [Fig. 2.7AC]. Only 2 clonal lines were 

isolated for 6+1 with a moderate reduction in ISG20L2 expression [Fig. 2.7B]. 6+8 

strategy yielded 83 clones, including two WT lines, most likely due to contamination of 

the J77 culture used to generate the pre-conditioned media. Fig. 2.7D shows ISG20L2 

expression for a representative group of HT6(6+8)/1-83 clones. Clones without ISG20L2 

expression were selected for functional experiments described later (2.6). Control WT 

clones to compare with ISG20L2 KO lines were generated following the same proccess 

of two round electroporation but transfecting a CRISPR-Cas9 plasmid without sgRNAs. 

 

 

 

A

B

900bp
600bp

clonal lines isolated from J77 E61 electroporated with (6+1):

WT HT KO
856
856-274=582
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clonal lines isolated from J77 E61 electroporated with (6+1):
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Figure 2.6. First round clonal cell lines genotyping and phenotyping.  
A) Genotyping of clonal lines obtained after single cell sorting to a 96-well plate. 

Bands diagram specifies the size of WT and KO bands and expected for each 

targeting strategy. B) Analysis of ISG20L2 protein expression by western blot. p150 

is included as a loading control. 
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2.5. RNA and smallRNA changes upon ISG20L2 silencing 

In order to gain an understanding of the substrates ISG20L2 may target in T cells, 

an NGS experiment was performed, expecting specific targets would be accumulated in 

the absence of the exoribonuclease. Considering the kinetics of ISG20L2 silencing upon 

electroporation of CRISPR-Cas9 plasmids with specific sgRNAs [Fig. 2.5C], 72 h was 

selected to compare RNA repertoire between control and knockdown samples [Fig. 

2.8A]. A temporary silencing method was chosen to avoid potential compensations that 

may occur in established clones. Both smallRNA and mRNA were sequenced, in an 

attempt to cover a wider range of potential substrates. 
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SmallRNAseq was performed preparing libraries with a larger size than usual for 

this kind of sequencing, with the aim of opening the possibility of detecting a differential 

expression in other small RNAs apart from miRNAs. For this reason, the read length 

detected varies between 20 and 44 nt, although it has a clear peak around the usual 
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Figure 2.8. ISG20L2 silencing in J77 cells did not elicit a substantial change in 
miRNA expression.  
A) ISG20L2 expression in sequenced samples. B) Read length distribution for a 

representative sample. C) Abundance of specific RNA types D) Normalized total 

counts (CPMs) detected for the 15 miRNAs with differential expression (log scale). 

E) Limma estimated fold change for the 4 miRNAs upregulated in ISG02L2 

knockdown, and the 11 downregulated. 
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miRNA size (22nt) [Fig. 2.8B]. In fact, the presence of other small RNAs was very limited 

[Fig. 2.8C]. A total of 597 miRNAs were detected in our samples, four of which: miR-92a-

3p, miR-7-5p, miR-148a-3p and let-7f-5p accounted for almost 50% of the normalized 

counts (data not shown). 15 miRNAs were differentially expressed (adjusted p-value < 

0,10): 4 upregulated and 11 downregulated in ISG20L2 knockdown samples [Fig. 

2.8DE]. Five differentially expressed miRNAs were detected with CPMs over 500, while 

the other ten did not sum more than 70 CPM on average [Fig. 2.8D].  

We wonder whether ISG20L2 could be modifying the landscape of miRNA post-

transcriptional modifications, beyond its limited effect in miRNA expression. To assess 

this possibility PTMs were plotted for the total amount of detected miRNAs and for the 

upregulated and downregulated subsets [Fig. 2.9]. ISG20L2 knockdown does not seem 

to exert any effect in the miRNA PTMs profile. 

 

 

 

Differential expression analysis of NGS RNA sequenced revealed three genes with 

adjusted p-value <0.1: RPL22L1(fold change, -1,30X), EEF1A1 (1,10X) and the silenced 

ISG20L2 (-1,56x). Table A.6 (annexes) shows data for the 50 genes with lower p-values 

detected for differential expression. This list includes ribosomal proteins, several lncRNA 

(long non-coding RNAs), and interestingly a series of molecules related with immune 

response, such as CD69 (marker of activation and immunoregulator (150)), LEF1 

597 expressed miRNAs
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Figure 2.9. ISG20L2 does not alter miRNA PtMs profile. 
PtMs profile generated by Chimira for all detected miRNAs (left), downregulated 

miRNAs (middle) and upregulated miRNAs (right). Plots included the most abundant 

PtMs (mono-additions: U, A, C, G; and oligo-additions: ³UU, ³AA, ³CC, ³GG) at 

positions -4 to 4 of ‘3p-end’. Mono-additions refer to the specific nucleotide on their 

own or followed by a different nucleotide, but not followed by the same nucleotide. 

Oligo-additions include PtMs with two or more equal nucleotides. 
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(transcription factor which binds to the TCR enhancer (151)), RHOH (regulates integrin 

LFA-1 avidity (152,153)) or AQP3 (involved in T cell migration toward cytokines (154)). 

Enriched ‘canonical pathways’, ‘molecular and cellular functions’ and ‘physiological 

system development and function’ predicted by IPA are presented in Fig. 2.10. This 

analysis was performed including molecules with an adjusted p-value<0.5, a total of 

1499. Threshold p-values of 0.3 and 0.4 were also evaluated with a more limited number 

of molecules, 35 and 204, respectively. The most prominent difference was the effect on 

the EIF2 (eukaryotic initiation factor-2) signalling pathway, involved in translation 

initiation, which could be related with ISG20L2 role in ribosome biogenesis. 
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C

Figure 2.10. ISG20L2 mRNAseq IPA core analysis. 
Ingenuity pathway analysis of mRNAseq molecules with a differential expression 

between control and ISG20L2 knockdown samples detected with an adjusted p-

value<0.5 (p-value <0.05254), considering experimentally observed and predicted 

data, and direct and indirect relationships. A) Canonical pathways. B) Molecular and 

cellular functions. C) Physiological system development and function. 
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 Molecules selected for qPCR analysis include some of those with lowest p-

adjusted values for differential expression and molecules selected considering IPA 

enrichment functions analysis [Fig. 2.11]. Among the molecules with lowest p-values we 

could confirm ISG20L2 silencing, H2AX downregulation and CD69 upregulation [Fig. 

2.11AB]. RPL22L1 downregulation and EEF1A1 upregulation were not significant by 

qPCR [Fig. 2.11A]. Several lncRNA were analysed among those with lowest p-value or 

higher fold change for differential expression, without finding significant differences [Fig. 

2.11C]. However, upregulation of several immunoregulatory molecules (AHR, NKG2D, 

CTLA4, CD137, TIM3 and PD-L1) besides CD69, was detected in ISG20L2 knockdown 

samples [Fig. 2.11B]. This list of molecules was gathered after IPA analysis pointed to 

an upstream role of the immune regulatory molecules NKG2D (with target molecules in 

dataset with adj. p-values<0.30: CD69, LEF1) and CTLA4 (targets with adj. p-

value<0.30: CD69, TENT5C). In addition, AHR (Aryl hydrocarbon receptor) signalling 

was one of the canonical pathways predicted to be dysregulated [Fig 2.10A]. AHR, 

NKG2D, CTLA4 and CD137 had been excluded from the RNAseq differential expression 

analysis because their expression was not detected over the established threshold (1 

CPM in at least 3 samples). TIM3 accumulated 1,14 CPM in control and 0,90 CPM in 

knockdown samples; and PD-L1 1,35 and 1,35 CPM, respectively. Most likely, RNAseq 

sensitivity, lower than qPCR one, is not enough to detect the changes in these molecules 

at the level they are expressed in this context. 
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Figure 2.11. ISG20L2 silencing upregulates a set of immunoregulatory 
molecules.  
qPCR performed in control and ISG20L2 samples from four independent 

experiments. A) RNAseq molecules with low p-adjusted values for differential 

expression and molecules selected after consideration of IPA results on enriched 

functions. B) Immunoregulatory molecules detected to be upregulated by RNAseq 

(CD69), relevant in IPA analysis (AHR, NKG2D, CTLA4) and others. C) LncRNA 

detected by RNAseq to be differentially expressed with low p-values and/or higher 

fold changes. 
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2.6. ISG20L2 function in T cells  

In order to gain an understanding of ISG20L2 function in T cell activation, a series 

of experiments were performed evaluating clonal ISG20L2 KO J77 T cell lines 

(generated as detailed in 2.4). ISG20L2 KO clones were co-cultured with Raji cells (a B 

lymphocyte line able to act as APC for J77) in the presence or absence of SEE. Cell 

proliferation was assessed following the decrease of Cell Violet staining up to seven days 

and measuring Ki67 intracellular staining after activation. Cell Violet geometric Mean 

Fluorescence Intensity (gMFI) did not present any significant changes up to day 3, while 

at day 4 ISG20L2 KO showed a slight delay compared with control cells, observed as a  
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Figure 2.12. ISG20L2 absence does not impair T cell proliferation.  
Raji cells and WT or ISG20L2 KO T cell clones were cultured with and without SEE. 

A) Cell Violet geometric Mean Fluorescence Intensity (gMFI) with scatter dot plot 

included at days were significant differences were detected. B) Cell Violet plots at 

day 4: KO samples are represented with gray colouring and gray contour and WT 

samples with black thick contour. C) Ki67 gMFI at 24h for unstimulated T cells and at 

24 and 48 h for cell cultures with SEE. Dead cells were discarded with TO-PRO-3. T 

cells were gated as cell violet positive cells (A,B) or CD19 PerCP-Cy5.5 negative 

cells (C,D).  
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trend with high dispersion in SEE cultures [Fig. 2.12A]. However, this small difference 

was barely observable [Fig. 2.12B]. In addition, both control and KO cells presented 

similar Ki67 (expressed in proliferating cells (155)) basal levels, which were increased at 

48 h after stimulation [Fig. 2.12CD]].  
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Figure 2.13. ISG20L2 absence does not substantially affect cell viability.  
WT or ISG20L2 KO T cell clones were cultured with PMA and ionomycin for 24h and 

48 h. A,B) DAPI (cell viability dye) and Annexin V staining. C,D) FYDCS (Fixable 

Yellow Dead Cell Stain) and Cleaved Caspase-3 intracellular staining. All plots show 

whole flow cytometry recorded events after a unique gating step excluding debris with 

very low side and forward scatter. 
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To test specifically whether ISG20L2 had an effect on cell viability and apoptosis, 

Annexin V staining and Cleaved Caspase-3 expression (as markers of apoptotic cells 

(156,157)) were evaluated upon PMA and ionomycin stimulation. ISG20L2 KO cells 

presented a higher percentage of apoptotic cells in caspase staining, but no differences 

were observed in Annexin V at the same time. ISG20L2 KO percentage of dead cells 

was higher at 48h in Annexin V staining, while the same data was not found for caspase. 

ISG20L2 deficiency could have a detrimental role in cell viability, but it does not seem 

an essential factor for cell survival. 

Surface markers of activation CD69 and CD25 were also evaluated by flow 

cytometry [Fig 2.14]. CD69 was detected in RNAseq and qPCR as a mRNA upregulated 

upon ISG20L2 silencing. Consistently, ISG20L2 KO clones present higher CD69 surface 

expression, both in percentage of CD69+ T cells [Fig. 2.14AC] and abundance of CD69 

per cell [Fig. 2.14B]. However, both WT and KO clones are able to upregulate CD69 

upon activation at similar levels. CD25 was monitored as an additional surface marker 

expressed upon T cell activation. ISG20L2 KO cells showed a reduced CD25 expression 

both in basal and activation conditions, at population and single cell levels [Fig. 2.14, 

CDE]. Cells were tested at 24 and 48 h in J77:Raji cell culture ratio 1:1, while at 20h, 

ratio was 1:10. This reduced ratio was tested as a method to reduce Raji ‘contamination’ 

for subsequent qPCRs experiments and here we can observe these cells were activated 

at comparable levels. 

To evaluate whether synaptic contacts between T and B cells were occurring with 

KO ISG20L2 T cells in a similar way than with control cells, these co-cultures were 

analysed by immunofluorescence. B cells were previously stained with CMAC, and co-

cultured with T cells during 30 min. Conjugated T cells were quantified as T cells 

presenting an actin accumulation towards the contact site with B cells [Fig. 2.15AB]. The 

proportion of T cells forming synaptic contacts was similar for WT and KO clones, with 

and without SEE [Fig. 2.15B]. CD3ε, a 20kDa subunit of the TCR complex (T cell receptor 

includes: two CD3ε, CD3γ, CD3δ, CD3ζ and a heterodimer of α/β or γ/δ chains) is 

accumulated at the immune synapse (IS) [Fig. 2.15A]. CD3ε accumulation ratio at IS in 

ISG20L2 KO cells was 2.7, while WT cells doubled this number [Fig. 2.15C]. Fig. 2.15A 

shows a representative image with accumulation of CD3ε in KO cells at values very close 

to median population, and a diverse range of WT CD3ε increments at IS. 

Distance of synaptic T cell MTOC (Microtubule-organizing centre) to the surface of 

Raji cell (modelled with Imaris software [Fig. 2.15D]) was also quantified [Fig. 2.15E]. 

Here, ISG20L2 KO cells showed a slight increase in MTOC-APC distance [Fig. 2.15E].  
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Figure 2.14. ISG20L2 regulates CD69 and CD25 expression. 
WT or ISG20L2 KO T cell clones were cultured with Raji cells at 1:1 ratio (24 and 

48h) and 10:1 (20h). Propidium Iodide was used to remove death cells, and CD19 to 

exclude B cells. A) Percentage of CD69+ T cells at 20, 24, and 48 h, cultured with or 

without SEE. B) Geometric Mean Fluorescence Intensity (gMFI) CD69+ T cells. C) 

Representative WT and KO plots. D) Percentage of CD25+ T cells at 20, 24, and 48 

h, cultured with or without SEE. E) gMFI of CD25+ T cells. 
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Since a significant upregulation of immunoregulatory molecules (AHR, NKG2D, 

CTLA4, CD137, TIM3, PD-L1 and CD69) was previously detected in J77 cells 72 h after 

electroporation with CRISPR-Cas9 plasmid, qPCR analysis was performed in co-culture 

samples to evaluate the expression of these molecules in clones and the effect of 

activation. A trend towards higher level of AHR, CD137, TIM3, PD-L1, CD69 and GITR 
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Figure 2.15. ISG20L2 is involved in CD3 accumulation at IS. 
A) Representative Bright field, CMAC, Actin, CD3ε and merge (Actin+CD3ε) for WT 

and ISG20L2 KO T cells incubated with Raji (CMAC+) in the presence of SEE. B) 

Percentage of conjugated T cells quantified as T cells in contact with B cells 

presenting enriched actin staining towards the B cell. C) CD3ε accumulation at 

immune synapse (IS) quantified for WT and KO T cells in synaptic contact. CD3ε was 

not quantified in SEE absence, since it was not accumulated in contact areas. D) 

Representative image for MTOC locations and Raji (APC) surfaces modelled with 

Imaris software. E) MTOC distance to APC measured in µm.  
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(p-values <0.3) was detected in KO clones in the absence of SEE [Fig. 2.16]. Strikingly, 

NKG2D, CTLA4 and PD-1 molecules seem to display a reduced expression in activated 

established clones (p-values: 0.05-0.14) [Fig. 2.16]. Although CD69 protein 

overexpression in KO clones was significant when evaluated in flow cytometry, at mRNA 

level showed an increase supported only by a p=0.21 value [Fig. 2.16]. 
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Figure 2.16. Immunoregulatory molecules expression in ISG20L2 KO clones. 
mRNA expression of indicated molecules in Raji:T cell clones (ratio 1:10) co-cultures, 

performed after 5 h incubation in absence (control) or presence of SEE. Data belong 

to a representative experiment including 7 WT clones and 7 KO clones. 

Mann-whitney test, indicated in text: p-values<0.30. 
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Other molecules where also tested by qPCR: H2AX, AQP3, LEF1, BCL2L2 

(selected from RNAseq), BCL2, BIM, Ki67 (involved in survival and proliferation), CD25, 

IL2 and IFN (as markers of T cell function) [Fig. 2.17]. AQP3 showed a trend towards an 

increase in ISG20L2 KO, observed previously in RNAseq data. LEF1 was upregulated 

in ISG20L2KO stimulated samples. Consistently with flow cytometry results, CD25 

mRNA was also down-regulated in KO clones. Interestingly, IL2 mRNA shows higher  
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Figure 2.17. Essential molecules in T cell activation are dysregulated in 
ISG20L2 KO clones. 
mRNA expression of indicated molecules in Raji:T cell clones (ratio 1:10) co-cultures, 

performed after 5 h incubation in absence (control) or presence of SEE. Data belongs 

to representative experiment including 7 WT clones and 7 KO clones. 

>< (statistical analysis not performed since IL2 was only detected in 1 KO sample) 

Mann-whitney test, indicated in text: p-values<0.30. 
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median values (although not significant) in ISG20L2 KO co-cultures. 

IL2 production of clones was stimulated with PMA and ionomycin, and measured 

through ELISA [Fig. 2.18]. Since we detected a higher IL2 expression in KO clones [Fig. 

2.18A], we analysed again the mRNAseq data performed upon ISG20L2 silencing 

searching for potential factors involved in IL2 expression. Within the list of potential 

candidates, Jun and Egr-1, transcription factors involved in IL2 production, may account 

for the IL2 upregulation in knockdown samples [Fig. 2.18B]. 
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Figure 2.18. ISG20L2 impairs IL2 production.  
A) IL2 expression at 24 or 48 h of PMA and ionomycin in WT and ISG20L2 KO clones. 

B) Molecules detected in mRNAseq as differentially expressed upon ISG20L2 

silencing (adj. p-value<0.5, molecules with lower p-values are at the top of the graph) 

which could be involved in regulation of IL2 expression. Green corresponds with 

molecules of a Fold change > 1.5 in knockdown compared to control samples. 
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Discussion 

 

1. MiRNA and RNA enzymes expression upon T cell stimulation 

A high number of miRNAs not previously linked with T cell stimulation were 

significantly down or up-regulated in response to aCD3aCD28. Two miRNAs could be 

highlighted for their differentiated behaviour: miRNA-1281 showed a high upregulation 

at early time points (3-6 h), and miRNA-4455 reached at 24 h a 122-fold increase, while 

no other upregulated miRNA surpassed 24-fold. MiRNA-1281 suppresses proliferation 

and migration in pulmonary artery smooth muscle cells, likely through targeting histone 

deacetylase 4 (HDAC4) (158). In osteosarcoma, miR-1281 (induced by the tumour 

suppressor p53) promoted apoptosis (159). MiR-4455 also exerts a tumour suppressive 

effect, described in gastric cancer probably due to inhibition of ADGRD1 (Adhesion G 

protein-coupled receptor D1) (160). ADGRD1 appears upregulated in a mouse model of 

gastrointestinal stromal tumour (161) and inversely correlates with patient survival in 

acute myeloid leukaemia (162) and glioblastoma (163). It also plays an essential role in 

glioblastoma growth (163,164). Consistently, miR-4455 increased apoptosis and 

reduced proliferation, invasion and migration in a gastric cancer cell line (MGC-803) 

(165). MiR-4455 targets VASP 3’-UTR and a decrease in VASP levels results in 

PI3K/AKT inhibition (165). VASP is a key mediator of actin cytoskeleton remodelling, 

polarization and cell migration (166,167). Ena/VASP proteins are part of a complex that 

connects signalling from TCR receptor to actin remodelling (168). A previous study used 

a double knock out mouse to demonstrate that EVL (Ena-VASP-like) and VASP are 

involved in activated T-cell trafficking into inflammation sites and secondary lymphoid 

tissues, particularly promoting diapedesis (169).  

To our knowledge, no other study has evaluated miRNA changes in human primary 

T cells stimulated with type I IFN. A recent review gathered data available on IFN I 

regulated microRNAs, mainly in the liver cell line Huh7 and human glioma (170). Out of 

36 miRNAs identified, 7 were described in two or more studies, indicating certain 

overlapping but also a great diversity across cell types regarding their response to IFN I 

(170). In fact, only one of these 36 miRNAs (miR-212) has been found as differentially 

expressed in our samples. Two prior studies had used immune cells: PBMCs and NK 

cells. MiRNAs involved in the anti-viral response against Hepatitis C virus (miR-1, miR-

30, miR-128, miR-196 and miR-296) were induced in peripheral blood mononuclear cells 

(PBMCs) upon IFN-a treatment (171). In human NK Cells, miRNA-30e and miRNA-378 
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were downregulated by IFN I (172). Our study provides a novel dataset of IFN I regulated 

miRNAs in human primary CD4+ T cells, which comprises 24 miRNAs that are 

upregulated and 33 that are downregulated. Of the 57 genes modulated by IFN-I, 37 are 

also regulated by aCD3aCD28 stimulation. Interestingly, many miRNAs significantly 

upregulated in our samples, such as miR-1246 (173,174), miR-1261 (175), miR-1290 

(173), miR-3196 (176), miR-3614-5p (177), miR-4301 (177), miR-4448 (178) or miR-

4488 (179),  also appear increased in cells infected with Dengue, RSV (Respiratory 

Syncytial Virus), Hepatitis C virus (HCV), Legionella pneumophila or BCG 

(Mycobacterium bovis Bacillus Calmette–Guerin). 

IPA assessment of IFN-I and aCD3aCD28 regulated miRNAs indicates their 

involvement in cellular development, growth, proliferation and movement. These 

processes are indeed essential for activated T cells to perform their function, which 

includes their differentiation to effector and/or memory phenotypes to combat infection 

short- and long-term, respectively. In this regard, activated T cells undergo intense 

cellular reprogramming with an increase in mRNA and protein expression. Accordingly, 

activated T cells would need to control inhibitory safeguards that prevent abnormal 

activation that could produce autoimmunity. MiRNA regulation may act as a negative 

regulator of gene expression, which would need to be withdrawn, at least partially. 

Several studies support this hypothesis. For instance, mRNAs undergo 3’ UTR 

shortening upon T lymphocyte activation, thereby reducing the pool of potential target 

sites for miRNA binding (180). Moreover, T cell activation promotes a rapid global miRNA 

downregulation and degradation of Argonaute proteins, which are key effectors of the 

RISC complex (54). We postulate that a selective active mechanism of miRNA 

degradation underlies the intense miRNA downregulation observed only a few hours 

after T cell activation. For this reason, we evaluated the expression of Eri1 and Dis3L2. 

Both exoribonucleases display a clear preference for uridylated RNA substrates 

(115,116,122); also, Eri1-deficient NK cells and T cells showed increased overall 

miRNAs levels (76). Here we detected a marked upregulation of both enzymes following 

T cell activation. Consistently, TUT4 and TUT7, which are specifically regulated by 

aCD3aCD28 stimulation, could be uridylating substrates for subsequent degradation by 

Eri1 or Dis3l2. Nevertheless, T cells still require certain miRNAs to remain stable even 

in generally degradative conditions. PtMs could control miRNA stability, promoting 

degradation but also protecting specific miRNAs.  
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2. MiRNA PtMs are associated to differential expression 

The global PtMs profile of our samples reveals that modification processes were 

focused on the 3’ end of most miRNAs. While uridylation and adenylation have been the 

best characterized 3’ end modifications described across animal miRNAs (103–107), 

cytosylation was highly represented in our samples. Cytosine was specifically found at 

position 0 (3’ end nucleotide). At this position, A and C modifications were similarly 

represented, much more frequently than U and G. Upregulated miRNAs were 

characterized by a strong presence of mono-A at 1 and oligo-A at 0 and 1. Consistent 

with previous studies from our laboratory, which had indicated that uridylation is a miRNA 

degradation signal in T cells (121), higher levels of U additions were found in 

aCD3aCD28downregulated miRNAs. A similar pattern can be observed in IFN I 

stimulation, although differences are milder, which may be due to a less dynamic miRNA 

environment; the number of differentially expressed miRNAs was roughly half of those 

quantified in cells treated with aCD3aCD28.  

Although most studies evaluating PtMs have found guanosine and cytosine 

additions to be barely represented, mono-addition of cytosine was the second most 

abundant 3’ modification after mono-uridylation, in mouse primordial germ cells and 

gonadal somatic cells at various embryonic stages (181). The presence of ‘non-

templated cytosylation’ has been described in Arabidopsis, which prompted the 

hypothesis of the existence of a nucleotidyl transferase with a preference for cytosine as 

substrate (182). Cytosine additions could be relevant for miRNA in very specific 

developmental or differentiation stages.  

In summary, our results offer a novel dataset of differentially regulated miRNAs at 

early time points of human primary CD4+ T cell activation. Most importantly, we also 

describe the kinetics of post-transcriptional modifications and the potential effect of these 

modifications in miRNA stability in the context of T cell activation. Our data also indicate 

that RNA degrading enzymes Eri1 and Dis3L2 are upregulated upon activation, which 

could be part of an active mechanism of miRNA degradation guided by uridylation. 

Indeed, higher uridylation was found in downregulated miRNAs. Upregulated miRNAs, 

which manage to multiply their levels in this adverse environment, point towards 3’ 

adenine addition as a protective signal.  
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3. A new exoribonuclease with 3’ end specificity: ISG20L2 

When considering the following steps to gain a further insight in the enzymatic 

activities behind miRNA regulation during T cell activation, we decided to pursue the 

search of a potential enzyme responsible for the decreased expression of uridylated 

miRNAs upon stimulation. A better understanding of the nucleotide transferase activities 

is an essential missing piece of knowledge, particularly, characterizing the unexpected 

potential C-tailing enzyme. However, we have not found so far a way to approach this 

scientific problem. In the case of the potential U-degrading enzyme, at least we had a 

bait to start with. We thought of presenting uridylated miRNA to a lysate of activated T 

cells. The most important challenge for this experiment was that it attempts to catch an 

enzyme with a substrate that could be degraded within seconds under physiological 

conditions. In some preliminary experiments (data not included), a RNAse inhibitor of 

recombinant origin was added to the lysis buffer. No nuclease was found in these early 

attempts; possibly due to a non-accessible substrate binding region, occupied by the 

RNAse inhibitor itself. Later, our experiments end up relying on handling our samples on 

ice and at 4ºC, using EDTA to substrate free divalent cations (required by catalytic 

activity of many nuclease families) and crosslinking with UV radiation to fix RNA-protein 

interactions. 

After the first unsuccessful attempts, it was unexpected to find the 3’ to 5’ 

exoribonuclease ISG20L2 (145) could stabilize an interaction with miRNAs due to the 

presence of only two additional uridines at the 3’ end. Other factors apart from uridylation 

seem to be involved, since a different pattern of interaction was found comparing miR-

25 and miR-151. Besides the preference towards uridylated forms, ISG20L2 presents 

more affinity towards miR-151-AA than for its canonical form, while it interacts similarly 

with miR-25 with or without adenylation. Likewise, Dis3L2, a previously introduced 

exonuclease which preferentially degrades uridylated substrates, interacts with miR-25 

forms in a similar way to ISG20L2, while it does not bind miR-151.  

The limitations of this pull-down approach involve missing relevant enzymes due to 

the reduced probability of identifying those whose catalytic activity is not inhibited in the 

experimental conditions or whose interaction with the substrate is not retained. In 

addition, we work with whole lysates, missing the cellular context that may will be crucial 

for RNA and RNA-binding proteins interactions. In this regard, many ribosomal, 

ribonucleoproteins and other RNA binding proteins were detected to bind differentially to 

miRNAs with different PTMs and poly(U) and poly(A) stretches. The 3’ end catalytic 

specificity could be guided by and RNA-binding protein. In these cases, finding a specific 

nuclease activity with this method would have the additional complication of retaining an 



Discussion 

 

 

88 

interaction between the nuclease and the partner protein which specifically recognize 

the miRNA edge. 

For instance, hnRNPM, a poly(U) and poly(G) interacting ribonucleoprotein (142), 

was detected bound to poly(U) beads, and more abundant in uridylated miRNAs 

compared to their canonical forms in human samples. ISG20L2 specificity for RNA 

substrates could come from the enzyme itself or a result from interacting with a partner 

such as hnRNPM. Although additional ISG20L2 immunoprecipitation experiments are 

still on-going, it is worthy to point here that hnRNPM has also been found by mass 

spectrometry as a potential ISG20L2 interactor. 

To test whether ISG20L2 is able to degrade miRNAs and evaluate whether this 

preferential interaction for uridylated substrates translates into a differential enzymatic 

activity, miRNA degradation experiments were performed with WT ISG20L2 and two 

catalytic mutants. While bacterial expression of mutants did not present major problems, 

expressing ISG20L2 WT was extremely difficult, due to specific bacterial degradation of 

this form. Overexpressing ISG20L2 WT in J77 T cells has also been highly challenging, 

achieving a very low percentage of positively electroporated cells (data not shown). In 

fact, Zhou et al. analysing whether ISG20L2 and ISG20L1 shared ISG20 antiviral 

capacities, reported they did not succeed generating a Huh7.5 cell culture stably 

expressing ISG20L2 (183). Therefore, ISG20L2 could be highly toxic for bacterial and 

mammalian cells expressed in large amounts or during long periods of time. 

Degradation assays probed miRNAs are susceptible to ISG20L2 catalytic activity. 

MiR-151-UU and miR-151-AA were degraded at similar rates; but poly(U) stretches, 

more efficiently than poly(A). The favoured interaction with uridylated miRNA compared 

to adenylated, may influence catalytic efficiency, but possibly, we cannot distinguish a 

functional effect in our working conditions comparing just a two uridine addition with two 

adenines. However, two uridine additions increased degradation compared to its 

absence and to cytosylation (which was protective towards ISG20L2). Amino acids 

D267, D183 and E185 seem to be involved in catalysis, since point mutations introducing 

alanine in these positions reduced the ribonucleolytic activity. This enzymatic capacity 

was inhibited by EDTA, consistently with a dependence on divalent cations (147,148).   

 

 

4. Searching RNA targets 

After observing this selective effect on miRNA degradation, we set to obtain an in-

deep analysis of potential RNA substrates altered in ISG20L2 absence in vivo. We 

expected to find a clear series of up-regulated RNA, mainly miRNA, that would be 
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accumulated in the absence of ISG20L2 degradation capacity. However, we obtained a 

more complex and difficult to interpret dataset. A total of 15 miRNAs were detected as 

differentially expressed: 4 upregulated and 11 downregulated. Most of them with a 

modest fold change (|1.2-2.2|x), except for miR-548ay-5p (11.2x) which was barely 

detected in control samples. To our knowledge no function or experimental target has 

been described yet for this miRNA. Beyond miRNA expression, ISG20L2 does not seem 

to bias the miRNA post-transcriptional profile. Future research may elucidate whether 

the observed miRNA expression changes are direct consequences of ISG20L2 action, 

or a compensatory mechanism secondary to other effects of ISG20L2 silencing. This 

uncertainty of whether what we are observing is a direct or indirect consequence of 

ISG20L2 absence extends also to mRNAseq studies. In this regard, performing RNAseq 

after ISG20L2 immunoprecipitation could be of great interest to better define ISG20L2 

substrates. Another limitation of our RNAseq experiment is that ISG20L2 is induced upon 

T cell activation, and our sequencing experiments have been performed in a non-

stimulated J77 T cell line context, where we may be missing key partners or physiological 

conditions only present in T cell stimulation. 

In the generated mRNA dataset, we also found few mRNA differentially expressed 

with low adjusted p-values, among which only ISG20L2, H2AX (a histone involved in 

DNA repair (184,185), and CD69 were finally confirmed as differentially expressed by 

qPCR. The CD69 finding together with Ingenuity Pathway Analysis (pointing towards 

NKG2D and CTLA4 as potential upstream regulators of changes detected in our dataset 

and to dysregulation of AHR signalling), lead us to evaluate mRNA levels of a set of 

immunoregulatory molecules. Strikingly, AHR, NKG2D, CTLA4, CD137, TIM3 and PD-

L1 were upregulated upon ISG20L2 silencing while PD1, LAG3, VISTA, GITR and TIGIT 

maintained similar expression levels. This is suggestive that ISG20L2 downregulation 

could increase T cell immunomodulatory capacity.  

It is important to bear in mind this RNAseq was not performed in a T cell activation 

context, where ISG20L2 most probably exerts its function, since we have observed it is 

strongly upregulated upon T cell activation. For instance, LEF1 (Lymphoid Enhancer 

binding Factor, a transcription factor which binds to the TCR enhancer (151) detected as 

potentially upregulated by RNA seq, but not confirmed by qPCR, was clearly upregulated 

in ISG20L2 KO clones activated with Raji cells and SEE. 

Immunoregulatory molecules were also analysed in clones in basal and activation 

conditions, obtaining unexpected results for many of them. AHR, CD137, TIM3 and PD-

L1 upregulation in KO at basal conditions were conserved as trends possibly due to 

compensatory effects generated during long term ISG20L2 absence. In fact, H2AX 

differential expression was lost when comparing established clones. It could be 
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speculated that outliers, only found in KO clones presenting high mRNA values in AHR, 

NKG2D, CTLA4, CD137 and PD-L1 may have maintained the initial overexpression 

observed in transient silencing. Many expression differences were diluted even more 

under activation conditions. However, the two clearest changes in activation were 

unexpectedly CTLA4 (p=0.07) and PD-1 (p=0.05) downregulation in KO clones’ 

activation, which have been before detected as up-regulated or non-affected in temporal 

silencing.  

CTLA-4, PD-1, LAG3, VISTA,TIM3, GITR, TIGIT and other immunoregulatory 

molecules have been studied in the last decades as immune checkpoints with a high 

therapeutic interest for their role downregulating T cell activation (186–188). Antibodies 

can target these immune receptors preventing ligand interaction and the subsequent 

inhibition of immune responses. In fact, anti-PD-1/PD-L1 and anti-CTLA4 are used as 

antitumoral treatments (186,189–191). Both CTLA-4 and PD-1 function as inhibitors of 

TCR activation, blocking TCR signalling and antigen-independent costimulatory signal, 

which is essential for cytokine secretion, effector function and clonal expansion. As a 

result of interaction with ligands PD-L1 (widely expressed and possibly involved in 

maintenance of peripheral tolerance) and PD-L2 (on APCs), PD-1 recruits phosphatases 

able to dephosphorylate TCR signalling intermediates (192,193). While PD-1 is located 

at the plasma membrane, CTLA-4 is translocated there only upon activation (194). Once 

at the membrane, CTLA-4 competes for CD80 and CD86 ligands with CD28, but eliciting 

a detrimental effect on T cell stimulation (195–197). CTLA4 diminishes TCR signalling 

through recruitment of the phosphatases SHP2 (dephosphorylates CD3z) (198,199) and 

PP2AA (leads to downstream decreased AKT phosphorylation) (200,201). CTLA4 and 

PD-1 downregulation of KO clones could be directly related with a more activated T cell 

phenotype producing more IL2. Future studies will need to better characterize the 

dynamics of these and others immunoregulatory molecules in primary mouse and human 

cells, both in basal and activated contexts. 

 A small description of the immune significance of those most likely to undergo 

ISG20L2 modulation according to our study, but not described before in this text is 

included in the next lines. AHR (Aryl Hydrocarbon Receptor), the mRNA most strongly 

upregulated with ISG20L2 silencing, is a ligand-activated transcription factor. Although 

first described as a receptor of polycyclic aromatic hydrocarbon contaminants (202,203), 

currently is known to respond to natural ligands (present in the diet or generated by host 

cells or microbiota) and regulate physiological condition in response to endogenous and 

environmental signals. AHR, now regarded as a potential therapeutic target, regulates 

both innate and adaptive immune responses (204–206). CD4+ T cells are particularly 
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sensitive to AHR, which modulates in a ligand-specific manner differentiation of naïve 

cells into Th1, Th2, Treg and Th17 subsets (207–211).  

NKG2D, also upregulated upon ISG20L2 silencing, is an activating receptor mostly 

expressed on NK cells, CD8+ T cells, and γδ T cells, NK1.1
+
 T cells. It recognizes ligands 

expressed on infected, transformed or stressed cells (212). NKG2D triggers NK cell 

cytokine production and cytolytic capacity, and serves as a co-stimulatory signal for T 

cell activation (212–214). In mouse, naïve T cells do not express NKG2D, which is 

induced upon activation in CD8+ but not in CD4+ T cells (215,216). However, in 

pathological conditions NKG2D has been detected in mouse(217,218)  and human  

(219–221) CD4+ T cells.  

CD137, a member of TNFR (TNF-receptor) family upregulated in silenced samples 

and almost significantly overexpressed (p=0.10) in KO clones, is expressed on activated 

T cells and NK cells (222). Upon interaction with its ligand CD137L provides T-cell 

costimulation (223) through TRAFs (TNFR-Associated-Factors) signalling (224), 

providing antiapoptotic signals and promoting IL2 production and T cell proliferation 

(225). 

CD69, upregulated with ISG20L2 silencing in ‘basal conditions’ and in resting KO 

clones, is a surface receptor well known as an early marker of T cell activation, which 

regulates T cell differentiation and function (150). Growing evidence, associates CD69 

with immunosuppression for its ability to limit Th17 differentiation (226,227) and promote 

Treg development and function (228–230). In addition, CD69 may also be implicated in 

T cell effector function and cytokine production, modulation of mTOR  signalling and AHR 

responses (231). 

In summary, a series of immunoregulatory molecules seem so far the targets most 

clearly affected by ISG0L2 absence: CD69, AHR, NKG2D, CTLA4, CD137, TIM3 and 

PD-L1 upregulation in silenced samples; and CTLA4 and PD-1 downregulation in 

activated KO clones. Further research will be required to better understand how ISG20L2 

may modulate these immunoregulatory molecules which are critical for T cell 

differentiation and function. 

 

 

5. ISG20L2, an insight in T cell function 

ISG20L2 KO clones did not present any major viability or proliferation deficiencies, 

challenging the role of ISG20L2 as an enzyme whose primary function is ribosome 

biogenesis. Rather than a global effect on protein expression caused by a possibly 

defective ribosome translation machinery, ISG20L2 KO clones showed a specific 
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regulation of selected molecules, such as upregulation of CD69 in resting conditions. 

When clones were activated with Raji cells and SEE, KO cells upregulated CD69 up to 

almost WT levels, while their CD25 overexpression was clearly impaired. Other 

parameters found affected in KO clones were a reduction in CD3ε accumulation at 

immune synapse, a slightly higher MTOC distance to Raji cells and an increased IL2 

expression. 

Regulation of IL2 and CD25 could occur at a transcriptional level, since 

corresponding mRNAs are upregulated and downregulated, respectively, in activated 

ISG20L2 KO clones. IL2 expression is the result of a complex interaction between 

transcription factors which bind to the IL2 promoter region upon TCR stimulation. NFAT, 

AP-1, NF-kB, Sp1/Egr-1 are some of the involved factors (232,233). In response to TCR 

antigen interaction, NFAT (Nuclear factor of activated T cells) is translocated to the 

nucleous upon dephosphorylation by calcineurin phosphatase (234–237). TCR signaling 

also leads to AP-1 (Activator Protein-1) formation, which is comprised of a dimeric 

combination of proteins which belong to the Jun, Fos, Maf and ATF families (238,239). 

IL-2 promoter counts with two binding sites which can be occupied by different NF-kB 

family members (NFKB1, a repressor (240,241);  NFKB2; RelA, not essential for IL2 

production (242); RelB and c-Rel, requiered for IL2 expression (243)) at different time 

points eliciting various regulatory signals (232,244). Sp1 and Egr-1 share a binding site 

within the IL2 promoter, which is occupied by Sp1 in unstimulated cells and replaced 

upon activation by Egr-1 which interacts with NFAT and drives IL-2 transcription 

(245,246). Contrary to the IL-2 positive regulators Egr-1 and AP-1 (formed by Jun and 

others), FOXP3 forms a complex with NFAT which inhibits IL-2 expression while induces 

CTLA4 and CD25 (247). CD25 (IL-2Ra, IL-2 receptor a chain) transcription is regulated 

also by NF-kB, NFAT, AP-1, but also by other transcription factors as Elf1 and Stat5, all 

of them bind to positive regulatory regions (232,233).  

Interestingly, Jun (AP-1 component) and Egr-1 which could be promoting IL2 

expression in ISG20L2 KO clones were upregulated in ISG20L2 silenced J77 cells 

mRNAseq. In addition, other molecules involved in IL2 production seem to be slightly 

affected, maybe leading to a synergistic final effect. By analysing mRNAseq data, we did 

not find a dysregulated molecule that could justify CD25 diminished mRNA expression. 

However, is essential to remind that mRNAseq was performed in non-activated samples. 

We will keep exploring regulation of transcription factors which could be involved with IL-

2 and CD25 dysregulated expression in T cell activation. 

In spite of CD25 decreased expression, KO clones seem functional regarding CD69 

and IL2, which are triggered even with a diminished TCR presence at synaptic contacts.  

Reduced TCR accumulation at immune synapse (CD3ε ratio) could be due to a 
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decreased expression of CD3ε in KO cells, or to an impaired capacity of rapid 

concentration at the immune synapse. TCR accumulation at the synapsis depends on 

the available TCR pool at the plasma membrane, but also on vesicular trafficking (248). 

In fact, a correct MTOC translocation towards immune synapse has been related to an 

adequate supply of molecules in intracellular pools to synapse (249). Therefore, a MTOC 

more distant to APC in ISG20L2 KO, could be related with a decrease TCR 

concentration. Future research would need to evaluate a potential deficiency in CD3ε 

expression, CD3 ε dynamics at synaptic contacts along a wider range of interacting 

times, and its signalling consequences.   

To conclude, ISG20L2 seems to regulate key aspects of T cell function. However, 

we are only at the very beginning of understanding the involved mechanisms and 

potential consequences. Associating ISG20L2 absence in activation with CTLA4 and 

PD-1 downregulation, and IL2 overproduction lead us to hypothesize a potential role of 

ISG20L2 to limit T cell responses. 

 

 

6. Beyond ribosome biogenesis and clues to enlighten future 
research 

ISG20L2 was first identified in proteomics analyses of human nucleoli, the main site 

of ribosome biogenesis, and characterized as a 3’ to 5’ exoribonuclease involved in the 

processing of 12 S precursor rRNA, a component of 5.8 S rRNA (145). This function is 

consistent with the enrichment of 60S ribosomal proteins in a type of human pre-

ribosomal complexes where ISG20L2 has also been localized (250). ISG20L2, could be 

involved in regulatory roles beyond its function as 12 S precursor rRNA processing, 

either in interaction with ribosomal components or in other locations. The evaluation of 

ISG20L2 interaction partners found many ribosomal proteins and proteins involved in 

ribosome biogenesis, consistently with the original role postulated for ISG20L2 (145). 

Nevertheless, other unexpected partners involved in mRNA splicing, exporting or 

trafficking were also identified: hnRNP A1, hnRNP A2/B1, SRp20 and ASF/SF2. Due to 

these findings, a potential additional role in mRNA metabolism was already suggested 

for ISG20L2 by Couté and co-workers (145). Data presented in this thesis work supports 

ISG20L2 as a new immune regulator involved in key functions for T cell activity. In the 

new discovery path towards a detail understanding of ISG20L2 function in the immune 

system, we can learn important lessons from previous research on ribosome regulatory 

capacity and look towards ribosomal proteins as potential key interactors of ISG20L2 

function. In addition, previous research on Eri1 (another exoribonuclease involved in 
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ribosome biogenesis, with already known role in immune responses) and Regnase-1 (an 

endoribonuclease, tightly regulated upon immune cell activation which regulates specific 

set of mRNAs key for immune function) could help designing future ISG20L2 studies.  

 

First described as an inhibitor of RNA interference (251), Eri1 roles have been 

later  extended to 3’ end formation in 5.8S rRNA processing (252,253) and degradation 

of oligouridylated histone mRNA (122,254). Eri1 is abundantly expressed in mouse 

spleen and thymus, pointing to a role in the immune system (253). Eri1 knockout animals 

showed a reduced NK cell population in spleen, while other lymphocyte populations were 

found at normal numbers (76). Interestingly, WT Ly49H NK cells increased Eri1 

expression upon MCMV infection, which is consistent with our data on human CD4+ T 

cells upregulating Eri1 upon activation. Ly49H NK cells lacking Eri1 underwent inefficient 

expansion, consistent with higher viral titres and reduced splenomegaly in Eri1-/- 

chimeras. On the other side, knockout T cells were able to proliferate and show activation 

markers during infection. However, T cell antigen specific responses to MCMV were 

decreased: CD4+ and CD8+ IFNɣ producing cells upon stimulation with a MCMV 

peptide were reduced in Eri1 deficient mice. Importantly, Eri1-/- NK cells miRNA 

expression showed on average a 2-fold increase compared to WT cells from littermate 

controls. Also, a modest increase in miRNA abundance was found in Eri1 deficient CD4+ 

T cells. Hence, Eri1 seems to be involved in regulating global miRNA homeostasis in a 

sequence-independent manner (no specific miRNA targets were identified) and to 

specifically modulate immune responses beyond its role in ribosome biogenesis (76). 

 

Regnase-1 (MCPIP1) belongs to a CCH-Zinc Finger protein family (MCPIP1-4, 

encoded by four genes: Zc3h12a-d) transcriptionally induced in human monocytes by 

MCP-1 (255) and in mouse macrophages by LPS (256,257). However, at the protein 

level, a rapid degradation of Regnase-1 occurs upon TLR-induction due to IKK complex, 

through phosphorylation and subsequent ubiquitination (258). A similar mechanism 

works in T cells where Malt-1 cleaves Regnase-1 upon TCR stimulation (259). Regnase-

1 deficient mice develop severe autoimmunity (257), pointing to its critical role in 

maintaining immune homeostasis and the relevance of its tight regulation. Knockout 

mice showed increased white blood cells and platelets, hypergammaglobulinemia, 

antinuclear and anti-dsDNA antibodies (257) and specific deficiency in CD4+ T cells 

promoted spontaneous generation of effector cells (259). Regnase-1 endonuclease 

activity downregulates a set of mRNAs (either through direct recognition of specific 

structures on 3’-UTR or with the aid of other RBPs), such as: IL-6, IL12b, IL1b, IL2, Rel 

and Ox40 (257–260). Regnase-1 capacity to restrain immune responses has been 
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regarded as a potential clinical target. For instance, Regnase-1 deficiency in CD8+ T 

cells increased adoptive cell therapy efficiency against various cancers (261). 

 

 

7. Current work and future perspectives 

We have just recently known that ISG20L2 KO mice are not viable, with no KO 

detected already among 9.5 day-old embryos. Consequently, we are now working to 

understand whether there is any functional difference between WT and HT mouse 

lymphocytes, while awaiting an on-going generation of a conditional ISG20L2 KO mouse 

succeeds soon. In addition, we want to assess whether the data obtained in T cell lines 

about immunoregulatory molecules is also consistent in human primary T cells and to 

gain a more detailed understanding of the mechanisms behind the observed CD3e, 

CD25 and IL2 dysregulation upon T cell activation. 
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Conclusions 

 

1. aCD3aCD28 and IFN I T cell activation elicit miRNA remodelling within few hours of 

human CD4+ T cell stimulation. SmallRNAseq analysis provided a new unbiased miRNA 

dataset, brand new for the unexplored IFN I field, and completing previous TCR 

activation studies performed using microarrays, northern and qPCR approaches. 

2. Human CD4+ T cell miRNAs present a highly post-transcriptionally modified 3’ end. 

MiRNAs downregulated upon stimulation show higher uridylation at 3’ end than those 

upregulated. MiRNA increasing their levels with activation are characterized by high 

adenine levels at +1 position. 

3. Human CD4+ T cell activation leads to upregulation of the Terminal Uridyl 

Transferases TUT4 and TUT7, and of the uridylated miRNA exoribonucleases Dis3L2 

and Eri1. 

4. The 3’ to 5’ exoribonuclease ISG20L2, detected in activated T cell lysates, interacts 

preferentially with 3’ uridylated miRNAs. 

5. ISG20L2 degradation activity is able to distinguish specific nucleotides at miRNA 3’ 

edge. Double uridine or adenine addition favoured degradation, compared to canonical 

or cytosylated substrates. ISG20L2 degraded 3’ poly(U) edges more rapidly than those 

of poly(A) stretches. Residues D267, D183 and E185 are implicated in ISG20L2 catalytic 

activity. 

6. In human primary CD4+ T cells, ISG20L2 is upregulated early upon aCD3aCD28 and 

IFN I stimulation. 

7. ISG20L2 silencing in J77 cells did not elicit a substantial remodelling in miRNA levels 

or miRNA post-transcriptional modifications. However, knock down samples revealed an 

increase in immunoregulatory molecules: AHR, NKG2D, CTLA4, CD137, TIM3, PD-L1 

and CD69. 

8. ISG20L2 seems to be involved in regulation of specific key molecules for T cell 

function such as CD69, CD3ε, CD25 and IL2.  
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Conclusiones 

 

1. La activación de células T CD4+ humanas mediante aCD3aCD28 o IFN I reestructura 

en pocas horas el repertorio de microARNs. Los datos obtenidos gracias a 

secuenciación de ARN de pequeño tamaño ofrecen una lista no-sesgada de microARNs 

relacionados con activación T, totalmente nueva para IFN I y que en el caso de 

aCD3aCD28 completa estudios anteriores que habían utilizado microarrays, nothern 

blot, y qPCR. 

2. Los microARNs en células T CD4+ humanas presentan un extremo 3’ altamente 

susceptible a modificaciones post-transcripcionales. Se detecta una mayor uridilación 

en microARNs cuyos niveles disminuyen con la activación. Los microARNs que 

incrementan su expresión, presentan una posición 3’ +1 altamente adenilada. 

3. La activación de células T CD4+ humanas induce un aumento de la expresión de las 

transferasas terminales de uridina TUT4 y TUT7; y de las enzimas Dis3L2 y Eri1, 

previamente descritas por su capacidad de degradar preferentemente ARN uridilado. 

4. La exonucleasa de tipo 3’ a 5’, ISG20L2, identificada en lisados de células T 

activadas, es capaz de interaccionar preferentemente con microARNs uridilados. 

5. La actividad catalítica de ISG20L2 distingue nucleótidos específicos en el extremo 3’. 

La presencia de dos adeninas o uridinas en 3’ favorece la degradación por parte de 

ISG20L2, en comparación con el microARN canónico o la forma citosilada. ISG20L2 

degrada más rápidamente los extremos 3’ de secuencias poli(U) que los de secuencias 

poli(A). Los aminoácidos D267, D183 y E185 están implicados en la actividad catalítica 

de ISG20L2. 

6. Al activar células T CD4+ humanas con aCD3aCD28 o IFN I, ISG20L2 aumenta su 

expresión.  

7. Al analizar por secuenciación muestras de células J77 en las que se había silenciado 

ISG20L2, no se encontraron grandes cambios en el repertorio de microARNs ni en las 

modificaciones post-transcripcionales de los mismos. En cambio, al silenciar ISG20L2 
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varias moléculas inmunoreguladoras aumentaron su expresión: AHR, NKG2D, CTLA4, 

CD137, TIM3, PD-L1 y CD69. 

8. ISG20L2 parece estar involucrada en la regulación de moléculas esenciales para la 

función de células T: CD69, CD3ε, CD25 y IL2.  
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 Annexes 

 CPMs (hours after DCD3DCD28 stimulation) 
ID 0 3 6 24 

hsa-miR-150-5p 83691,60   65981,98 
hsa-miR-92a-3p 32931,55  40921,39 60620,04 
hsa-miR-155-5p 6125,68  9312,52 54913,26 
hsa-miR-30d-5p 15844,38   13505,79 
hsa-miR-1260a 6938,74 4282,38 3713,64 1611,18 
hsa-miR-27a-3p 5962,95   4672,93 
hsa-miR-140-3p 2831,81   2279,21 
hsa-miR-20a-5p 1443,44   3005,39 
hsa-miR-101-3p 2202,82   1395,30 
hsa-miR-221-3p 1311,92   1870,99 
hsa-miR-378a-3p 1379,14   1788,88 
hsa-miR-142-5p 1593,51   848,28 
hsa-miR-30e-5p 1313,83   934,59 
hsa-miR-192-5p 1111,00   815,64 
hsa-miR-150-3p 1128,14   579,62 
hsa-miR-1275 1114,97   590,43 

hsa-miR-197-3p 844,40   650,70 
hsa-miR-27a-5p 757,82  346,88 326,04 
hsa-miR-17-5p 385,79   937,66 
hsa-miR-484 457,65   544,07 

hsa-miR-98-5p 343,93   573,90 
hsa-miR-93-5p 372,89   481,54 
hsa-miR-5701 467,73   304,71 

hsa-miR-769-5p 419,84   340,35 
hsa-miR-339-3p 429,59   316,47 

hsa-miR-92a-1-5p 75,21  152,31 367,80 
hsa-miR-16-2-3p 149,43 89,02 75,72 75,50 
hsa-miR-425-5p 216,54   159,97 
hsa-miR-1246 59,24   289,43 

hsa-miR-625-3p 167,81   140,26 
hsa-miR-181a-3p 136,47   110,64 
hsa-miR-339-5p 152,28   89,66 
hsa-miR-29c-3p 143,89   89,97 
hsa-miR-501-3p 127,11   98,43 
hsa-miR-1261 81,59   142,01 

hsa-miR-671-3p 88,51   122,83 
hsa-miR-92b-3p 58,60   133,61 
hsa-miR-1290 29,56  54,73 92,48 

hsa-miR-132-5p 18,93 42,00 53,57 41,87 
hsa-miR-4791 90,31   58,14 

hsa-miR-1307-5p 59,92  37,09 38,19 
hsa-miR-132-3p 23,06  45,08 65,16 
hsa-miR-1268a 41,22   90,10 
hsa-miR-20b-5p 50,13   77,99 
hsa-miR-4488 32,97  74,55  

hsa-miR-766-3p 56,27   42,89 
hsa-miR-106a-5p 36,16   50,92 
hsa-miR-29b-1-5p 23,15   62,76 
hsa-miR-30b-3p 50,02   35,64 
hsa-miR-21-3p 26,47   57,38 
hsa-miR-4455 0,69   78,94 

hsa-miR-4485-3p 41,48 13,61 9,74 3,82 
hsa-miR-212-5p 8,99  20,87 27,51 
hsa-miR-18a-3p 18,35   36,41 
hsa-miR-4451 3,30 14,72 14,17 22,11 

hsa-miR-335-5p 31,76   19,70 
hsa-miR-25-5p 26,87   14,34 
hsa-miR-12136 23,37   11,89 

hsa-miR-3173-5p 13,91  21,32  

hsa-miR-4448 2,38 6,29 9,07 17,38 

hsa-miR-12135 22,56  9,80  

hsa-miR-9-5p 10,43   19,19 
hsa-miR-191-3p 3,36 8,47 8,00 8,91 
hsa-miR-193a-5p 10,60   18,03 
hsa-miR-331-5p 11,99   15,21 
hsa-miR-1306-5p 15,27   10,72 

hsa-miR-4301 3,25  8,16 13,78 
hsa-miR-4695-3p 14,28  7,51 3,11 

hsa-miR-1291 10,45  6,06 6,21 
hsa-miR-421 12,23   8,19 

hsa-miR-18a-5p 2,78  5,67 10,73 
hsa-miR-23a-5p 13,85   5,14 
hsa-miR-296-5p 11,49   7,31 

     

Table A.1. Differential 
miRNA expression 3h, 
6h and 24h after 
aCD3aCD28 
stimulation of human 
primary CD4+ T cells 
(continued, 1/2).  
Total CPMs (3 donors 

average) for miRNA 

differentially expressed 

at indicated time points 

vs time 0h. 
Continued in next page. 
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 CPMs (hours after DCD3DCD28 stimulation) 
ID 0 3 6 24 

hsa-miR-12135 22,56  9,80  
hsa-miR-9-5p 10,43   19,19 

hsa-miR-191-3p 3,36 8,47 8,00 8,91 
hsa-miR-193a-5p 10,60   18,03 
hsa-miR-331-5p 11,99   15,21 
hsa-miR-1306-5p 15,27   10,72 

hsa-miR-4301 3,25  8,16 13,78 
hsa-miR-4695-3p 14,28  7,51 3,11 

hsa-miR-1291 10,45  6,06 6,21 
hsa-miR-421 12,23   8,19 

hsa-miR-18a-5p 2,78  5,67 10,73 
hsa-miR-23a-5p 13,85   5,14 
hsa-miR-296-5p 11,49   7,31 
hsa-miR-5193 11,86   6,64 

hsa-miR-331-3p 10,70   6,96 
hsa-miR-766-5p 9,61   6,75 

hsa-miR-190b-5p 6,12   10,03 
hsa-miR-6803-3p 8,35   5,76 

hsa-let-7g-3p 8,66   4,90 
hsa-miR-7974 0,66   11,11 

hsa-miR-4661-5p 7,19  4,35  

hsa-miR-222-5p 0,29 1,60 2,26 6,51 
hsa-miR-1281 0,64 4,83 4,84  

hsa-miR-1180-3p 2,42   7,88 
hsa-miR-582-3p 7,27   2,75 
hsa-miR-3195 0,70  4,98 4,28 

hsa-miR-203a-3p 6,70   3,11 
hsa-miR-219a-1-3p 3,72   5,94 
hsa-miR-550a-5p 4,62  2,51 2,52 
hsa-miR-27b-5p 6,40  2,69  

hsa-miR-23b-5p 3,24   5,68 
hsa-miR-877-3p 1,74   6,76 
hsa-miR-223-3p 5,17   2,39 
hsa-miR-1304-3p 2,46   4,91 
hsa-miR-1268b 1,73   4,20 

hsa-miR-5585-3p 3,50   1,63 
hsa-miR-155-3p 0,22   4,25 
hsa-miR-365a-5p 0,85  3,10  

hsa-miR-2355-3p 2,47   1,18 
hsa-miR-127-3p 2,20   1,16 

hsa-miR-19b-1-5p 0,53   2,74 
hsa-miR-6873-3p 0,38   2,71 
hsa-miR-139-3p 2,33   0,83 
hsa-miR-4521 0,19   2,86 

hsa-miR-942-3p 0,91   1,89 
hsa-miR-33b-3p 0,63   1,84 
hsa-miR-4639-5p 0,43  1,48  

hsa-miR-1226-5p 0,32   1,43 
hsa-miR-375-3p 0,35   1,35 
hsa-miR-1303 0,33   1,23 
hsa-miR-12130 0,31   1,22 

hsa-miR-548h-3p 0,97   0,42 
hsa-miR-548z 0,97   0,42 

hsa-miR-6755-5p 0,42   0,95 
hsa-miR-548s 0,36   0,93 
hsa-miR-663a 0,18  0,93  

hsa-miR-6743-3p 0,20  0,88  

hsa-miR-570-3p 0,69   0,21 
hsa-miR-5588-5p 0,59   0,18 
hsa-miR-369-3p 0,45   0,15 

 

Table A.1. Differential 
miRNA expression 
3h, 6h and 24h after 
aCD3aCD28 
stimulation of human 
primary CD4+ T cells 
(continued, 2/2). Total 

CPMs (3 donors 

average) for miRNA 

differentially expressed 

at indicated time points 

vs time 0h. 
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ID 
CPMs (hours after IFN I stimulation) 

0 3 6 24 

hsa-miR-92a-3p 32931,55   43025,14 
hsa-miR-1260a 6938,739 5008,144 3934,446 1872,082 
hsa-miR-27a-3p 5962,949   4493,788 
hsa-miR-148a-3p 4932,086   3662,717 

hsa-miR-7-5p 4054,489   2247,008 
hsa-miR-192-5p 1111,001   867,7856 
hsa-miR-27a-5p 757,8247 223,2073 127,5912 55,06303 
hsa-miR-339-3p 429,5853   354,6546 
hsa-miR-7704 250,0201   360,5319 
hsa-miR-1246 59,23732  101,4326 251,8901 
hsa-miR-1261 81,58511  155,6308 158,3131 

hsa-miR-16-2-3p 149,4283 78,02162 77,36553 61,96279 
hsa-miR-339-5p 152,2837   103,0051 
hsa-miR-181a-3p 136,474   100,2256 

hsa-miR-1290 29,55987  56,49406 97,01349 
hsa-miR-4488 32,96871 64,62691 72,48496  

hsa-miR-4791 90,31223   60,34051 
hsa-miR-10400-5p 41,26733 79,79322   

hsa-miR-30c-1-3p 63,42033   48,4404 
hsa-miR-1307-5p 59,92336   39,30146 
hsa-miR-30b-3p 50,01581   36,80907 
hsa-miR-4485-3p 41,48062 16,40789 10,66798 3,391186 
hsa-miR-335-3p 45,08055   25,71605 
hsa-miR-148a-5p 30,33599   21,03367 
hsa-miR-25-5p 26,86908   17,39277 
hsa-miR-21-3p 26,46691   17,12903 
hsa-miR-4451 3,297546 11,79294 13,6752 9,376463 
hsa-miR-12136 23,36863   13,29612 

hsa-miR-3173-5p 13,91446   22,40708 
hsa-miR-4301 3,251752 6,290716 9,122942 12,04313 
hsa-miR-12135 22,56015   6,642223 

hsa-miR-193a-5p 10,60382   17,19358 
hsa-miR-3614-5p 1,482233 3,548004 7,279818 11,93282 
hsa-miR-4695-3p 14,28375  6,888898 2,742154 
hsa-miR-23a-5p 13,85023  4,806445 2,836494 
hsa-miR-4448 2,377959  6,397818 9,80948 

hsa-miR-191-3p 3,363855 7,85347 6,587458  

hsa-miR-193b-3p 9,59176   6,101913 
hsa-let-7f-2-3p 10,79944   3,915205 
hsa-miR-1281 0,640733 5,225725 4,280072  

hsa-miR-582-3p 7,269388   1,777215 
hsa-miR-27b-5p 6,399186   2,58302 
hsa-miR-3196 1,985931 4,559296   

hsa-miR-4286 3,974405   1,980258 
hsa-miR-3195 0,703802  5,245471  

hsa-miR-3912-3p 4,013393   1,90221 
hsa-miR-5585-3p 3,501862   1,564764 

hsa-miR-3917 1,108136   3,222077 
hsa-miR-503-5p 1,059646   3,054687 
hsa-miR-127-3p 2,204662  0,807335  

hsa-miR-589-3p 0,563664   1,607033 
hsa-miR-4498 0,576901 1,380379   

hsa-miR-663a 0,184898 0,757733  0,741033 
hsa-miR-4510 0,341734   0,996013 

hsa-miR-3180-3p 0,970996 0,196829   

hsa-miR-212-3p 0,718196   0,22054 
hsa-miR-6743-3p 0,204116   0,696794 

Table A.2.Differential 
miRNA expression 
3h, 6h and 24h after 
IFN I stimulation of 
human primary CD4+ 
T cells.  
Total CPMs (3 donors 

average) for miRNA 

differentially 

expressed at indicated 

time points vs time 0h. 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRN
A-151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

P05455 Lupus La protein  1 12 1 1 5 1 17 1 

P52272 Heterogeneous nuclear 
ribonucleoprotein M 5 13 22 13 12 19 20 69 5 

P43243 Matrin-3  8 20 16 2   34  

P46778 60S ribosomal protein L21 1 8 11 7 5 11 11 12 9 

P27635 60S ribosomal protein L10 3 8 12 7 6 13 10 14 11 

P61353 60S ribosomal protein L27 2 4 8 6 3 9 8 9 10 

P11940 Polyadenylate-binding protein 1  13 15 12 5 10 16 23 27 

O76021 Ribosomal L1 domain-containing 
protein 1 

 9 11 7 2 7 8 14 2 

P46777 60S ribosomal protein L5  1 5 2 1 3 4 4 1 

Q96ME7 Zinc finger protein 512   2 3  4 4 11 3 

P18621 60S ribosomal protein L17 3 8 11 9 8 13 12 13 13 

O60832 H/ACA ribonucleoprotein 
complex subunit 4 

 4 8 3 3 4 3 12 2 

Q13823 Nucleolar GTP-binding protein 2 2 5 10 6 7 9 9 9 5 

Q9HB58 Sp110 nuclear body protein  1 4 4 3 5 2 2  

P62910 60S ribosomal protein L32 2 9 11 7 7 11 13 15 10 

P14923 Junction plakoglobin 3 3 9 5 3 4 4 4 4 

Q02878 60S ribosomal protein L6 1 5 7 7 3 6 10 9 5 

P40429 60S ribosomal protein L13a  6 6 5 2 6 7 8 6 

O43143 Pre-mRNA-splicing factor ATP-
dependent RNA helicase DHX15 

 4 5 14 6 9 7 13 20 

Q9UJV9 Probable ATP-dependent RNA 
helicase DDX41 1 6 9 6 7 9 10 8 8 

Q9BUJ2 
Heterogeneous nuclear 
ribonucleoprotein U-like  

protein 1 
 2 5 1 1 2 2 21 15 

P29508 Serpin B3 1  2   3 2 3  

Q71U36 Tubulin alpha-1A chain 3 4 6 2 1 6 4 1 1 

P17026 Zinc finger protein 22  1 3 1  2 4 5 3 

P05387 60S acidic ribosomal protein P2   3 5 1 2 3 1  

P62280 40S ribosomal protein S11 3 9 11 11 9 13 12 14 13 

P46779 60S ribosomal protein L28 4 7 9 8 6 11 10 9 11 

P62424 60S ribosomal protein L7a 2 15 13 11 8 15 16 9 9 

P08708 40S ribosomal protein S17  2 2 3 2 5 5 4 5 

P23396 40S ribosomal protein S3 3 4 7 5 6 9 5 9 5 

P83881 60S ribosomal protein L36a 1 8 7 5 4 9 8 5 7 

P61513 60S ribosomal protein L37a 1 4 4 4 3 7 5 3 5 

P62906 60S ribosomal protein L10a 1 6 6 5 1 5 5 5 1 

P62888 60S ribosomal protein L30  3 5 5 1 2 4 3 1 

P49711    Transcriptional repressor CTCF       2     1 1 7 3 

 Q4G0J3    La-related protein 7     6 7 2   2 3 11   

Q9NXF1 Testis-expressed 
 protein 10  3 3 6 2 5 4   

 O95478    Ribosome biogenesis protein 
NSA2 homolog     2 1 4   4 4 1 2 

Q9H6W3 
Bifunctional lysine-specific 
demethylase and histidyl-

hydroxylase NO66 
1 2 4 3 2 4 3   

Q8IYB7 DIS3-like exonuclease 2   3     14  

Table A.3. Proteins differentially detected interacting with uridylated miRNAs 
in human lymphoblasts pull-down experiments (continued, 1/3). 
Proteins with a sum of at least two peptides more detected in uridylated miRNAs in 

comparison to canonical forms and subtracting non-specific binding. Colour legend 

(blue: ribosomal proteins, green: ribonucleoproteins, yellow: exonucleases). 

Continued in next page. 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRN
A-151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

O95625 Zinc finger and BTB domain-
containing protein 11 

 2 3 1 1 3  5 2 

Q9Y3B7 39S ribosomal protein L11, 
mitochondrial 

 2 4 4  1 2 1  

Q9UGY1 Nucleolar protein 12   2  1 2 2 1 1 

Q9BQ48 39S ribosomal protein L34, 
mitochondrial 

  1 1  2 1  1 

P39023 60S ribosomal protein L3 1 10 14 10 8 7 13 12 10 

Q07020 60S ribosomal protein L18 1 6 8 7 5 6 6 8 5 

P50914 60S ribosomal protein L14 1 6 7 7 3 5 7 6 6 

P46776 60S ribosomal protein L27a 3 5 8 4 5 7 6 8 7 

Q92522 Histone H1x 1 5 6 4 3 5 5 4 5 

P62851 40S ribosomal protein S25 2 2 4 4 2 4 5 3 2 

P62244 40S ribosomal protein S15a 2 5 6 5 4 7 5 4 2 

P62899 60S ribosomal protein L31 1 3 6 3 4 4 6 2 1 

Q9Y3U8 60S ribosomal protein L36 1 4 6 5 4 5 9 5 5 

P63173 60S ribosomal protein L38 1 1 3 2 2 3 2 3 3 

Q14103 Heterogeneous nuclear 
ribonucleoprotein D0 

  1 2 1 2 1 19 2 

Q15717 ELAV-like protein 1  1 3 2 1 1 3 19  

Q9UKM9 RNA-binding protein Raly 1 2 5 5 2 2 5 9  

P05109 Protein S100-A8  1 2   1 2 1 2 

B2RXH8 Heterogeneous nuclear 
ribonucleoprotein C-like 2 

 3 4 1 3 4 4 5  

Q9BV38 WD repeat-containing protein 18 2 2 5 2 3 4 3 1 1 

P18077 60S ribosomal protein L35a  4 3 5 1 4 5 1 1 

Q96P63 Serpin B12 1  3    2   

P05089 Arginase-1   2      1 

Q13509 Tubulin beta-3 chain  2 3 3 1 2 3 2 2 

Q59GN2 Putative 60S ribosomal protein 
L39-like 5 

 1 1   2 1 1 1 

Q99848 Probable rRNA-processing 
protein EBP2 

 1 3 4 1 1 2 1  

Q9NUL3 Double-stranded RNA-binding 
protein Staufen homolog 2 

  2 1   2 4 12 

Q92901 60S ribosomal protein  
L3-like 

  1 1 1 2  1 2 

Q8NEJ9 Neuroguidin 2 1 3 1 2 4 2  1 

O95758 Polypyrimidine  
tract-binding protein 3 

 1 4 2 1   4  

Q5SY16 Polynucleotide  
5'-hydroxyl-kinase NOL9  1 2   1 2 1 1 

Q9NY93 Probable ATP-dependent RNA 
helicase DDX56   1 1  1 1   

P51398 28S ribosomal protein S29, 
mitochondrial      2 2 2  

Q9NY61 Protein AATF   1 1 1 2 1  1 

Q5JTW2 Centrosomal protein 
 of 78 kDa    1  2 1 2 1 

A0A0U1RQF3 Uncharacterized protein   1 1  1 1 1 1 

Q5H9U9 Probable ATP-dependent RNA 
helicase DDX60-like   2 1     2 

O75182 Paired amphipathic  
helix protein Sin3b   1   1 1 1 1 

P52815 39S ribosomal protein L12, 
mitochondrial   2 2      

Table A.3. Proteins differentially detected interacting with uridylated miRNAs 
in human lymphoblasts pull-down experiments (continued, 2/3). 
Proteins with a sum of at least two peptides more detected in uridylated miRNAs in 

comparison to canonical forms and subtracting non-specific binding. Colour legend 

(blue: ribosomal proteins, green: ribonucleoproteins, yellow: exonucleases). 

Continued in next page. 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

Q8TAA3 Proteasome subunit  
alpha type-7-like   1 1  1   1 

F5GZ99 Lysine-specific demethylase 5A 
(Fragment)   1   1  1  

Q9H9J2 39S ribosomal protein L44, 
mitochondrial     2 1      

Q9H9L3 Interferon-stimulated 20 kDa 
exonuclease-like 2   1   1 1   

 
 

 

Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

Q9H0J9 Poly [ADP-ribose] 
 polymerase 12 

        19 

O75152 Zinc finger CCCH domain-
containing protein 11A 

        9 

Q96BK5 PIN2/TERF1-interacting 
telomerase inhibitor 1 

   2    1 8 

Q8N5A5 Zinc finger CCCH-type with G 
patch domain-containing protein 

        7 

Q02543 60S ribosomal protein L18a  8 9 7 5 5 8 7 11 

Q96SI9 Spermatid perinuclear  
RNA-binding protein 

        4 

Q9UPY3 Endoribonuclease Dicer         4 

Q6PKG0 La-related protein 1  5 3 3 2 3 2 4 8 

Q92843-2 Isoform 3 of Bcl-2-like protein 2        1 4 

P18583 Protein SON 2 7 4 11 9 11 5 3 8 

P05090 Apolipoprotein D       1  2 

O95793 Double-stranded RNA-binding 
protein Staufen homolog 1 

        2 

Q15633 RISC-loading complex  
subunit TARBP2 

        2 

Q8IWR0 Zinc finger CCCH domain-
containing protein 7A 

        2 

 

Table A.3. Proteins differentially detected interacting with uridylated miRNAs 
in human lymphoblasts pull-down experiments (Continued, 3/3). 
Proteins with a sum of at least two peptides more detected in uridylated miRNAs in 

comparison to canonical forms and subtracting non-specific binding. Colour legend 

(blue: ribosomal proteins, green: ribonucleoproteins, yellow: exonucleases). 

 

 

Table A.4. Proteins differentially detected interacting with poly(A) in human 
lymphoblasts pull-down experiments. 
Proteins with a sum of at least two peptides more detected in poly(A) sample in 

comparison to poly(U). Colour legend (blue: ribosomal proteins, green: 

ribonucleoproteins, yellow: exonucleases). 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

P07814 Bifunctional glutamate/proline--
tRNA ligase 

    1   33  

Q9NR30 Nucleolar RNA helicase 2  5 4 2 3  4 29  

Q00839 Heterogeneous nuclear 
ribonucleoprotein U 

 2 1  1 1 5 29 1 

P42704 Leucine-rich PPR motif-containing 
protein, mitochondrial 

       27  

Q15046 Lysine--tRNA ligase        25  

Q92945 Far upstream element-binding 
protein 2 

       25  

P14868 Aspartate--tRNA ligase, 
cytoplasmic 

       23  

O75533 Splicing factor 3B subunit 1   1 1 1   24 2 

Q96AE4 Far upstream  
element-binding protein 1 

       22  

P54136 Arginine--tRNA ligase, cytoplasmic        20  

Q14690 Protein RRP5 homolog        20  

P19338 Nucleolin  5 7 3 3 2 3 19  

Q96I24 Far upstream element-binding 
protein 3 

       19  

Q15393 Splicing factor 3B subunit 3  2 1  1 2 2 19 1 

P42285 Superkiller viralicidic  
activity 2-like 2 

       17  

Q92900 Regulator of nonsense  
transcripts 1 

 11 6 7 2 5 12 17  

P41252 Isoleucine--tRNA ligase, 
cytoplasmic 

       16  

Q13435 Splicing factor 3B subunit 2        15  

Q6NZY4 Zinc finger CCHC domain-
containing protein 8 

       15  

P67809 Nuclease-sensitive element-
binding protein 1 

 11 7 9 5 9 8 15 1 

O14979 Heterogeneous nuclear 
ribonucleoprotein D-like 

       14  

P22626 Heterogeneous nuclear 
ribonucleoproteins A2/B1 

 2   1  3 14  

P47897 Glutamine--tRNA ligase        13  

Q6P2Q9 Pre-mRNA-processing-splicing 
factor 8 

 1 1  1  1 13  

O75643 U5 small nuclear ribonucleoprotein 
200 kDa helicase 

 1 1 1 1  1 13  

Q1KMD3 Heterogeneous nuclear 
ribonucleoprotein U-like protein 2 

   1 2   13  

P26599 Polypyrimidine tract-binding 
protein 1 

 1 2 2    11  

Q12904 
Aminoacyl tRNA synthase 

complex-interacting  
multifunctional protein 1 

       11  

P38919 Eukaryotic initiation factor 4A-III  2 1 2 1 1 3 11  

Q12906 Interleukin enhancer-binding  
factor 3 

 1      18 7 

Q9NW13 RNA-binding protein 28 1 1 2 2  1 1 11  

O95319 CUGBP Elav-like family member 2        10  

P31483 Nucleolysin TIA-1 isoform p40        10  

P42696 RNA-binding protein 34  1 2 4 5 3 7 10  

P35637 RNA-binding protein FUS  1   1   10  

P56192 Methionine--tRNA ligase, 
cytoplasmic 

       9  

 

Table A.5. Proteins differentially detected interacting with poly(U) in human 
lymphoblasts pull-down experiments (not included in Table A.3) (continued, 
1/3). 
Proteins with a sum of at least four peptides more detected in poly(U) sample in 

comparison to poly(A). Colour legend (blue: ribosomal proteins, green: 

ribonucleoproteins, yellow: exonucleases). Continued in next page. 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

Q15029 116 kDa U5 small nuclear 
ribonucleoprotein component 

 2 2  3 2 4 9  

Q8IX01 SURP and G-patch domain-
containing protein 2 

  1 2    8  

P62701 40S ribosomal protein S4, 
 X isoform 2 7 8 5 6 7 5 16 6 

Q99729 Heterogeneous nuclear 
ribonucleoprotein A/B 

       8  

Q9HCS7 Pre-mRNA-splicing factor SYF1        8  

Q15459 Splicing factor 3A subunit 1        8  

Q8TDD1 ATP-dependent RNA  
helicase DDX54 

   1    8  

Q9HCE1 Putative helicase MOV-10  5 2  1 1 3 8  

O43390 Heterogeneous nuclear 
ribonucleoprotein R 

       13 6 

O60506 Heterogeneous nuclear 
ribonucleoprotein Q 

      1 13 6 

O60306 Intron-binding protein aquarius        7  

Q13573 SNW domain-containing protein 1        7  

Q05048 Cleavage stimulation  
factor subunit 1 

       7  

Q13151 Heterogeneous nuclear 
ribonucleoprotein A0 

       7  

Q01081 Splicing factor U2AF  
35 kDa subunit 

    1   7  

Q96PK6 RNA-binding protein 14  2 2 2  1  6  

Q14498 RNA-binding protein 39   1    1 6  

Q8IY37 Probable ATP-dependent RNA 
helicase DHX37 

   1   1 7 1 

Q9BYK8 Helicase with zinc finger domain 2        6  

Q5VYS8 Terminal uridylyltransferase 7        6  

Q86XP3 ATP-dependent RNA  
helicase DDX42 

       6  

P07910 Heterogeneous nuclear 
ribonucleoproteins C1/C2 

 4 2 2 2 3 2 7 1 

P09661 U2 small nuclear  
ribonucleoprotein A' 

 1  2 1 1  6  

P14866 Heterogeneous nuclear 
ribonucleoprotein L 

   1 2 1 2 6  

Q9BQ39 ATP-dependent RNA  
helicase DDX50 

    2   6  

P61326 Protein mago nashi homolog  1   1   6  

Q99575 Ribonucleases P/MRP  
protein subunit POP1 

  2 2 2 1 2 6 1 

Q9P2J5 Leucine--tRNA ligase, cytoplasmic        5  

P51991 Heterogeneous nuclear 
ribonucleoprotein A3 

       5  

Q01085 Nucleolysin TIAR        5  

Q2TAY7 WD40 repeat-containing  
protein SMU1 

       5  

Q9Y4Z0 U6 snRNA-associated Sm-like 
protein LSm4 

       5  

Q96QD9 UAP56-interacting factor        6 1 

Q9H2U1 ATP-dependent RNA  
helicase DHX36 

       5  

Q13263 Transcription intermediary  
factor 1-beta 

       5  

Q96LT9 RNA-binding protein 40        5  

Q9Y2R9 28S ribosomal protein S7, 
mitochondrial 

       5  

Table A.5. Proteins differentially detected interacting with poly(U) in human 
lymphoblasts pull-down experiments (not included in Table A.3) (continued, 
2/3). 
Proteins with a sum of at least four peptides more detected in poly(U) sample in 

comparison to poly(A). Colour legend (blue: ribosomal proteins, green: 

ribonucleoproteins, yellow: exonucleases). Continued in next page. 
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Accession Protein name Beads miRNA-
25 

miRNA-
25-UU 

miRNA-
25-AA 

miRNA-
151 

miRNA-
151-UU 

miRNA-
151-AA Poly(U) Poly(A) 

Q9Y580 RNA-binding protein 7        5  

P15880 40S ribosomal protein S2 2 3 4 5 3 3 4 15 8 

Q9UMS4 Pre-mRNA-processing factor 19    1 2   6 1 

P62316 Small nuclear ribonucleoprotein 
Sm D2 

 2  1 2 2  5  

Q9BZE4 Nucleolar GTP-binding protein 1  2 3 5 2 2 2 4  

P62312 U6 snRNA-associated  
Sm-like protein LSm6 

       4  

Q12996 Cleavage stimulation factor 
subunit 3 

       4  

Q99729-2 Isoform 2 of Heterogeneous 
nuclear ribonucleoprotein A/B 

       4  

Q9Y3Y2 Chromatin target  
of PRMT1 protein 

       5 1 

P98179 RNA-binding protein 3        4  

Q9BZJ0 Crooked neck-like protein 1        4  

P26368 Splicing factor U2AF  
65 kDa subunit 

       4  

Q86TB9 Protein PAT1 homolog 1        4  

Q9H0D6 5'-3' exoribonuclease 2    1    4  

Q9HC16 DNA dC->dU-editing enzyme 
APOBEC-3G 

       4  

Q15233 Non-POU domain-containing 
octamer-binding protein 

    1   4  

P11142 Heat shock cognate  
71 kDa protein 1 6 7 7 6 4 6 10 5 

Q92841 Probable ATP-dependent RNA 
helicase DDX17 

 1   1  1 4  

O00148 ATP-dependent RNA  
helicase DDX39A 

 2  1 2 1 2 5 1 

 

Table A.5. Proteins differentially detected interacting with poly(U) in human 
lymphoblasts pull-down experiments (not included in Table A.3) (continued, 
3/3). 
Proteins with a sum of at least four peptides more detected in poly(U) sample in 

comparison to poly(A). Colour legend (blue: ribosomal proteins, green: 

ribonucleoproteins, yellow: exonucleases). 
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ID CTM 
WT 

CTM 
KD logFC P.Value adjusted 

P.Value 
Fold 

change Symbol Description 

ENSG00000143319 75,42 48,20 -0,64 0,000 0,008 -1,56 ISG20L2 interferon stimulated exonuclease  
gene 20 like 2 

ENSG00000163584 81,00 62,45 -0,38 0,000 0,017 -1,30 RPL22L1 ribosomal protein L22 like 1 

ENSG00000156508 9680,58 10662,04 0,14 0,000 0,079 1,10 EEF1A1 eukaryotic translation elongation  
factor 1 alpha 1 

ENSG00000168421 130,66 159,65 0,29 0,000 0,118 1,22 RHOH ras homolog family member H 
ENSG00000284048 4,18 0,35 -5,19 0,000 0,123 -36,45 lncRNA AC073111.3-201/2 
ENSG00000188801 0,29 2,84 4,23 0,000 0,227 18,80 ZNF322P1 zinc finger protein 322 pseudogene 1 

ENSG00000138413 51,63 42,13 -0,29 0,000 0,227 -1,22 IDH1 isocitrate dehydrogenase (NADP(+)) 1,  
cytosolic 

ENSG00000228144 13,55 9,83 -0,46 0,000 0,227 -1,38  uncharacterized protein 
ENSG00000254911 1,94 7,06 1,80 0,000 0,227 3,47 SCARNA9 small Cajal body-specific RNA 9 

ENSG00000249884 4,13 7,77 0,93 0,000 0,227 1,90 RNF103-
CHMP3 RNF103-CHMP3 readthrough 

ENSG00000023330 55,49 65,52 0,24 0,000 0,227 1,18 ALAS1 5'-aminolevulinate synthase 1 
ENSG00000214562 7,75 5,08 -0,62 0,000 0,227 -1,54 NUTM2D NUT family member 2D 
ENSG00000167552 192,45 161,57 -0,25 0,000 0,227 -1,19 TUBA1A tubulin alpha 1a 
ENSG00000114805 12,42 16,62 0,42 0,000 0,227 1,33 PLCH1 phospholipase C eta 1 
ENSG00000232573 53,10 42,81 -0,31 0,000 0,227 -1,24 RPL3P4 ribosomal protein L3 pseudogene 4 
ENSG00000116199 95,26 81,48 -0,23 0,000 0,247 -1,17 FAM20B FAM20B, glycosaminoglycan xylosylkinase 
ENSG00000165272 53,59 63,11 0,24 0,000 0,247 1,18 AQP3 aquaporin 3 (Gill blood group) 
ENSG00000183508 92,41 78,53 -0,23 0,000 0,247 -1,17 FAM46C family with sequence similarity 46 member C 
ENSG00000263934 1,89 4,33 1,18 0,000 0,247 2,27 SNORD3A small nucleolar RNA, C/D box 3A 
ENSG00000197816 2,50 4,45 0,89 0,000 0,247 1,85 CCDC180 coiled-coil domain containing 180 
ENSG00000103226 132,05 112,13 -0,23 0,000 0,247 -1,18 NOMO3 NODAL modulator 3 
ENSG00000110848 8,25 12,94 0,63 0,000 0,247 1,55 CD69 CD69 molecule 
ENSG00000138795 621,78 705,34 0,18 0,000 0,247 1,13 LEF1 lymphoid enhancer binding factor 1 
ENSG00000188486 101,65 88,14 -0,21 0,000 0,247 -1,15 H2AFX H2A histone family member X 
ENSG00000184923 2,11 3,72 0,85 0,000 0,247 1,81 NUTM2A NUT family member 2A 
ENSG00000080644 31,04 36,95 0,25 0,000 0,247 1,19 CHRNA3 cholinergic receptor nicotinic alpha 3 subunit 
ENSG00000177169 87,14 76,15 -0,19 0,000 0,247 -1,14 ULK1 unc-51 like autophagy activating kinase 1 

ENSG00000253106 1,61 0,79 -1,01 0,001 0,247 -2,01 lnc-RNF139-1 AC090198.1 (novel transcript,  
antisense to TATDN1) 

ENSG00000204568 69,74 81,37 0,22 0,001 0,247 1,17 MRPS18B mitochondrial ribosomal protein S18B 
ENSG00000157429 2,83 4,45 0,66 0,001 0,247 1,58 ZNF19 zinc finger protein 19 
ENSG00000135905 58,96 68,02 0,21 0,001 0,247 1,15 DOCK10 dedicator of cytokinesis 10 
ENSG00000279277 2,56 1,37 -0,91 0,001 0,247 -1,88 lnc-CD47-1 AC012020.1 
ENSG00000224003 1,45 0,68 -1,11 0,001 0,247 -2,15 YES1P1 YES1 pseudogene 1 
ENSG00000273167 0,59 2,22 3,94 0,001 0,247 15,30  uncharacterized protein 
ENSG00000203441 0,64 1,45 1,32 0,001 0,262 2,50 LINC00449 long intergenic non-protein coding RNA 449 
ENSG00000277053 56,09 65,36 0,22 0,001 0,301 1,17 GTF2IP1 general transcription factor IIi pseudogene 1 
ENSG00000100271 14,91 11,63 -0,35 0,001 0,301 -1,28 TTLL1 tubulin tyrosine ligase like 1 
ENSG00000264668 3,12 0,73 -4,50 0,001 0,303 -22,71  Zinc Finger Protein 41 Homolog 
ENSG00000118503 29,73 37,19 0,33 0,001 0,309 1,26 TNFAIP3 TNF alpha induced protein 3 
ENSG00000129473 3,72 2,40 -0,63 0,001 0,309 -1,55 BCL2L2 BCL2 like 2 
ENSG00000136295 58,91 50,50 -0,22 0,001 0,309 -1,17 TTYH3 tweety family member 3 
ENSG00000241945 51,01 59,25 0,22 0,001 0,309 1,16 PWP2 PWP2, small subunit processome component 
ENSG00000260916 2,29 3,58 0,65 0,001 0,309 1,57 CCPG1 cell cycle progression 1 
ENSG00000143314 58,99 49,62 -0,25 0,001 0,309 -1,19 MRPL24 mitochondrial ribosomal protein L24 
ENSG00000243364 8,50 6,13 -0,46 0,001 0,309 -1,38 EFNA4 ephrin A4 

ENSG00000176124 30,39 35,85 0,24 0,001 0,309 1,18 DLEU1 deleted in lymphocytic leukemia 1  
(non-protein coding) 

ENSG00000177410 64,99 76,83 0,25 0,001 0,309 1,19 ZFAS1 ZNFX1 antisense RNA 1 

ENSG00000283709 2,56 1,45 -0,81 0,001 0,309 -1,75 FAM238C family with sequence similarity 238  
member C (non-protein coding) 

ENSG00000178977 1,22 0,54 -1,30 0,001 0,309 -2,46 LINC00324 long intergenic non-protein coding RNA 324 
ENSG00000162607 371,76 419,51 0,18 0,001 0,309 1,13 USP1 ubiquitin specific peptidase 1 

Table A.6. mRNAseq ISG20L2 knockdown vs control samples. 
Molecules included were detected with the 50 lowest p-values for differential 

expression. Colour legend (blue: ribosomal proteins, green: lncRNA). 
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ABSTRACT

Activation of T lymphocytes requires a tight regulation of microRNA (miRNA) expression. Terminal uridyltransferases (TUTases)
catalyze 3′ nontemplated nucleotide addition (3′NTA) to miRNAs, which may influence miRNA stability and function. Here, we
investigated 3′NTA to mature miRNA in CD4 T lymphocytes by deep sequencing. Upon T-cell activation, miRNA sequences
bearing terminal uridines are specifically decreased, concomitantly with down-regulation of TUT4 and TUT7 enzymes.
Analyzing TUT4-deficient T lymphocytes, we proved that this terminal uridyltransferase is essential for the maintenance of
miRNA uridylation in the steady state of T lymphocytes. Analysis of synthetic uridylated miRNAs shows that 3′ addition of
uridine promotes degradation of these uridylated miRNAs after T-cell activation. Our data underline post-transcriptional
uridylation as a mechanism to fine-tune miRNA levels during T-cell activation.

Keywords: 3′ nontemplated nucleotides addition (3′NTA); CD4 T lymphocytes; microRNAs; uridylation; Zcchc11 (TUT4); Zcchc6
(TUT7); isomiRs

INTRODUCTION

MicroRNAs (miRNAs) are short (∼22 nt) noncoding RNAs
involved in the control of gene expression in many biological
processes (Filipowicz et al. 2008). To fulfill their function,
their levels need to be tightly regulated, and dysregulated lev-
els of miRNAs are associated with many diseases (Chang and
Mendell 2007). MiRNA turnover is controlled through the
precise regulation of both biogenesis and degradation
(Filipowicz et al. 2008). The control of miRNA levels through
transcriptional and processing mechanisms is well estab-
lished, but regulation of miRNA degradation is still poorly
understood, particularly in mammals. MiRNA stability has
been shown to be affected by the cellular physiological status
(Hwang et al. 2007; Krol et al. 2010) and the presence of
mRNA targets (Ameres et al. 2010; Chatterjee et al. 2011).
Moreover, the fate of mature miRNAs is determined by
post-transcriptional modifications such as methylation (Li
et al. 2005) and nucleotide additions (Landgraf et al. 2007).

In recent years, next-generation sequencing analysis has
revealed variability in the individual mature miRNA se-
quences derived from the same precursor (pre-miRNA), giv-
ing rise to the term “isomiRs” (Ameres and Zamore 2013).
This sequence diversification in mature miRNAs can be pro-
duced through a variety of mechanisms, including imprecise
or alternative cropping of the precursor, post-transcriptional
A-to-I editing mediated by the enzyme ADAR (adenosine
deaminase acting on RNA), terminal trimming of nucleo-
tides, or nontemplated nucleotide additions (NTA). These
mechanisms increase the repertoire of cellular regulatory
miRNAs and therefore provide additional flexibility to
miRNA-mediated regulation of gene expression (Ameres
and Zamore 2013).
The most common modification of mature miRNAs is the

NTA of uridines and adenosines at the 3′ end (3′NTA)
(Landgraf et al. 2007). Several noncanonical poly(A)
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polymerases (PAP) have been shown to add ribonucleotides
to the 3′ end of pre-miRNAs and mature miRNAs in a tem-
plate-independent manner. These enzymes are able to utilize
not only adenine triphosphate (ATP) but also uridine tri-
phosphate (UTP); hence, they are called terminal uridyltrans-
ferases (TUTases) (Heo et al. 2009, 2012). The identified
nucleotidyl transferases in mammals are MTPAP, GLD2,
PAPD5, PAPD7 (POLS), U6TUT, ZCCHC11 (TUT4), and
ZCCHC6 (TUT7) (Wyman et al. 2011; Norbury 2013).
Among these enzymes, TUT4 and TUT7 have been shown
to preferentially uridylate mature miRNAs (Minoda et al.
2006; Jones et al. 2009, 2012; Thornton et al. 2015).
MiRNAs are tightly regulated during the activation of

T lymphocytes (Monticelli et al. 2005; Cobb et al. 2006;
Baumjohann and Ansel 2013). T cells are activated upon en-
counter with a specific antigen on the surface of an antigen
presenting cell. Signaling through the T-cell receptor
(TCR) and costimulatory molecules initiates an array of sig-
naling programs that prepare the cell for differentiation, pro-
liferation, and effector function, leading to profound changes
in their metabolism and protein and RNA content. Recent
studies link the T-cell activation process to a global down-
regulation of miRNAs (Bronevetsky et al. 2013), although
the specific regulatory mechanisms remain unknown.
In this study, we have investigated NTA to the 3′ of mature

miRNAs during T-lymphocyte activation. Mature miRNA 3′

uridylation is predominantly observed in steady state
(“naïve”) T cells, while T-cell activation promotes both the
down-regulation of TUT4 and TUT7 enzymes and the degra-
dation of uridylated microRNAs. Moreover, we have identi-
fied TUT4 to be essential for the maintenance of miRNA
uridylation.

RESULTS

Uridylated miRNAs are decreased upon T-cell activation

To assess the dynamics of NTA during T-cell activation, we
performed a deep-sequencing analysis on small RNAs from
mouse CD4+ T cells in naïve conditions (CD25−, CD62L+)
and upon stimulation with anti-CD3 and anti-CD28 anti-
bodies. The homogeneity of the replicates for each condition
was confirmed by their proximity on the principal compo-
nents analysis (PCA) (Supplemental Fig. S1A). T-cell activa-
tion was confirmed by staining of the activation markers
CD25 and CD69 (Supplemental Fig. S1B). Moreover, a global
down-regulation of miRNA was detected between naïve and
activated samples when miRNA count distributions were an-
alyzed with the Kolmogorov–Smirnov test (P≤ 4.66 × 10−12).
MiRNA modifications were classified according to the

number of nucleotides added, i.e., mono addition (one nu-
cleotide) and oligo addition (two or more nucleotides).
The relative modification levels from miRNA to miRNA in-
dependent of their total expression levels was first examined
(Fig. 1A). Uridylation and adenylation were the two most

common modifications of CD4 T-cell miRNAs (Fig. 1A). A
significant reduction of miRNA uridylation, both mono
and oligo additions, was observed in activated T cells upon
global examination of the data (Fig. 1B). Individual examina-
tion of each miRNA confirmed this observation (Fig. 1C;
Supplemental Table S1). In contrast, adenylation seemed to
be increased after activation when miRNAs were analyzed
globally (Fig. 1A,B), but this was not confirmed in the indi-
vidual analysis (Fig. 1D). This apparent contradiction is due
to a highly expressed adenylated miRNA that must be dom-
inating the global analysis but that does not reflect the general
behavior of adenylated miRNAs that is better defined in the
individual analysis (Fig. 1D).
Abundance profiles corresponding to each 3′ NTA and the

canonical (unmodified) sequence of example miRNAs are
shown in Figure 1E. The fraction of counts that correspond
to the uridylated forms decreases in activated samples as illus-
trated also in Supplemental Table S1. Moreover, the five ex-
ample miRNAs with lower uridylation in activated samples
(Fig. 1E) illustrate also that total counts of the miRNA can
be either higher, lower, or not changing between naïve and
activated conditions (Supplemental Fig. S2). Thus, these
data indicate that in CD4 T cells uridylated miRNAs are de-
creased upon activation.

TUT4 and TUT7 are down-regulated during
T-cell activation

To investigate themolecular mechanism underlying the post-
transcriptional modification of miRNAs during T-cell activa-
tion, we studied the regulation of terminal uridyl transferases
(TUTases) during this process. ThemRNA transcript levels of
MTPAP, GLD2 (TUT2), PAPD5, TUT4 (ZCCHC11), POLS,
and TUT7 (ZCCHC6) in CD4 T cells were determined before
and after polyclonal stimulation with anti-CD3 and anti-
CD28 antibodies for 48 h. TUT4 and TUT7, the two enzymes
mainly responsible for uridylation, were decreased upon T-
cell activation, whereasMTPAP and POLSwere up-regulated,
and GLD2 and PAPD5 remained unaltered (Fig. 2A). The re-
duction of TUT4 mRNA levels was confirmed in human T
lymphoblasts stimulated in a polyclonal manner (Fig. 2B)
and in antigen-specific experiments in which CD4 T cells
from transgenic OT-II mice were co-cultured with bonemar-
row-derived dendritic cells loaded with OVA peptide (Fig.
2C). TUT4 mRNA was decreased after 24 h of stimulation
and remained low at 96 h (Fig. 2D). Western blot analysis of
TUT4 protein showed a decrease at 24 h after activation
with anti-CD3 and anti-CD28 antibodies and upon treatment
with concanavalin A, followed by expansion with recombi-
nant interleukin 2 (an equivalent activating stimulus), where
a maximal decrease was observed after 72 h of stimulation
(Fig. 2E). Immunofluorescence and subcellular fractionation
experiments showed a predominant cytoplasmic confine-
ment of TUT4, and T-cell activation did not elicit any signifi-
cant subcellular redistribution (Supplemental Fig. S3A,B).

microRNA uridylation in T-cell activation

www.rnajournal.org 883

 Cold Spring Harbor Laboratory Press on February 8, 2018 - Published by rnajournal.cshlp.orgDownloaded from 



The levels of TUT7 protein were also decreased after stimula-
tion with anti-CD3 and anti-CD28 antibodies, albeit with a
slower kinetic profile compared to TUT4 (Fig. 2F). These

data indicate that T-cell activation triggers a decrease in the
cellular levels of TUT4 and TUT7, the main TUTases ac-
counting for miRNA uridylation. The conjoined down-

FIGURE 1. Uridylated miRNAs are decreased upon T-cell activation. Deep-sequencing libraries were generated from naïve CD4 T cells or cells ac-
tivated for 48 h with anti-CD3 and anti-CD28 (n = 4). (A) 3′ NTAs to all mature miRNAs in naive and activation conditions. The fraction of modified
reads that fall into one of eight categories was computed for eachmiRNA providing the normalized relative levels of modification. These were averaged
across all miRNAs observed for both conditions. (B) Total normalized (raw) counts for uridylation and adenylation modifications observed across
each sample (N: naïve; A: activated CD3/CD28) (upper panel) and averaged across replicates (lower panel). Error bars indicate the standard error
between samples and P-values are computed using a Welch’s two-sample t-test. (C,D) Comparison of the relative abundance of 3′ mono-uridine
and oligo-uridines (C) and of 3′ mono-adenine or oligo-adenines (D) in individual miRNAs from naïve and activated CD4 T cells. Each dot represents
an individual miRNA with the corresponding type of modification. (E) Pie charts for selected miRNAs depict the fraction of counts for each type of
3′NTA-modified and canonical miRNA detected. (A) Adenine, (C) cytosine, (G) guanine, and (U) uracil.
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regulation of these enzymes, concomitant with the decrease in
miRNA uridylation, suggests that the decrease of uridylated
miRNA plays an important role during T-cell activation.

TUT4-dependent uridylation of mature microRNA

To assess the role of TUT4 in the uridylation of mature
miRNAs in T lymphocytes, we examined CD4 T cells of
TUT4-deficient mice in steady state. The lymphoid organs
of these mice presented no significant alteration in the per-
centage of CD4 and CD8 T lymphocytes in thymus
(Supplemental Fig. S4A), and CD4 and CD8 T lymphocytes
as well as B lymphocytes in spleen or peripheral lymph nodes
(Supplemental Fig. S4B,C). Levels of miRNA mono- and
oligo-uridylation were lower in naive TUT4-deficient CD4
T cells compared with wild-type cells (Fig. 3A,B). Interesting-
ly, miRNA mono- and oligo-adenylation were higher in
TUT4-deficient T cells (Fig. 3C,D). Putative miRNA targets
of TUT4 were identified in T cells. We considered as targets
both mono-uridylated and oligo-uridylated species that
were significantly less uridylated in TUT4-deficient CD4 T
cells compared with wild-type cells (Supplemental Table
S2A,B).Moreover, miR-seq data showed no significant differ-
ences in the levels of canonical miRNAs corresponding to
TUT4 targets between TUT4-deficient and wild-type CD4 T
cells (Fig. 3E) in accordance with previous reports (Jones
et al. 2012; Thornton et al. 2015). Interestingly, analysis of

these identified putative targets of TUT4 during T-cell activa-
tion of wild-type T cells revealed that themajority of these uri-
dylatedmiRNAswere down-regulated (Fig. 3F; Supplemental
Tables S3, S4). Thus, our data reveal that putative TUT4 tar-
gets account for a substantial proportion of the uridylated
miRNAs down-regulated upon T-cell activation. These re-
sults indicate that TUT4 contributes to the turnover control
of a specific set of modified miRNAs during T-cell activation.
Although uridylated miRNAs are clearly less abundant in

TUT4-deficient CD4 T cells, we could still detect some
miRNAs with 3′ nontemplated uridines. This may reflect
the activity of TUT7, which can uridylate miRNAs
(Thornton et al. 2015). TUT4-deficient T cells showed no
compensatory increase in the levels of TUT7 or any other
TUTase (Supplemental Fig. S5A,B), but given the presence
of TUT7 protein, it is likely that the remaining miRNA uridy-
lation in TUT4-deficient mice is attributable to this enzyme.

Uridylation directs mature miRNA to activation-
dependent degradation

Uridylation of mRNA is associated with both stabilization
[when 1 or 2 nt are added to histone mRNAs and poly(A)
RNAs] (Lackey et al. 2016; Scheer et al. 2016; Zuber et al.
2016) and decay (Shen and Goodman 2004; Mullen and
Marzluff 2008; Schmidt et al. 2011; Lim et al. 2014). To inves-
tigate whether uridylation targets mature miRNAs for

FIGURE 2. TUT4 and TUT7 expression is down-regulated after T-cell activation: (A) RNA levels ofMTPAP, GLD2, PAPD5, TUT4, POLS, and TUT7
were assessed by RT-qPCR in freshly isolated mouse naïve CD4 T cells or cells activated with anti-CD3 and anti-CD28 for 48 h. mRNA levels were
normalized to β-actin and Yhwaz housekeeping genes and are presented in arbitrary units (n = 7). (B) TUT4 mRNA levels in human T lymphoblasts
measured by RT-qPCR after two different activation stimuli: phorbol myristate acetate (PMA) with ionomycin and anti-CD3 plus anti-CD28 (n = 3).
(C) Mouse naïve CD4 T cells from OT-II mice specific to ovalbumin peptide were co-cultured with dendritic cells in the absence or presence of the
peptide. TUT4mRNA levels were determined by RT-qPCR as in A (n = 5). (D) Long-term time course of TUT4mRNA levels in activated mouse CD4
T cells (n = 3). (E)Western blot analysis of TUT4 protein content in CD4 T cells after activation with anti-CD3 plus anti-CD28 or with concanavalin A
(ConA) followed by expansion with interleukin 2 (IL-2). Representative immunoblots (n = 3). ERMs were included as a loading control. (F) Western
blot analysis of TUT7 protein at different time points after antibody activation of CD4 T cells. Representative immunoblots (n = 3). p150 was included
as a loading control. Numbers below blots show normalized densitometry values relative to naïve T cells. Error bars in A–C represent standard devia-
tion; (∗∗∗) P < 0.001; (∗∗) P < 0.05; ns, nonsignificant.
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FIGURE 3. (Legend on next page)
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degradation during T-cell activation, we transfected naïve
CD4 T cells with synthetic RNAs (miR-151-3p and miR-
25-3p) corresponding to canonical or di-uridylated miRNA
sequences. The cells were subsequently either activated with
anti-CD3 and anti-CD28 or maintained in resting conditions
with IL-7 to prevent naïve T-cell apoptosis. Levels of the syn-
thetic miRNAs were measured with a variation of miQPCR
(Fig. 4A, and see Materials and Methods; Benes et al. 2015),
which distinguishes single-nucleotide changes in the
miRNA sequence. The levels of synthetic di-uridylated forms
of both miR-151-3p and miR-25-3p dropped sharply in acti-
vated T cells, whereas the levels of their canonical (unmodi-
fied) counterparts remained much more stable (Fig. 4B),
indicating that uridylated miRNAs are declined faster than
the unmodified miRNAs, specifically upon T-cell activation.
Moreover, these results suggest that the decay of uridylated
miRNAs comprises total degradation of the molecule rather
than the trimming of merely the U tail since there is no in-
crease of canonical synthetic miRNA after activation. That
would only occur if the U tail had been removed from the
synthetic di-uridylated miRNA while preserving the rest of
the molecule. Finally, it is worth mentioning that the synthet-
ic ssRNAs that we are using might not be behaving exactly
as endogenous miRNAs in terms of their incorporation to
the RISC complex, a process that could affect their decay,
Nevertheless, these data indicate that miRNA uridine tailing
is an important mechanism to target a specific set of
miRNAs for degradation, and that this process is tightly reg-
ulated upon T-cell activation.

DISCUSSION

The present study demonstrates that miRNA 3′ NTA are
modifications tightly regulated that canmodulate the stability
of these small RNA species. Our data indicate that the en-
zymes responsible for miRNA uridylation as well as uridy-
lated miRNAs themselves are regulated during T-cell
activation. We further report TUT4 as an enzyme responsible
for uridylation of maturemiRNA in T cells, and show that the
stability of uridylatedmiRNAs differs in T cells between naïve
and activated conditions. The proposed mechanism for the
post-transcriptional regulation of miRNAs during T-cell ac-
tivation is illustrated in the scheme (Fig. 4C).
The addition of poly(U) tails to the 3′ ends of pre-miRNAs

has been reported to trigger their degradation in stem cells
(Heo et al. 2009), while in somatic cells lacking Lin28,
TUT-mediated mono-uridylation of pre-miRNAs facilitates
their processing (Heo et al. 2012). The impact of 3′ NTA

on mature miRNAs varies depending on the organism and
the miRNA examined (Katoh et al. 2009; Lu et al. 2009;
Burroughs et al. 2010). Uridylation of miRNAs leads to deg-
radation in Chlamydomonas (Ibrahim et al. 2010) and plants,
where it prevents their methylation (Zhao et al. 2012). In
mammals, uridylation of mature miRNA has been shown
to specifically reduce the functionality of miR-26a, miR-
126-5p, and miR-379 (Jones et al. 2009, 2012). Our data
demonstrate that the stability of mature miRNAs is decreased
in the context of T-cell activation when they bear uracils add-
ed to their 3′ end. This is supported by the fact that synthetic
di-uridylated miRNAs are decreased more rapidly than the
corresponding synthetic canonical miRNAs, but only when
T cells are activated. Nevertheless, since these conclusions
arise from exogenously added miRNAs, we cannot undoubt-
edly predict that the exact same process is happening for en-
dogenous uridylated miRNAs.
Our data are consistent with a decrease in the uridylation

of miRNA due to a reduction in the levels of the uridyl
transferases TUT4 and TUT7 during T-cell activation.
Additionally, a specific subset of uridylated miRNAs has
been identified as targets of TUT4. In this regard, it is impor-
tant to mention that TUT4-deficient T cells still contain low
levels of uridylated miRNAs that are likely to be substrates of
other TUTases, e.g., TUT7.
According to data from previous work (Jones et al. 2009,

2012) and the present study, it is conceivable that uridylation
changes the targeting specificity of the miRNA, its function-
ality, and/or labels miRNAs for degradation. Thus, the degra-
dation of a defined set of uridylated miRNAs specifically
during T-cell activation may represent an additional mecha-
nism for the cell to eliminate certain miRNAs at this specific
stage. However, our data do not allow us to rule out addition-
al mechanisms of miRNA biogenesis, like their transcription
and processing, accounting for miRNA levels’ regulation and
the imbalance of the 3′ uridylated miRNA pool during T-cell
activation.
A key outstanding question about miRNA decay is the

identity of the enzymes that catalyze the degradation of these
small RNAs during T-cell activation. Several mammalian
exoribonucleases related to miRNAs have been described
that show a certain substrate specificity (Ruegger and
Grosshans 2012). Further research will be needed to identify
the specific exoribonucleases that mediate the specific degra-
dation of uridylated miRNAs observed after T-cell activation.
Defining the mechanisms and purpose of miRNA 3′ nucleo-
tide additions will be important for understanding the post-
transcriptional regulation of miRNA function and turnover,

FIGURE 3. TUT4-dependent uridylation of mature microRNA. Small RNAs from naïve wild-type or TUT4-deficient CD4 T cells were analyzed by
deep sequencing. (A–D) Fold changes between wild-type and TUT4−/− CD4 T cells calculated from oligo- (A) and mono-uridylated miRNAs (B) as
well as mono- (C) and oligo-adenylatedmiRNA counts (D). Only modified miRNAs whose expression level is above log2 > 2 are presented. A negative
fold change indicates lower levels in TUT4-deficient compared to wild-type. (E) Comparison of the levels of the individual canonical miRNAs cor-
responding to the identified TUT4 uridylation targets between wild-type and TUT4-deficient CD4 T cells. (F) Comparison of the levels of individual
uridylated miRNAs identified as TUT4 targets between naïve and activated wild-type CD4 T cells.
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and could also inform strategies for therapeutic modulation
of miRNA activity.

MATERIALS AND METHODS

Mice

C57BL/6 and OT-II mice and C57BL/6 Zcchc11-/+ mice (TUT4-
deficient mice) were bred under specific pathogen-free conditions
according to European Commission recommendations. The
TUT4-deficient strain was maintained in heterozygosis as described
previously (Jones et al. 2012).

T-cell isolation, culture, and activation

Naïve CD4+ T cells were obtained from cell suspensions of lymph
nodes or spleen. Cell suspensions were incubated with biotinylated
antibodies against CD8, CD19, CD25, CD11b, CD45R, major histo-

compatibility complex (MHC) class II (I-Ab), DX5, IgM, Gr-1, and
F4/80 and subsequently with streptavidin microbeads (MACS;
Miltenyi Biotec). CD4+ T cells were negatively selected in auto-
MACS Pro Separator (Miltenyi Biotec) according to themanufactur-
er’s instructions. The cells were then labeled with antibodies to CD4,
CD62L, and CD25 (BDBiosciences) and analyzed by flow cytometry
to confirm their purity andnaïve status (datanot shown).NaïveCD4+
T cells (106 cells mL−1) were either directly lysed or cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum,
100 U mL−1 of penicillin and streptomycin, 10 mM Hepes, 50 µM
2-mercaptoethanol, and 1 mM sodium pyruvate and 2 µg mL−1 of
anti-CD28 on plates previously coated with 10 µg mL−1 of anti-
CD3 (BD Biosciences). Alternatively, cells were maintained in the
naïve state in the presence of 4 ng mL−1 of interleukin 7
(Peprotech). The activation status of CD4 T cells was assessed at
the indicated time points by flow cytometry after staining with anti-
bodies against CD4, CD25, and CD69 (BD Biosciences). Data were
acquired and analyzed with a FACSFortessa flow cytometer and
FACSDiva (BD Biosciences) or FlowJo software.

FIGURE 4. Uridylation of mature miRNAs determines their turnover during T-cell activation. (A) Diagram representing the qPCR method used to
distinguish between di-uridylated synthetic miRNAs and unmodified ones. After a linker ligation and reverse transcription, custom probes specific for
the 3′ end were used in combination with reverse and forward primers for the miRNA. (B) Synthetic miRNAs were nucleofected into naïve CD4 T
cells, which were then activated with anti-CD3 and anti-CD28 or left resting in the presence of IL-7. Levels of the synthetic miRNAs were analyzed by a
variation of MiQPCR. Synthetic RNA levels were normalized to endogenous controls snoRNA 420 and snoRNA 412 and are presented in arbitrary
units (n = 3). (C) Scheme of the proposed mechanism of miRNA post-transcriptional regulation during T-cell activation. Naïve cells under steady-
state contain basal levels of uridylatedmiRNAs that are down-regulated after T-cell activation. This decrease is accompanied by the down-regulation of
uridyltransferases TUT4 and TUT7. Additionally, we hypothesize that a putative exonuclease might be induced in activated T cells responsible for
uridylated miRNAs degradation.
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Antigen-specific T-cell stimulation

When indicated, dendritic cells (DCs) were used to stimulate OT-II
CD4 T cells. DCs were derived fromwild-type bonemarrow cell sus-
pensions after culture on nontreated 150-mm Petri dishes in com-
plete RPMI 1640 medium supplemented with 10% FCS, 2 mM L-
glutamine, 100 U mL−1 penicillin and streptomycin, 50 µM 2-mer-
captoethanol and 20 ng mL−1 recombinant GM-CSF (Peprotech).
Cells were collected on day 9 and subsequently stimulated with
100 ng mL−1 LPS from Escherichia coli (Sigma). At this point, DC
preparations were characterized as CD11c+ MHCII+ Ly6G−. OT-
II CD4 T cells were co-cultured with DCs (8:1 T-cell/DC ratio) in
the presence of ovalbumin (OVA) peptide for 18 h. Cells were
stained for CD4 and MHCII for subsequent sorting of the CD4 T-
cell fraction on a FACSAria flow cytometer (BD Biosciences).

Human T lymphoblasts

Human T lymphoblasts were obtained as previously described
(Mittelbrunn et al. 2011). Briefly, peripheral blood mononuclear
cells were isolated from buffy coats from healthy donors. Isolated
nonadherent cells were cultured for 2 d in the presence of phytohe-
magglutinin (5 µg mL−1) and subsequently interleukin 2 (50 U
mL−1) was added to themedium every 2 d for a period of 8 d. T lym-
phoblasts were later stimulated either with anti-CD3 and anti-CD28
coated beads (Gibco) or with phorbol myristate acetate (PMA) and
ionomycin.

RNA isolation

Total RNAwas extracted with QIAzol lysis reagent (Qiagen) and the
miRNeasy mini kit (Qiagen). Purity and concentration were mea-
sured in a Nanodrop-1000 spectrophotometer (Thermo Scientific),
and RNA integrity was assessed using the Agilent 2100 Bioanalyzer.

Small RNA cloning and sequencing (miR-seq library
preparation, sequencing, and generation of FastQ files)

Total RNA (1 µg) was used to generate barcoded miR-seq libraries
using the TruSeq Small RNA Sample Preparation Kit (Illumina).
Briefly, 3′ and 5′ adapters were first ligated to the RNA sample.
Next, reverse transcription followed by PCR amplification was
used to enrich cDNA fragments with adapters at both ends.
Adapter-ligated cDNA fragments from different samples were
pooled and run on a 6% polyacrylamide gel. The band between
147 and 180 base pairs, corresponding to the pooledmiRNA libraries
including slightly longer fragments (potential IsomiRs with 3′NTAs),
was purified from the gel. Finally, the quantity and quality of the
pooled miR-seq libraries were determined using the Agilent 2100
Bioanalyzer High Sensitivity DNA chip. Libraries were sequenced
on a Genome Analyzer IIx (Illumina). FastQ files for each sample
were obtained using CASAVA v1.8 (Illumina). Library preparation
and sequencing was performed by the CNIC genomic unit.

Next-generation sequencing analysis and statistics

Raw FASTQ files were trimmed for adapter contamination using
REAPER from the Kraken package (Davis et al. 2013). All reads
weremapped against miRNA precursors obtained frommiRBase re-

lease 21 (Kozomara and Griffiths-Jones 2014) using BLASTn. A cus-
tom pipeline interrogated each read to determine which miRNAs
originated from which precursor and which arm (either 5′ or 3′).
Extra nucleotides that could not be explained by the associated
miRNA precursor sequence were flagged as noncanonical 5′ or 3′ ex-
tensions. Count data for canonical matches and noncanonical ex-
tensions were stored for each sample in the tabular form. Count
data were normalized and analyzed using R/BioConductor with
the DeSeq2 package. DESeq2 automatically excludes outliers using
a Cook′s distance for all genes.
Changes to either global miRNA levels or individual miRNA

modifications were viewed as significant if they had an absolute
log fold-change >0.5 and an adjusted P-value <0.05. miRNAs
were considered into DE analysis when having a mean expression
level of log2 > 2.
All data and scripts used are available. NGS analysis data have

been deposited in European Nucleotide Archive and are accessible
through ENA accession number PRJEB15528.

mRNA reverse transcription and quantitative
real-time PCR

cDNA was synthesized using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Expression analysis by
quantitative PCR was performed with SYBRgreen PCR master
mix (Applied Biosystems), and the corresponding primers are listed
in Supplemental Table S5. Data were acquired and analyzed using
the ABI Prism 7900HT Sequence Detection System (Applied
Biosystems) and Biogazelle QBasePlus software (Biogazelle). B-actin
and Yhwaz (tyrosine 3-monooxygenase/tryptophan 5-monooxyge-
nase activation protein, ζ) genes were used as endogenous controls
for presentation of relative mRNA levels.

Reverse transcription and RT-qPCR of mature
canonical miRNA

cDNA was synthesized and mature miRNAs were quantified by
miRCURY LNA Universal RT microRNA PCR (Exiqon), using
miRNA LNA primers (Exiqon) and SYBRgreen PCR master mix
(Applied Biosystems). QuantitativemiRNA expression data were ac-
quired and analyzed using the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems). Data were further analyzed
using BiogazelleQBasePlus software (Biogazelle). RNU1A1 and
RNU5G RNAs were used as endogenous controls and results are ex-
pressed in arbitrary units.

Nucleofection of synthetic RNAs

Synthetic RNAs that correspond to canonical or di-uridylated
miRNAs (Integrated DNA Technologies) were nucleofected into
freshly isolated naïve CD4 T cells using the Amaxa Mouse T-cell
Nucleofector Kit and Amaxa Nucleofector II (Lonza) according to
the manufacturer’s instructions.

Reverse transcription and qPCR of synthetic miRS
and isomirs

Levels of the synthetic miRNAs previously nucleofected into T cells
were analyzed by a variation of the miQPCR method (Benes et al.
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2015). In brief, 60 ng of total RNAwere ligated to an oligonucleotide
adapter (miLINKER) followed by retrotranscription to cDNA.
Quantitative PCR was then performed with Taqman PCR master
mix (Applied Biosystems) using both specific primers and LNA
Taqman probes. Quantitative data of synthetic RNA levels were ac-
quired and analyzed using the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems). Data were further analyzed
using BiogazelleQBasePlus software (Biogazelle). snoRNA 420 and
snoRNA 412 were used as endogenous controls for normalization
and results are expressed in arbitrary units.

Immunofluorescence

Cells were plated onto slides coated with poly-L-lysine (50 µg
mL−1), incubated for 30 min, fixed, blocked, and stained with anti-
tubulin-FITC (Sigma-Aldrich) and rabbit polyclonal anti-Zcchc11
(TUT4) (Proteintech) (5 µg mL−1) followed by Rhodamine Red
X-labeled secondary antibody (5 µg mL−1) (Life Technologies).
Samples were examined with a Leica SP5 confocal microscope
(Leica) fitted with a ×63 objective, and images were processed and
assembled using Leica software.

Immunoblotting

Cells were lysed in lysis buffer (50 mMTris pH 7.5, 150 mMNaCl, 2
mM MgCl2, 1%NP-40, 5 mM EDTA) containing a protease inhib-
itor cocktail (Complete, Roche). Proteins were separated on 8% ac-
rylamide/bisacrylamide gels and transferred to a nitrocellulose
membrane. Membranes were incubated with specific primary anti-
bodies (5 µg mL−1) and peroxidase-conjugated secondary antibod-
ies (5 µg mL−1), and chemoluminescence was measured with LAS-
3000 (Fujifilm). The following antibodies were used: rabbit poly-
clonal anti-Zcchc11 (TUT4), rabbit polyclonal anti-Zcchc6
(TUT7) (Proteintech), goat polyclonal anit-Zcchc11 (ProSci),
anti-p150glued (BD Transduction Laboratories), monoclonal anti-
EZH2 (Cell Signaling), polyclonal anti ezrin/moesin (ERMs) (90/
3) (provided by Heinz Furthmayr, Stanford University, Stanford,
CA). Secondary antibodies were goat anti-mouse peroxidase
(31446, Thermo Scientific) (1:5,000) and goat anti-rabbit peroxi-
dase (37460, Thermo Scientific) (1: 10,000). Band intensities were
quantified with Image Gauge (Fujifilm). The Proteo Extract subcel-
lular proteome extraction kit (Calbiochem) was used for subcellular
fractionation of proteins followed by Western blot.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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T cells display speci!c miRNA pro!les compared to other cell types of the immune system. "ese pro!les show 
speci!c changes in response to activation by CD3 and CD28 antibody stimulation and T helper (") cell in vitro 
polarization1–3. Studies using mice de!cient for genes involved in the miRNA biogenesis pathway, e.g. Dicer and 
Drosha, established the central role of miRNAs in the regulation of development and homeostasis of the immune 
system, and speci!cally " cell di#erentiation4–6.

miR-132-3p has been mainly described in the nervous system, with only a few recent emerging examples in 
the immune system, e.g. regulation of hematopoietic stem cell function7. miR-132-3p facilitates viral infection 
both in innate immune cells8 and CD4 T cells9. Moreover, the miR-132/212 cluster has been described in the 
interphase between nervous and immune systems since it is related to resistance to experimental autoimmune 
encephalomyelitis (EAE). Hence, miR-132/212 cluster induces a cholinergic anti-in$ammatory e#ect on EAE 
by targeting acetylcholinesterase upon aryl hydrocarbon receptor activation by its exogenous ligand TCDD10–12. 
Recently, the miR-132/212 cluster has been involved in B cell development when it is induced in response to B cell 
receptor and targets Sox413. However none of these works studied the role of miR-132-3p in CD4 T cell activation.

Here we used a miRNA microarray approach to study the miRNA pro!le of T cells a%er their encounter with 
professional antigen-presenting cells (APC) bearing speci!c antigen. We then studied in silico the mRNAs pre-
dicted to be targeted by the combination of the miRNAs upregulated a%er T cell activation. We observed that the 
mRNA and protein levels of the pik3r1 gene displayed a negative correlation with speci!c miRNAs upregulated 
during T cell activation. Finally we established the direct inhibition of pik3r1 by miR-132-3p, one of the miRNAs 
upregulated a%er T cell activation.

����������������������
�������������������ͺ+������������������������������������������������Ǧ�����������������
�����Ǥ� To analyze the miRNA pro!le of CD4 T cells a%er their encounter with an APC, we co-cultured freshly 
isolated CD4 T cells from OT-II transgenic mice with in vitro derived conventional dendritic cells (cDCs) in the 
presence or absence of chicken ovalbumin (OVA) 323–339 peptide. CD4 T cells from OT-II mice express a T cell 
receptor that is speci!c for OVA peptide in the context of I-A b. A%er 18 h of co-culture, CD69 and CD25 activa-
tion markers were upregulated in T cells a%er co-culture with cDCs in the presence of OVA but not in its absence 
(Supplementary Figure S1A). "e e#ect was similar to the one observed using antigen-independent stimulation 
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with antibodies against CD3 and CD28 (Supplementary Figure 1B). CD4+ T cells were subsequently sorted from 
the coculture by $ow cytometry and their miRNA pro!le analyzed using Agilent microarrays. We found 34 miR-
NAs di#erentially expressed in T cells activated by cDCs-OVA compared to those co-cultured in the absence of 
OVA (Fig. 1A). Our microarray data agree with previous studies on miRNA pro!le changes on T cells a%er acti-
vation with CD3 and CD28 antibodies assessed by di#erent techniques, from Northern blot to microarrays3, 14–16.  
Our study adds information regarding the modulation of the T cell miRNA pro!le using a more physiologi-
cal trigger, i.e. antigen-loaded professional APC. "is is likely to better represent an in vivo scenario of T cell 
activation.

We next performed spot-check validation of some of the observed miRNA found in the microarray data 
by RT-qPCR. We chose miRNAs previously known to be implicated in T cell activation like miR-17-5p, miR-
18a-5p and miR-150-5p as well as others not previously described to be related to this process (miR-132-3p, 
miR-467b-5p and miR-26a-5p). miR-17-5p, miR-18a-5p and miR-132-3p were signi!cantly upregulated in T cells 
upon contact with OVA-loaded cDC (Fig. 1B). "ey were also upregulated, albeit to a lower extent, when T cells 
were stimulated with OVA-loaded plasmacytoid DCs (pDC) (Supplementary Figure S2). miR-467b-5p was signif-
icantly downregulated in T cells upon contact with OVA-loaded cDC (Fig. 1B). miR-26a-5p and miR-150-5p also 
exhibited lower levels when pulsed with OVA-loaded cDCs and pDCs (Fig. 1B and Supplementary Figure S2).

"e expression levels of the identi!ed miRNAs were also assessed in CD4 T cells treated with the polyclonal 
activator concanavalin-A (ConA) followed by expansion with recombinant interleukin 2 (IL-2). A clear upreg-
ulation of miR-17-5p, miR-18a-5p and miR-132-3p was detected. "e three miRNAs were maximally expressed 
at 24 h post stimulation. Interestingly, the levels of miR-132-3p were back to the baseline a%er approximately 
96 h. Conversely, the levels of miR-17-5p and miR-18a-5p remained elevated a%er eight days (Fig. 1C). Similar 
behaviors were observed in those miRNA that became downregulated in response to ConA. For example, miR-
26a and miR-150 decreased sharply their levels only 24 h post stimulation, reaching a lowest value a%er 72 h and 
remaining low up to eight days. Conversely, miR-467b-5p displayed a minor decrease a%er 72 h, and its levels 
$uctuated a%erwards (Fig. 1C). Overall, these data indicate that there is a speci!c pro!le of miRNAs regulated 
a%er T cell activation. Also, we found similarities of the miRNA pro!les changes triggered by antigen-loaded cDC 
and the mitogen ConA.

Figure 1. microRNA pro!le of CD4 T cells activated by cognate interaction with cDCs. CD4 T cells from OT-II 
mice were cocultured with cDCs in the presence or absence of OVA peptide for 18 h and their miRNA analyzed 
by miRNA microarray. (A) Comparison of miRNAs expression on T cells a%er stimulation by cDCs loaded or 
not with OVA peptide. (B) Selected miR-17-5p, miR-18a-5p, miR-132-3p, miR-26a-5p, miR-150-5p and miR-
467b-5p miRNAs were validated by RT-qPCR. miRNAs that were detected by microarrays to be upregulated or 
downregulated are depicted in red and green respectively. (n = 8) (C) miRNA levels were assessed by RT-qPCR 
in freshly isolated mouse naive CD4 T cells in di#erent time points of activation with ConA followed by IL-2. 
(Plots are representative of two independent experiments). RNU1A1 and RNU5G were used as endogenous 
controls and data are presented in arbitrary units (A.U.). ***P < 0.001; **P < 0.05; ns, non-signi!cant.
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���͹�ͷ���������������������������������������������������������������Ǥ� As a !rst approach to 
identify the possible common mRNA targets of the miRNAs that were regulated a%er T cell activation, we used a 
customized program which combines several prediction algorithms as well as databases for experimentally vali-
dated targets making its prediction more reliable17. Interestingly, several target genes of the miRNAs upregulated 
a%er T cell activation, were related to the establishment of the immune response (Supplementary Figure S3). We 
focused our attention on those mRNA targets that have the higher number of predicted miRNAs modulating 
them, particularly those interactions that have not been experimentally validated yet. Table 1 shows some of these 
genes and the combined prediction score of our prediction tool.

We focused in the pik3r1 (Phosphoinositide-3-Kinase, Regulatory Subunit 1 Alpha) gene among those pre-
dicted targets of the miRNAs upregulated a%er T cell activation since it is implicated in important signaling path-
ways of this process. Interestingly, pik3r1 was predicted to be inhibited by 11 out of the 12 miRNAs upregulated in 
T cells a%er cognate interaction with cDCs (Table 1). "e speci!c list of these miRNAs and their logFoldChange 
of cDC- vs cDC-OVA stimulated CD4 T cells is presented in Table 2.

Pik3r1 encodes for the proteins p50α, p55α and p85α, which are the regulatory subunits of Class IA phos-
phatidylinositol 3-kinases (PI3K). PI3K signaling pathway is one of the signaling pathways that arise from TCR 
and co-receptors engagement during T cell activation. "e main role of the regulatory subunits of IA PI3K is 
to bind and stabilize the catalytic subunit p110, inhibiting its activity in basal conditions18, 19. "ey also recruit 
the PI3K complex to phosphotyrosine residues in receptors and adaptor molecules, which relieve the inhibitory 
contact with the catalytic subunits and will bring them in contact with their lipid substrates in the membrane20.

"e expression of the corresponding proteins and mRNA of pik3r1 gene were studied during T cell activation. 
p85 and p50 proteins, and the mRNA levels of the two corresponding alternative transcripts, decreased over time 
in CD4 T cells stimulated with anti CD3 and anti CD28 for 7 d (Fig. 2A,B and C). On the other hand, miR-17-5p, 
miR-18a-5p and miR-132-3p, which are predicted to target pik3r1, were inversely regulated (Fig. 2D). "ese 
data indicate that the regulator of PI3K, pik3r1, might be directly modulated by miRNAs induced during T cell 
activation.

Gen Number of miRNAs
Combined Prediction 
SCORE

Tnrc6b 12 0.80847
Eif4g2 11 0.73535
Tnrc6a 11 0.68594
Sox5 11 0.66711
Pik3r1 11 0.65147
Tbc1d2b 11 0.59698
Tbxas1 11 0.57699
Syncrip 11 0.56623
Gsk3b 11 0.56402
Neo1 11 0.56114
Zfp664 11 0.54515
Rdx 11 0.53015

Table 1. Targets of upregulated miRNAs in CD4 T cell activation. Prediction of the targets of the miRNAs 
upregulated in CD4 T cells from OT-II mice a%er stimulation with cDCs loaded with OVA peptide. Prediction 
was performed with a combinatorial method of di#erent available prediction tools. Higher combined prediction 
score denotes more con!dence in the prediction.

miRNA logFC adjpv
mmu-miR-155-5p 3,746 0,003
mmu-miR-132-3p 2,865 0,031
mmu-miR-18a-5p 2,752 0,025
mmu-miR-34a-5p 2,041 0,012
mmu-miR-31-5p 2,012 0,042
mmu-miR-17-5p 1,928 0,008
mmu-miR-106a-5p 1,867 0,018
mmu-miR-193a-3p 1,661 0,018
mmu-miR-21a-5p 1,330 0,042
mmu-miR-17-3p 1,307 0,039
mmu-miR-20a-5p 1,190 0,031
mmu-miR-146a-5p 0,936 0,048

Table 2. miRNAs upregulated in CD4 T cell activation. A total of 11 out of the 12 miRNAs upregulated a%er 
CD4 T cell stimulation by cDC-OVA are predicted to be targeting pik3r1. "e only miRNA not predicted to 
target is presented in gray.
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���Ǧͷ͹͸Ǧ͹�������������͹�ͷǤ� Next, we used a combination of prediction programs to analyze the pre-
dicted miRNA binding sites on the 3′UTR of pik3r1 (Supplementary Table S1). We identi!ed ten canonical 
binding sites and two unusual sites for miRNAs upregulated during T cell activation in the 3′UTR of pik3r1. 
We focused on the interaction of miR-132-3p with pik3r1 because the prediction algorithms projected two 
di#erent binding sites for miR-132-3p in the 3′UTR of the gene; also, because the role of this miRNA in the 
context of T cell activation had not been previously reported. We generated luciferase reporter vectors of the 
two regions of the 3′UTR of pik3r1 containing the two predicted target sites of miR-132-3p. For Site 1, we 
used the 71-362 fragment; Site 2 contained the 2957-3162 fragment (Fig. 3A). We co-transfected the reporter 
plasmids into HEK cells either with a control plasmid or a plasmid driving the overexpression of miR-132-3p 
co-expressing GFP. GFP-positive cells were sorted by $ow cytometry and overexpression of miRNA-132 was 
monitored by RT-qPCR (Fig. 3B). Luciferase signal analysis revealed that both predicted sites are targeted by 
miR-132-3p, since luciferase levels were lower in cells co-transfected with miR-132-3p plasmid compared to 
the control plasmid (Fig. 3C). To further assess the functional relationship between miR-132-3p and pik3r1 
gene in T cells, we next transfected miR-132-3p mimics into Jurkat T cells and evaluated the levels of pik3r1 
gene products, the proteins p85α, p55α and p50α that are expressed in this cell line. A%er 48 h post trans-
fection, miR-132-3p was overexpressed in these cells, signi!cantly reducing p55α and p50α protein levels 
(Fig. 3D–F). "e overexpression by transfection of miR132-3p mimic resulted in levels of the miRNA greater 
than the endogenous levels of activated T cells. However, the reduction of the protein levels was not so dra-
matic. Indeed, p85α protein levels were lower in miR-132-3p overexpressing cells although the decrease was 
milder compared to the other isoforms probably due to the higher stability of this speci!c isoform. "us, our 
data experimentally demonstrate that miR-132-3p inhibits the expression of the products of the pik3r1 gene 
in T lymphocytes.

"e prediction algorithms that we used projected that the di#erent pik3r1 transcripts would be targeted by 11 
of the 12 miRNAs upregulated a%er T cell activation. Moreover, we detected a downregulation of both its protein 
products and mRNA transcripts at di#erent time points a%er initial T cell activation. "e speci!c loss of p85α 
(with the other regulatory subunits unaltered like p50α) has been previously shown to inhibit the activation of 
Akt under conditions promoting the di#erentiation of "1, "2 and "17 cells, but only "17 di#erentiation 
was a#ected21. A recent study described that patients with mutations on PIK3R1 undergo excessive lymphop-
roliferation and exhibit hyperactive PI3K signaling as a result of the abnormally low level of expression of the 
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Figure 2. pik3r1 is downregulated during T cell activation. (A) mRNA relative levels of the two main 
transcripts of pik3r1 were measured by qPCR. Levels were normalized to Yhwaz and β-actin housekeeping 
genes (n = 2). (B) Western blot analysis of p85α and p50α protein content in CD4 T cells a%er activation with 
anti-CD3 plus anti-CD28. Representative Immunoblots (n = 3); protein bands were cropped from the same gel. 
ERMs were included as a loading control. (C) Protein levels of p85α and p50α in (B) normalized to ERMs. (D) 
miRNA levels in CD4 T cells a%er activation with anti-CD3 plus anti-CD28. Levels are normalized to RNU1A1 
and RNU5G and presented in arbitrary units (n = 2).
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mutant p85α22. We hypothesize that the decreased expression of pik3r1 a%er T cell activation might be regulated 
by a combination of miRNAs that control that PI3K signaling is precisely dosed during T cell activation. In this 
context, miR-132-3p would have a cooperative role in T cell activation. It is worth mentioning that signaling 
downstream pik3r1 was not signi!cantly changed by the overexpression of miR-132-3p (data not shown) further 
supporting the idea of miR-132-3p cooperative role with other miRNAs. However, our experimental data only 
provide information about this speci!c miRNA. In summary, we propose that the modulation of the observed 
group of miRNAs during T cell activation, including miR-132-3p, !nely tunes the availability of gene products to 
promote the proper activation of T cells.

�������
����Ǥ� C57BL/6 and OT-II mice were bred under speci!c pathogen-free conditions according to European 
Commission recommendations at Centro Nacional de Investigaciones Cardiovasculares (CNIC) animal facility. 
All experimental methods and protocols were approved by CNIC and Comunidad Autónoma de Madrid and 
followed European Commission guidelines and regulations.

�����������������������������������Ǥ� HEK-293T were cultured in DMEM Medium (SIGMA) supple-
mented with 10% Fetal Bovine Serum (FBS) (Invitrogen). Cells were co-transfected with Psicheck2 reporter 
plasmids for pik3r1 3′UTR fragments and control GFP plasmid or a miR-132-3p-GFP plasmid (ABM) with 
Lipofectamine-2000 (Invitrogen) according to manufacturer’s instructions. GFP+ cells were sorted at FACSAria 
$ow cytometer (BD Biosciences) before downstream analysis. Jurkat cells were cultured in RPMI (Sigma) con-
taining 10% FBS (Invitrogen). Jurkat cells were transfected with either miRIDIAN miRNA Mimic negative 
Control-Dy547 or miRIDIAN miRNA Mimic mmu-miR-132-3p (Dharmacon) by electroporation. Cells were 
resuspended in Opti-MEM (GIBCO) with 1 µM of mimic and electroporated with Gene Pulser Xcell (Bio-Rad) 
at 1200 µFa, 240 mV during 30 ms.

�����������������������ǡ�����������������������Ǥ� Mouse primary cells were cultured in RPMI 1640 
medium supplemented with 10% fetal bovine serum, 50 µM 2-mercaptoethanol and 1 mM sodium pyruvate.

Figure 3. miR-132-3p targets pik3r1. (A) 3′UTR of pik3r1 cloning strategy. Fragments from 71 to 362 bp 
and from 2957 to 3162 bp containing the two binding sites predicted for miR-132-3p were cloned into the 
psiCheck2 vector. (B) miR-132-3p levels in HEK cells a%er transfection. Levels were normalized to RNU1A1 
and RNU5G. (C) HEK cells were transfected with indicated plasmids (Control empty vector or miR-132 
expressing vector), GFP+ cells sorted and Renilla and Fire$y luciferase signal measured. Data are presented in 
Renilla Luciferase signal relative to Fire$y (n = 5). T-test **P < 0.05. (D) miR-132-3p expression in Jurkat cells 
48 h post transfection with either negative Control-Dy547 or mmu-miR-132-3p miRNA Mimics. (E) Western 
blot analysis of p85α, p55α and p50α isoforms in Jurkat cells a%er 48 h of transfection with the control or 
miR-132-3p mimics as in (D). A representative blot of one experiment out of !ve is shown; protein bands were 
cropped from the same gel. (F) Protein relative levels of p85α, p55α and p50α as in (E) a%er normalization to 
p150 (n = 5) T-test **P < 0.05; *P < 0.01.
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Mouse naive CD4+ T cells were isolated from cell suspensions of lymph nodes or spleen that were incu-
bated with biotinylated antibodies (BD Biosciences) against CD8, CD19, CD25, CD11b, CD11c, CD45R, 
MHC-II (I-Ab), DX5, IgM, Gr-1 and F4/80, subsequently with streptavidin microbeads and negatively selected in 
auto-MACS Pro Separator (Miltenyi Biotec) according to the manufacturer’s instructions. Wild type bone mar-
row cell suspensions were either cultured to obtain conventional DCs or both pDCs and cDCs as described23, 24. 
When indicated, OT-II CD4 T cells were cocultured with the corresponding subset of DCs (8:1T cell/DC ratio) in 
the presence or absence of chicken ovalbumin (OVA) 323–339 peptide. Polyclonal activation of CD4 T cells was 
performed with 10 µg ml−1 of anti-CD3 plate bound and 2 µg ml−1 of anti-CD28 (BD Biosciences).

	����������������������������������Ǥ� Cell samples were analyzed with a BD FACS Canto or BD LSR 
Fortessa $ow cytometers and FACSDiva so%ware (BD Biosciences) and FlowJo so%ware. For mouse CD4 T cells 
phenotyping to check purity and activation the following antibodies were used against: CD4, CD69, CD62L, 
CD25, and CD8 coupled with the appropriate $uorophore (BD Biosciences). Cells were sorted on a FACSAria 
$ow cytometer (BD Biosciences). CD4+ T cells from the coculture with DCs were discriminated by staining of 
MHC-II and CD4 plus CD69.

�������Ǥ� "e two fragments of the 3′UTR of pik3r1 (sequence from 71 to 362 bp and from 2957 to 3162 
(Fig. 3A) were cloned into psiCHECK2 vector (Promega). Fragments were ampli!ed from genomic DNA using 
Q5 High-Fidelity DNA Polymerase (New England BioLabs) and the corresponding primers (Supplementary 
Table S1). Each ampli!ed DNA fragment was ligated to the psiCHECK2 vector a%er digestion with PmeI restric-
tion enzyme (NEB) using the Gibson Assembly Master Mix25 (NEB) following manufacturer’s instructions.

��������������Ǥ� Total cell extracts were prepared in RIPA lysis bu#er and analyzed by Western blot-
ting. "e following antibodies were used: anti-alpha Tubulin (DM1A, Sigma), anti-p150glued (BD Transduction 
Laboratories), rabbit anti-p85a (Millipore), anti ezrin/moesin (ERMs) (90/3) (provided by Heinz Furthmayr, 
Stanford University, CA). Full immunoblots are provided in Supplementary Figure S4.

������������������������������Ǥ� HEK cells were lysed a%er 24 h postransfection and the ratio of Renilla 
and Fire$y luciferase activities was measured by the dual luciferase assay (Promega). Psicheck2 dual luciferase 
reporter vector comprises the gene of Fire$y luciferase as a normalizing gene and the luciferease Renilla reni-
formis gene downstream of the cloning site.

�������������Ǥ� Total RNA was extracted with the miRNeasy mini kit (Qiagen). Purity and concentration 
were measured in a Nanodrop-1000 spectrophotometer ("ermo Scienti!c) and RNA integrity using the Agilent 
2100 Bioanalyzer.

���������������������������������Ǥ� Agilent Mouse miRNA V2 (4 × 44 K) microarray was performed 
on RNA preparations. miRNA data were normalized based on the VSN-invariant method26, 27 using the GeneView 
!les extracted from the Agilent Feature Extraction suite. "is method preserves the biological characteristics of 
the data while stabilizing the variance across all the intensity range based on a !t to some invariant miRNAs (113 
in this case). A%er normalization, only those probes present in at least two samples and with average expression 
over the 20th percentile of all average expressions were considered for further analysis (198 miRNAs). We used 
linear models28 as implemented in the limma Bioconductor package.

"e microarray data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through 
GEO Series accession number GSE85363.

������������������������������������������������������������������͹′����Ǥ� "e targets of the 
murine microRNAs upregulated a%er T cell activation were predicted using the Weighted Scoring by Precision 
(WSP) method17. Brie$y, the method searches nine databases of predicted interactions for the putative targets of 
the object miRNAs and !nds which of these interactions are among four databases of experimentally validated 
interactions. "us, the reliability and precision of each interaction in each database is calculated. An integrated 
score is calculated for each interaction as the sum of each individual database score multiplied by the precision of 
that interaction in the speci!c database.

"e sequences of the 3′-UTR of murine pik3r1 gene and those of mature miRNAs upregulated a%er T cell acti-
vation were retrieved from the Ensembl database (release 72, June 2013) and the miRBase database (release 19, 
August 2012), respectively. Predictions were made using the algorithms miRanda29, PITA30, FindTar v3.11.12 31, 
RNAHybrid32, and TargetScan v6 33 using parameter default values. The sequences of six, seven and eight 
nucleotides of each miRNA 5′ end were considered as seeds, starting from the !rst, second or third nucleotide. 
Mismatches were not allowed in the canonical seeds but noncanonical seed-matches were also searched.

��Ǧ��������������������������������������Ǥ� cDNA was synthesized and mature miRNAs were 
quanti!ed by miRCURY LNA Universal RT microRNA PCR (Exiqon), using miRNA LNA primers (Exiqon) 
and SYBRgreen PCR master mix (Applied Biosystems). cDNA for mRNA quanti!cation was synthesized using 
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and quantitative PCR was performed 
with SYBRgreen PCR master mix (Applied Biosystems) and corresponding primers (Supplementary Table S2). 
Quantitative miRNA or mRNA expression data were acquired on ABI Prism 7900HT SDS (Applied Biosystems) 
and further analyzed using BiogazelleQBasePlus so%ware (Biogazelle). Results are expressed in arbitrary units 
(A.U.) relative to endogenous controls, RNU1A1 and RNU5G RNAs for miRNAs and B-actin and Yhwaz for 
mRNAs.
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MiRNA targeting of key immunoregulatory molecules fine-tunes the immune response.

This mechanism boosts or dampens immune functions to preserve homeostasis while

supporting the full development of effector functions. MiRNA expression changes during

T cell activation, highlighting that their function is constrained by a specific spatiotemporal

frame related to the signals that induce T cell-based effector functions. Here, we update

the state of the art regarding the miRNAs that are differentially expressed during T cell

stimulation. We also revisit the existing data on miRNA function in T cell activation, with

a special focus on the modulation of the most relevant immunoregulatory molecules.

Keywords: T cell activation, microRNAs (miRNAs), immunoregulatory molecules, miRNA signature, CD4, CD8,

T lymphocyte

INTRODUCTION

MiRNAs are small (∼19–24 nucleotides) single-stranded non-coding RNA species that act as post-
transcriptional modulators; they control gene expression, either by promoting mRNAs degradation
or repressing their translation (1). More than 2,500 human mature miRNA sequences have been
already listed in MirBase (2) although the total amount of miRNAs is likely up to 10 times higher
(3). Friedman et al. (4) estimated that miRNAs could modulate around 60% of protein-coding
genes, indicating the relevance of these regulatory pathways in gene expression.

The miRNA repertoire changes upon T cell activation (5–11). Figure 1 summarizes miRNA
species described to be either upregulated or downregulated upon T cell stimulation. Different
studies have yielded data that may appear contradictory, likely due to T cell subset differences, the
origin of the sample (murine or human) and the strategy of stimulation. Additional differences stem
from the strategy used to evaluate miRNA expression, being arrays the most commonly employed
technique, together with RT-qPCR and Northern Blot.

Despite variability, some trends are very consistent, including downregulation of miR-26a, miR-
26b, miR-150, miR-181a, miR-223, and miR-342-3p; and upregulation of miR-155 and the miR-
17∼92 cluster (particularly miR-17-5p, miR-18a-5p, and miR-19b). MiR-146a was downregulated
in mouse T cells, but upregulated in human upon activation, while miR-31 behaved in the opposite
way, suggesting the existence of species-specific regulatory mechanisms.

In addition to variations in miRNA expression, it would be essential to consider the total
abundance of each miRNA in the cell. Interestingly, only 7 miRNAs accounted for around 60%
of the total sequencing reads in CD8+ T cells (8).

Beyond individual miRNA changes, it is important to highlight that miRNAs undergo a global
downregulation upon stimulation. In this regard, almost three times higher total miRNA array
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hybridization signal has been detected in mouse CD8+ naive T
cells compared to activated cells (8); similarly, an independent
study found a significant downregulation of the total amount of
miRNA in stimulated mouse and human CD4+ T cells compared
to non-stimulated controls (5).

LESSONS FROM MIRNA-DEFICIENT
MODELS

Dicer is an RNase III endonuclease that controls miRNA
biogenesis. It processes precursor miRNA (pre-miRNA) into
mature miRNA forms (12–14). Constitutive Dicer KO mice
display embryonic lethality (15), indicating the relevance of this
enzyme in development. Lineage-specific Dicer-deficient models
were therefore required to study the consequences of reduced
miRNA function in a tissue-specific manner.

Dicer-deficient CD4+ T cells were hyper-responsive to
TCR stimulation and produced IL-2 in the absence of co-
stimulation (16). After activation, CD4+ Dicer-deficient mice
showed reduced proliferation, higher levels of apoptosis and a
bias towards Th1 differentiation and IFN-γ release (17). In Th1
differentiation, IFN-γ production and a decline in IL-2 secretion
occurred earlier in Dicer-deficient than in wild-type CD4+ T
cells (17). Th2 cells presented reduced levels of GATA3 mRNA
and failed to suppress IFN-γ expression (17). Consistently,
similar phenotypes were observed in T cells lacking Drosha
or its RNA-binding cofactor DGCR8, which form a complex
responsible for primary miRNA transcript processing. Drosha-
deficient naïve CD4+ T cells differentiated into Th1 and Th2, but
expressed higher levels of IFN-γ than control cells (18). Similarly,
DGCR8-deficient T lymphocytes showed reduced proliferation
and an increase in IFN-γ secretion (19). A number of very
comprehensive reports have addressed the role of miRNAs in
T cell differentiation (20–24). In this review, immunoregulatory
molecules responsible for differentiation have been discussed
when closely related to T cell activation events.

CD4-specific Dicer deficiency also affects the regulatory T cell
compartment, impairing Tregs development in the thymus and
reducing their numbers in peripheral lymphoid organs (25). In
addition, deficient naïve CD4+ T cells activated in the presence
of TGF-β expressed significantly less FOXP3 than control cells
(25). Besides, several studies have demonstrated that miRNA
disruption in Treg cells leads to autoimmune diseases (18, 26, 27).

Dicer-deficient CD8+ T lymphocytes responded more rapidly
to activation in vitro, as indicated by faster CD69 up-regulation
and an earlier proliferative response, although their survival was
reduced after 2 days (28). CD8+ Dicer KO cells also showed
a delay in CD69 down-regulation after removal of the TCR-
activating stimulus, suggesting a sustained activation of cytotoxic

Abbreviations: AKT3, v-akt murine thymoma viral oncogene homolog 3; APC,
antigen-presenting cell; BIM, B-cell lymphoma 2 (Bcl-2) interacting mediator of
cell death; CTLA-4, Cytotoxic T lymphocyte-associated antigen 4; GVHD, Graft
versus host disease; IL, Interleukin; PD-1, Programmed Death 1; PI(3,4,5)P3,
phosphatidylinositol-(3,4,5)-triphosphate; PI(4,5)P2, phosphatidylinositol-(4,5)-
biphosphate; PTEN, phosphatase and tensin homolog; TCR, T-cell receptor; Tfh, T
follicular helper; TGF-β, Transforming Growth Factor- β; Treg, regulatory T cell;
tTreg, Thymic-derived regulatory T cells; UTR, untranslated region.

lymphocytes in the absence of miRNAs (28). Furthermore, CD8+

Dicer-deficient cells failed to produce an efficient in vivo effector
response, including lower proliferation and impaired cytokine
production (IFN-γ and TNF-α) (28).

Models with impaired miRNA synthesis machinery highlight
the importance of miRNAs as positive (booster) and/or negative
(brake) regulators of T cell development and function, which is a
major focus of this review (Figure 2).

MiR-146a mainly acts as a “brake” miRNA, as miR-146a-
deficient mice develop chronic inflammation and autoimmunity
(29). CD4+ and CD8+ T cells from miR-146a deficient mice
display less apoptosis and increased proliferation, expression of
activationmarkers (CD25 and CD69) and effector cytokines (IL2,
IFN-γ, and IL-17A) (30). Likewise, miR-125b is another negative
regulator of T cell function, contributing to the maintenance of
the naïve state in human CD4+ T cells, in which it appears at
high levels (31). This effect is at least partly achieved via targeting
key molecules for T cell activation, e.g., BLIMP-1, IL-2Rβ, IL-
10Rα, and IFN-γ (31). Conversely, other miRNAs boost the
immune response. For instance, miR-142-deficient mouse T cells
showed reduced proliferation, deregulated cytokine expression
and decreased secretion of pro-inflammatory cytokines such as
IFN-γ, IL-17, and IL2 in response to activation (32, 33). Other
examples of enhancer miRNAs are miR-155 and miR-17∼92;
miR-155-depleted mice are immunodeficient (34), whereas miR-
17∼92-deficient T cells exhibited reduced antitumoral responses
(35).

IMMUNOREGULATORY MOLECULES AS
MIRNA TARGETS

T cell activation requires that the TCR recognizes a specific
antigen bound to the MHC on the surface of an APC in
the presence of co-stimulation. PI3K, AKT and mTOR are
crucial mediators of T cell activation. Their positive signaling,
downstream the TCR, is counter-balanced by negative regulators
such as PTEN and BIM. Costimulatory signals are provided
by surface receptors expressed on T lymphocytes that interact
with specific ligands on APCs, and can be either activating
(such as CD28 and ICOS) or inhibitory (like CTLA-4 and PD-
1). These activating and inhibitory events are integrated into
a net response that triggers the activation and/or repression of
transcription factors (NFAT, AP-1, NF-κB, and others). Their
nuclear localization promotes the synthesis of immune effector
molecules, e.g., cytokines. MiRNAs also control the activation
and integration of these pathways to support T cell effector
functions while maintaining immune homeostasis. Herein,
we review the miRNA-mediated regulation of key molecules
involved in T cell activation.

Cell Survival and Signaling Molecules
BIM
The balance between BIM and BCL-2 molecules is essential for
the fate of T lymphocytes, and their expression is tightly regulated
by miRNAs, promoting either apoptosis or survival. BIM is
a pro-apoptotic regulator and tumor suppressor downstream
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FIGURE 1 | MiRNAs differentially expressed upon T cell stimulation. MiRNAs described in at least two different studies are summarized. Different subsets of T cells

(both mouse and human) were activated with either antibodies against CD3 alone (Ab), or together with antibody against CD28 (Abs), or with specific peptides (OVA or

gp33-41). Cells were stimulated during different lengths of time ranging from 18h (18 h) to 7 days (7 d). The studies included in the table are: A (5), B (6), C (7), D (8),

E (9), F (10), G (11). Whenever more than one detection method was used, only consistent data obtained with at least two techniques was selected (8). Most studies

evaluated miRNA expression with miRNAs arrays, some together with RT-qPCR and Northern Blot, as indicated (x).
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FIGURE 2 | Overview of miRNA modulation on positive and negative immune-regulator molecules. Signaling coming from TCR and costimulatory molecules is

integrated by the T lymphocyte promoting cell survival, proliferation and production of effector molecules, such as cytokines. This complex network is fine-tuned by

miRNAs that target key immunoregulatory molecules, supporting either T cell activation (booster) or inhibition (brake). MiRNAs exert their function by targeting the

mRNA 3′UTR in the cytoplasm, although for simplicity sake some have been depicted in the nucleus, close to their targeted immunoregulators. In PI3K, C and R

designated the catalytic and regulatory subunits, respectively.

of AKT3, an important mediator of TCR signaling (36, 37).
It destabilizes mitochondrial membrane, inducing CASPASE-9
activation and apoptosis. Within the miR-17∼92 cluster, miR-
19 and miR-92 target BIM 3′UTR mRNA (38). MiR-148a is
upregulated in mouse Th1 cells after sustained activation (39). It
also targets BIM, promoting cell survival (39). MiR-155 indirectly
regulates BIM by targeting SHIP-1, which is a phosphatase that
reduces AKT activity (40). In turn, AKT represses FOXO3,
which is a transcription factor that promotes BIM expression,
thus miR-155 limits BIM expression (40). Conversely, miR-150
promotes apoptosis by downregulating AKT3, which induces the
accumulation of BIM (41). Human CD4+ T cells with high levels
of miR-150 display reduced proliferation, increased apoptosis
and lower T cell activation (41).

BCL-2
BCL-2 is an anti-apoptotic protein that antagonizes BIM,
stabilizing the mitochondrial membrane and preventing its
permeabilization (42). Treatment of mice with experimental
autoimmune encephalomyelitis with 3,3′-Diindolylmethane

(a plant-derived anti-inflammatory compound), induced the
upregulation of miR-16 in brain CD4+ T cells and suppressed
BCL-2; consistently, miR-16 overexpression in mouse CD4+ T
cells downregulated BCL-2 (43). Interestingly, CD4+ T cells from
relapsing-remitting multiple sclerosis patients (an autoimmune
disease elicited by activated autoreactive T lymphocytes)
displayed lower levels of miR-15a and miR-16, correlating with
higher levels of their validated target BCL-2 mRNA (44, 45).

Cell Cycle Regulators
Molecules involved in cell cycle progression are essential
mediators of T cell proliferation. miR-142-null T cells displayed
gross cell cycle alterations, with cells differentially arrested in
S and G2/M phases (32). Cell-cycle defects were associated to
the transcription factors E2F7 and E2F8, which are putative
targets for miR-142. MiR-142 is likely responsible of maintaining
low levels of both molecules in resting T-cells and limiting
their increase upon activation. Treatment of mice with miR-
142 antagomir markedly increased survival and reduced clinical
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symptoms in a murine GVHDmodel, suggesting a potential new
therapeutic strategy (32).

Cyclins are also directly targeted by miRNAs. Several miRNAs
(miR-27b, miR-29b, miR-150, and miR-223) promote CYCLIN
T1 downregulation in human resting CD4+ T cells. The levels
of these miRNAs decrease upon activation, correlating with
an upregulation of CYCLIN T1 (46). MiR-16 downregulates
CYCLIN E1 in mouse CD4+ T cells (43). Another molecule
involved in cell cycle progression is CDK4, a target of miR-491 in
mouse CD8+ T cells (47). MYC is a transcription factor involved
in cell cycle and proliferation, is targeted by let-7 in mouse CD8+

T cells (48) and by miR-451 in both mouse (49) and human (50)
CD4+ T cells.

mTOR
Mammalian Target Of Rapamycin (mTOR) is a metabolic
regulator that promotes protein synthesis and cell growth during
the onset of T lymphocyte function (51). mTOR kinase and
Raptor are part of the complex mTORC1, while mTORC2
includes mTOR and Rictor. Both miR-16 and let-7c target the
3′UTR of mTOR and RICTOR (16). Elevated mTOR activity
in Dicer-deficient CD4+ T cells and the subsequently increased
AKT phosphorylation is associated with a lower activation
threshold, overcoming the need of co-stimulation. MiRNA-
mediated mTOR down-regulation contributes to the correct
discrimination of activating and anergic stimuli and prevents co-
stimulation independent IL-2, IFN-γ and TNF-α overproduction
(16). mTOR signaling suppression is relevant for Treg induction.
In this regard, miR-16 and miR-15b, which are abundantly
expressed in Tregs, target RICTOR and mTOR mRNAs (52).
Furthermore, miR-150 and miR-99a cooperatively target mTOR,
promoting Treg induction (53).

Co-stimulatory Molecules
Membrane Receptors: ICOS and CD28
Inducible co-stimulatory (ICOS) molecule and CD28 are surface
receptors expressed on T cells that recognize specific ligands
on APCs, acting as TCR signaling positive regulators (54). In
germinal center responses, miR-146a upregulation in Tfh cells
downregulates ICOS by interacting with its ligand on germinal
center B cells, facilitating the termination of the immune
response (55). MiR-101 is highly represented in human naïve
CD4+ T cells and its transfection into the EL4 murine T cell
line downregulates ICOS (56). Regarding CD28, miR-181a-5p
overexpression in mouse T cells increases its levels (57), whereas
miR-150 limits CD28 co-stimulation by targeting the arrestin β-
2 protein (ARRB-2), with a subsequent increase in cAMP levels
and inhibition of LCK, PI3K and AKT (58).

Cytokines
MiRNA regulation of cytokine expression can be due to direct
cytokine mRNA targeting or targeting of transcription factors
such as NF-κB, NFAT, or AP-1 or their regulators, often affecting
multiple cytokines. For example, miR-146a is induced in mouse
CD4+ and CD8+ T cells upon TCR engagement through
NF-κB (30). This miRNA provides negative feedback regulation,
downregulating NF-κB by targeting TRAF6 and IRAK1 (30, 59).

Compared to wild-type cells, both CD4+ and CD8+ mouse T
cells lacking miR-146a exhibited a higher induction of genes
regulated by NF-κB, e.g., BCL-2, CD25, CD69, IL-2, IFN-γ, and
IL-17A (30). TRAF6 is also targeted by miR-146b in mouse Tregs
(60).

IL-2
IL-2 is one of the main signatures of T cell activation. MiRNA-
based IL-2 regulation relies on the inhibition of translation by
miR-181c-5p (downregulated during T cell activation), which
binds to the 3′UTR of IL-2 mRNA (61). It also depends on
the miRNA-based downregulation of transcription factors such
as NFAT or BLIMP-1. MiR-184 inhibits NFAT1 translation in
human CD4+ T cells. This is particularly relevant in cells
isolated from umbilical cord blood (62). MiR-568 transfection
into human CD4+ T cells inhibited IL-2 expression after
activation, through NFAT5 downregulation (63). MiR-20b also
downregulated IL-2 through NFAT5 targeting (64). MiR-31
upregulates IL-2 by inhibiting RHOA, a small GTPase which
suppresses NFAT (65, 66). It also targets the kinase suppressor of
RAS2 (KSR2), which inhibits the COT/TPI2 signaling pathway
(enhancer of IL-2 expression through NFAT and AP-1) (67).
MiR-9 (upregulated in activated human CD4+ T cells) targets
BLIMP-1, de-repressing IL-2 transcription (68). MiR-146a is
upregulated around 8 days after stimulation in human CD4+ and
CD8+ T cells, impairing IL-2 production, by targeting AP-1 (69).

IFN-γ
IFN-γ release orchestrates Th1 immune responses by activating
different cell lineages, e.g., dendritic cells, macrophages or NK
cells. MiR-125b maintains T cell naïve state by targeting IFN-γ
among other genes (31). Several miRNAs repress IFN-γ: miR-
24-3p (70) and miR-181a-5p in human CD4+ T cells (70, 71);
miR-24 and miR-27a in activated human CD8+ T cells (72); and
miR-29 directly (73) and indirectly, by downregulating T-BET
and EOMES, in mouse CD4+ T cells (19). On the other hand,
miR-19b is required for normal IFN-γ production, restoring
IFN-γ expression in miR-17∼92-deficient mouse Th1 cells (35).
MiR-9 suppresses BLIMP-1 and BCL-6 (repressors of AP-1 and
T-BET, respectively), increasing IFN-γ secretion in activated
human CD4+ T cells (68). Murine miR-21 KO CD4+ T cells
re-stimulated in vitro produced more IFN-γ (74). Moreover,
IFN-γ responsiveness is regulated by miR-155, which targets
IFN-γRα in activated mouse CD4+ T cells, contributing to Th1
differentiation (75).

IL-4
T cell activation stimulates the production of IL-4, leading
to Th2 responses (76, 77). Its release is controlled directly
by miR-24 [78] and miR-340 (78), or through the targeting
of specific transcription factors and kinases/phosphatases. IL-4
triggers the upregulation of GATA3 dependent STAT6, repressing
Th1 differentiation and inducing IL-4 production in a positive
feedback loop. Conversely, MiR-27 targets the transcription
factor GATA3 (79). BMI1 binds to GATA3, preventing its
degradation. CD4+ T cells from MS patients display increased
expression of miR-27b, miR-128 and miR-340 (78). These

Frontiers in Immunology | www.frontiersin.org 5 September 2018 | Volume 9 | Article 2148



Rodríguez-Galán et al. Immunoregulatory Molecules and MiRNAs

miRNAs inhibited Th2 development by targeting BMI1 (78).
MiR-155 targets the 3′UTR of c-MAF mRNA, which is another
transcription factor involved in IL-4 expression (34). MiR-21
contributes to IL-4 expression, since in vitro re-stimulated miR-
21-null mouse CD4+ T cells produced less IL-4 than wild-type
cells (74). Both miR-19a and miR-19b rescued IL-4 production in
miR-17∼92 cluster-deficient cells by targeting PTEN, SOCS1 and
A20 (80).

IL-17
TCR signaling promotes expression of the proinflammatory
cytokine IL-17 (81–83). IL-17 expression depends on the
transcription factor RORγt downstream of STAT3. miR-20b
targets both molecules in mouse CD4+ T cells (84). RORγt
transcription is promoted by HIF-1α, which is targeted by miR-
210 (85). In turn, STAT3 is inhibited by the E3 SUMO-protein
ligase PIAS3, a target of miR-301a that increases IL-17 secretion
(86). MiR-212 targets BCL-6 3′UTR, which is a repressor of
Th17 differentiation (87). JARID2, a chromatin-binding protein,
recruits the polycomb repressive complex 2 (PRC2) and silences
transcription of IL22, IL10, ATF3, TBX21, or EOMES through
histone methylation (88). MiR-155 inhibits JARID2, releasing
the repression of ATF3, which promotes IL-17 (88). ETS-1, a
transcription factor that inhibits Th17 differentiation, is a target
of miR-155 (89) and miR-326 (90). Li et al. (91) reported IL-17
downregulation due to IL-23R inhibition by let-7f.

Inhibitory Molecules
Membrane Receptors: CTLA-4, PD-1, CD69
CTLA-4 and PD-1 are both co-inhibitory receptors that repress
TCR signaling via binding to co-stimulators expressed by APCs
(54). CTLA-4 (a target of miR-145) is very abundant in human
peripheral blood Tregs, in which miR-145 is downregulated
(92). MiR-155 also targeted CTLA-4 in mouse (93) and human
(94) CD4+ T cells. MiR-155 overexpression in human CD4+

T cells promoted proliferation, and could underlie chronic
inflammation in atopic dermatitis, in which it is highly expressed
also by CD4+ T cells present in skin lesions (94). MiR-138 targets
CTLA-4 and PD-1, promoting tumor-regression by inhibiting
tumor-infiltrating Tregs (95). MiR-181a-5p overexpression in
mouse T cells decreased CTLA-4 expression, while increasing
CD28 levels (57).

CD69 is an early surface marker of lymphocyte activation
(96). Dicer KO CD8+ T cells up-regulated CD69 more rapidly
upon stimulation and retained the expression longer after stimuli
removal (28), indicating a potential miRNA-based repression of
CD69 in naïve stages that restrains activation. MiR-130b and
miR-301a increased their levels during CD8+ T cell activation
and downregulated CD69 (28). MiR-92, which is downregulated
in lamina propria leukocytes from rhesus macaques with chronic
simian immunodeficiency virus infection, also targets the 3′UTR
of CD69 mRNA (97).

Kinases and Phosphatases
TCR signaling is mediated by downstream kinases and
phosphatases, which undergo a tight regulation that ensures
functional activation while avoiding hyperreactivity.

PI3K regulatory subunits
Upon TCR and co-receptors engagement, PI3K phosphorylates
PI(4,5)P2. PIK3R1 gene encodes the regulatory subunits p85, p50,
and p55 (98). MiRNAs upregulated in CD4+ activated human T
cells, e.g., miR-155 and miR-221 downregulate PIK3R1 (9). MiR-
132-3p is upregulated in mouse dendritic cell-activated CD4+ T
lymphocytes, targeting PIK3R1 mRNA (6).

TCR Inhibitory phosphatases
Phosphatases downstream the TCR pathway counteract
signaling by dephosphorylation. Downregulation of some of
these phosphatases by miR-181a-5p generates high levels of
phosphorylated intermediates in steady-state (57). MiR-181a-5p
targets the phosphatases PTPN22, DUSP5 and DUSP6, which
dephosphorylate LCK, ZAP70, and ERK1/2; and SHP-2, which
mediates negative costimulatory signals from CTLA-4 (57).
Therefore, the expression of this miRNA contributes to reduce
the activation threshold, increasing the strength and sensitivity
of the T cell to peptides with lower affinity (57). In elderly
individuals, reduced expression of miR-181a in CD4+ naïve T
cells is a cause of the declined T cell responsiveness associated
with age (99).

PTEN
PTEN dephosphorylates PI(3,4,5)P3, antagonizing PI3K. As
such, PTEN curbs T cell activation, preserving self-tolerance.
Transgenic mice overexpressing miR-17∼92 cluster developed
lymphoproliferative and autoimmune pathologies associated to
the reduced expression of PTEN and BIM (38). PTEN is
downregulated by several miRNAs that are increased upon T cell
activation: miR-21 (100), miR-214 (7) and the miR-17∼92 cluster
[miR-17-5p (38), miR-19 (38), and miR-19b (35)]. Consistently,
miR-21 and miR-214 expression increased T cell proliferation
(7, 100).

Cytokines
IL-10
IL-10 is an important anti-inflammatory cytokine mainly
produced by Th2 and Tregs. It counteracts CD28 signaling
and suppresses the expression of IFN-γ and IL-2. IL-10 is
directly targeted by miR-142-3p, miR-142-5p (101), miR-let-7e
(102), let-7c (103, 104), let-7b (104), let-7f (104), and miR-
106a (105). MiRNAs further regulate IL-10 post-transcriptionally
by modulating JARID2, NFAT5, p85-β or the programmed cell
death protein 4 (PDCD4). JARID2 silences IL-10 and is a target
of miR-155, which thus promotes IL-10 expression (88). MiR-568
(downregulated upon human CD4+ T cell activation) reduced
IL-10 by targeting NFAT5 (63). NFAT5 was also targeted by
miR-20b (64). MiR-126 is highly increased after Treg stimulation
and promotes IL-10 expression (106), and miR-126 targeting of
p85-β and PI3K/AKT pathway modulation is responsible of IL-
10 release (106). MiR-21 is upregulated in CD4+ T cells from
systemic lupus erythematosus patients, and its inhibition led to
a decrease in IL-10 production (107). MiR-21 positive regulation
of IL-10 secretion likely depends on its targeting of PDCD4, a
translation inhibitor (107).
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TGF-β
TGF-β is expressed in naïve T cells preventing T cell activation
until sufficient TCR stimulation downregulates the TGF-β
type 1 receptor (108–110). TGF-β induces FOXP3, a key
transcription factor that promotes Treg differentiation (111).
In addition to IL-10 modulation, miR-568 (63) and miR-
126 (106) also regulate TGF-β release. In CD4+ mouse T
cells from draining lymph nodes, miR-466a-3p (upregulated
in mice after skin allograft) targets TGF-β2, limiting Treg
generation (112). MiRNAs also regulate TGF-β function at
different levels by targeting upstream molecules involved in
cytokine production, TGF-β receptors and effector molecules
of the TGF-β signaling pathway. GARP is a transmembrane
protein specifically expressed in Tregs that cleaves the precursor
form of TGF-β1 (113). GARP is targeted by miRNAs which
are less abundant in human Tregs than in T helper subsets,
e.g., miR-142-3p, miR-185, and miR-181a/b/c/d (113, 114). MiR-
17 targets TGFBR2 (TGF-β receptor II) in mouse and human
CD4+ T cells (35, 115). In addition, it has been found that a
set of miRNAs upregulated in naïve CD4+ T cells from multiple
sclerosis patients target TGFBR1 and/or SMAD4 (both involved
in the TGF-β signaling pathway) limiting differentiation into
Tregs (116).

CONCLUDING REMARKS

MiRNA-mediated modulation of molecules involved in T cell
activation remains far from being fully understood, although
strides have beenmade in recent years. There is a need to advance
towards a “network study” of miRNA function. Considering
more than one miRNA in experimental designs increases its
technical complication, but also enables models that simulate the
complexity of the physiological scenarios, in which individual

miRNAs interact with a set of targets and each target in turn can

be regulated by several miRNAs, at different levels, either directly
targeting the molecule or indirectly regulating its expression via
targeting its receptor and/or transcription factors.

Finally, integrating basic and clinical research (e.g., cancer,
autoimmunity, and GVHD) could help to achieve a better
understanding of T cell immune-regulation to design new
strategies for therapy in T cell related malignancies.
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SUMMARY

T cell activation leads to extensive changes in the miRNA repertoire. Although
overall miRNA expression decreases within a few hours of T cell activation,
some individual miRNAs are specifically upregulated. Using next-generation
sequencing, we assessed miRNA expression and post-transcriptional modifica-
tion kinetics in human primary CD4+ T cells upon T cell receptor (TCR) or type I
interferon stimulation. This analysis identified differential expression of multiple
miRNAs not previously linked to T cell activation. Remarkably, upregulated
miRNAs showed a higher frequency of 30 adenylation. TCR stimulation was
followed by increased expression of RNA modifying enzymes and the RNA
degrading enzymes Dis3L2 and Eri1. In the midst of this adverse environment,
30 adenylationmay serve a protective function that could be exploited to improve
miRNA stability for T cell-targeted therapy.

INTRODUCTION

MiRNAs are key modulators that fine-tune immune responses (Gracias and Katsikis, 2011; Lindsay, 2008;

Mehta and Baltimore, 2016; Podshivalova and Salomon, 2013). During T cell activation, miRNA profile un-

dergoes extensive changes, with a global downregulation of total miRNA levels occurring as early as 4 hr

after activation (Bronevetsky et al., 2013). Beyond the overall picture of general reduction, some individual

miRNAs stand out for their specific up- or downregulation, as shown by arrays, RT-qPCR and Northern Blot

(Bronevetsky et al., 2013; Grigoryev et al., 2011; Gutiérrez-Vázquez et al., 2017; Jindra et al., 2010; Sousa

et al., 2017; Teteloshvili et al., 2015; Wu et al., 2007). These studies, which evaluate mouse samples from

18 hr to 7 d and human samples from 2 to 7 d after activation, have been gathered together in a recent re-

view (Rodrı́guez-Galán et al., 2018).

Little is known regarding the mechanisms that underlie these changes in the T cell miRNA landscape. Pre-

vious research from our laboratory pointed to 30 uridine addition as a potential mechanism guiding miRNA

turnover during T cell activation (Gutiérrez-Vázquez et al., 2017). Uridylation is a relatively common post-

transcriptional miRNA modification. Next-generation sequencing (NGS) has identified not only nucleotide

additions to the expected genomic miRNA sequences but also trimmings and substitutions (Ebhardt et al.,

2009; Lee et al., 2010). Post-transcriptional modifications (PtMs) generate multiple variants of the same

miRNA (isomiRs) that differ in their 50, 30 or internal modifications. PtMs modulate biogenesis, stability,

and function (Gebert and MacRae, 2019; Neilsen et al., 2012; de Sousa et al., 2019). Several mechanisms

elicit PtMs on the canonical miRNA sequence including: alternative processing by Drosha or Dicer, RNA

editing and non-template nucleotide addition.

During miRNA biogenesis, Drosha cleaves the primary-miRNA transcript, generating a hairpin precursor-

miRNA which is subsequently processed by Dicer, leading to the generation of a double-stranded miRNA

duplex. Drosha and Dicer excisions are slightly flexible, thereby becoming a source of 50 and 30 isomiRs (Gu

et al., 2012; Kim et al., 2017; Kwon et al., 2019; Starega-Roslan et al., 2011; Wu et al., 2009; Zhou et al., 2012;

Zhu et al., 2018).

Other forms of PtMs derive from RNA editing which include conversion of adenosine (A) to inosine (I) by

ADARs (adenosine deaminases acting on RNA) (Bazak et al., 2014; Nishikura, 2016; Tan et al., 2017;

Yang et al., 2006); or deamination of cytidine (C) to uridine (U) by APOBECs (apolipoprotein B mRNA

editing enzyme, catalytic polypeptide-like) (Blanc and Davidson, 2010; Rosenberg et al., 2011). Since I is
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Figure 1. Differential miRNA expression 3h, 6h, and 24h after aCD3aCD28 stimulation of human primary resting

CD4+ T cells

(A) The heatmap represents relative expression values for a non-redundant collection of differentially expressed miRNAs

(adjusted p value <0.1), detected after stimulation with aCD3aCD28 for 3h, 6h, and 24hr.
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a guanosine (G) analog, A-to-I editing is equivalent to an A-to-G mutation. For miRNAs, A-to-I editing is

well characterized (Li et al., 2018; Wang and Liang, 2018), whereas the physiological relevance of C-to-U

modification is currently unknown.

Additional enzymes responsible for miRNA PtMs are terminal nucleotidyl transferases (TENTs). TENTs

catalyze non-template additions of nucleotides mainly at the 30 end (‘‘tailing’’) (Warkocki et al., 2018).

TENTs are often flexible substrate-wise, but those with a preference toward adding adenosine are known

as non-canonical poly(A) polymerases. Other TENTs promote the addition of uridine preferentially namely

terminal uridyl transferases (TUTases). Uridylation and adenylation are themost typical 30 endmodifications

across animal miRNAs (Burroughs et al., 2010; Chiang et al., 2010; Landgraf et al., 2007; Muller et al., 2014;

Wyman et al., 2011). Multiple studies have explored these modifications and their consequences in detail.

Conclusions often appear contradictory, likely due to the specific biological context, including different

species, cell type or cellular compartment. For instance, GLD-2 (PAPD4/TENT2) 30 monoadenylation seems

to stabilize specific miRNA populations in human fibroblasts (D’Ambrogio et al., 2012) and miR-122 in the

liver (Katoh et al., 2009). In mouse early embryos, 30 mono- and oligoadenylation appears to protect certain

miRNAs in a context of large degradation (Yang et al., 2016). However, PAPD5 (TENT4B/GLD4/TUT3) ad-

enylates miR-21-5p on 30, promoting its degradation by poly(A)-specific ribonucleases (Boele et al., 2014).

In human monocytes, knocking down PAPD4 showed no overall effect of 30 adenylation on miRNA stability,

but adenylation instead altered miRNA effectiveness through reduction of their incorporation into the

RNA-induced silencing complex (RISC, the complex where miRNAs induce mRNA degradation or inhibit

their translation) (Burroughs et al., 2010). Uridylation also promotes diverse outcomes on miRNAs. Pre-

let-7 miRNA can be uridylated at its 30 end by TUT4 (ZCCHC11) or TUT7 (ZCCHC6) (Heo et al., 2009; Thorn-

ton et al., 2012). Lin28 (an RNA-binding protein) binds to pre-let-7 and favors oligouridylation (10-20 uri-

dines), which inhibits subsequent Dicer processing and serves as a signal for Dis3L2 miRNA degradation

(Chang et al., 2013; Heo et al., 2008, 2009; Thornton et al., 2012; Ustianenko et al., 2013). In the absence

of Lin28, pre-let-7 undergoesmonouridylation to pursue its maturation process (Heo et al., 2012). Let-7 pro-

motes cell differentiation, and the regulatory mechanism triggered by Lin28 expression maintains plurip-

otency in stem cells (Büssing et al., 2008; Heo et al., 2009). Non-templated uridine addition also occurs on

mature miRNAs, such as miR-26, which has been described to undergo 30-uridylation by ZCCHC11 (termi-

nal uridylyl transferase 4, TUT4) (Jones et al., 2009). MiR-26a and miR-26b uridylation has been shown to

reduce their ability to repress IL-6 (Jones et al., 2009). In addition to Dis3L2, Eri1 is also a 30 to 50 exonuclease

that exhibits a preference for uridylated RNA substrates (Hoefig et al., 2013).

In order to gain a mechanistic insight in the early changes occurring at the level of miRNA PtMs, we have

studied the effect of stimulation of human primary CD4 T cells on miRNAs through NGS.

RESULTS

MiRNA modulation by aCD3aCD28

A total of 120miRNAs were found to be differentially expressed (adjusted p value < 0.1, 62 upregulated and

58 downregulated) upon stimulation of resting human CD4 T cells with aCD3aCD28 for 3, 6 and 24 hr by

NGS analysis [Figures 1A and 1B; Table S1]. Since large changes in total miRNA levels occur very early

(Bronevetsky et al., 2013), 3 and 6 hr were chosen as intermediate points for our time course. MiRNAs

from 5p and 3p arms were equally identified as differentially expressed with a total of 51% miR-5p and

49% miR-3p (those miRNAs without 5p or 3p included in the nomenclature were classified according to

their localization of the mature sequence in miRbase). The most upregulated miRNAs (fold change indi-

cated in brackets) at 24 hr were miR-4455 (122 x), miR-222-5p (24 x), miR-7974 (21 x), miR-155-3p (18 x),

and miR-4521 (15 x) [Figure 1B]. Remarkably, miR-1281 showed a 14-fold change upregulation at 3 hr which

was maintained at 6 hr but vanished at 24 hr. The most downregulated miRNAs at 24hr were miR-4485-3p

(!11 x), miR-4695-3p (-5 x), miR-570-3p (-4 x), and miR-1260a (-4 x). Consistent with previous evidence, we

also found downregulation of miR-150-5p, and miR-223-3p; while miR-155-5p, miR-17-5p, and miR-18a-5p

Figure 1. Continued

(B) Limma estimated Fold Change of differentially expressed miRNAs at 3h, 6h, and 24hr compared to 0h. Representative

miRNAs names are included, particularly those with higher fold changes. MiRNAs detected with higher CPM occupy top

positions in Y axis (CPM^ = total sum of CPM detected at reference and represented time points; threshold bars indicate

values at the bottom of each section). Table S1 contains 1B) raw data.
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Figure 2. Differential miRNA expression 3h, 6h, and 24h after IFN I stimulation of human primary resting CD4+

T cells

(A) The heatmap represents relative expression values for a non-redundant collection of differentially expressed miRNAs

(adjusted p value <0.1), detected after stimulation with IFN I for 3h, 6h, and 24hr.

(B) Limma estimated Fold Change of differentially expressed miRNA at 3h, 6h, and 24hr compared to 0h. MiRNAs

detected with higher CPM occupy top positions in Y axis (CPM^ = total sum of CPM detected at reference and

represented time points; threshold bars indicate values at the bottom of each section).

(C) Venn diagram with miRNAs differentially up- and downregulated by IFN I and aCD3aCD28. Table S2 contains 2B) raw

data.
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were upregulated (Rodrı́guez-Galán et al., 2018). We confirmed miR-1246 and miR-222-5p upregulation

and miR-23a-5p and miR-27a-5p downregulation by qPCR [Figures S1A–S1D]. Ingenuity pathway analysis

(IPA) indicated that differentially expressed miRNAs were mainly involved in processes related to cell

development, growth, proliferation, and movement [Figure S2A]. Networks of predicted targets for the

miRNAs with the highest up- and downregulation show a large overlapping, with 59 genes targeted by

at least 2 of the 6 most upregulated miRNAs and 149, targeted by at least 2 of the 6 most downregulated

[Figure S3A].

MiRNA modulation by IFN I

In a separate set, resting human CD4+ T cells were stimulated with type I interferon (IFN I). IFN I significantly

altered the expression levels of 57 miRNAs (adjusted p value < 0.1): 24 miRNAs were upregulated, and 33

were downregulated [Figures 2A and 2B; Table S2]. Similar to aCD3aCD28 stimulation, 5p and 3p miRNAs

were equivalently found as differentially expressed with a total of 49% miR-5p and 51% miR-3p. Compared

with the data in Figure 1, we found that 37 miRNAs were common to the IFN I and aCD3aCD28 subsets (15

upregulated and 21 downregulated in both stimulations and 1 miRNA regulated in opposite directions)

[Figure 2C]. The most upregulated miRNAs (fold change indicated in brackets) at 24 hr were miR-1281

(15 x, 3h), miR-3195 (7 x, 6h) and miR-3614-5p (8 x, 24hr). The most downregulated miRNAs at 24hr were

miR-27a-5p (!14 x) and miR-4485-3p (!15 x) [Figures 2A and 2B]. miR-1246 upregulation and miR-23a-

5p and miR-27a-5p downregulation were confirmed by qPCR [Figures S1A–S1D]. IPA revealed that most

processes controlled by IFN I-regulated miRNAs were very similar to those observed for cells stimulated
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Figure 3. Post-transcriptional miRNA modifications: a global view

(A) Global post-transcriptional modifications (PtMs) profile for all 21 sequenced samples generated by Chimira.

(B) Kinetics of most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: RUU, RAA, RCC, RGG) at

positions ‘‘3p-end’’ (0) and ‘‘3p-end + 1’’ (+1), in the population of 626 expressed miRNA species in unstimulated

conditions and during activation with aCD3aCD28 (left) or IFN I (right). Mono-additions (solid squares) refer to the specific

nucleotide on their own or followed by a different nucleotide, but not followed by the same nucleotide. Oligo-additions

(empty squares) include PtMs with two or more equal nucleotides.

ll
OPEN ACCESS

iScience 24, 102530, June 25, 2021 5

iScience
Article



�

PL51$V�GRZQ�UHJXODWHG�

8

88���

$

$$���

&

&&���

*

**���

�� � �� ��

� � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � ��

KRXUV�ZLWK�Į&'�Į&'��
�� � �� ��

PL51$V�XS�UHJXODWHG�

�� � �� �� �� � �� ��

�¶ �¶

FDQRQLFDO�PL51$�VHTXHQFH

KR
XU
V�
Z
LWK
�Į
&
'
�Į
&
'
��

XSRQ Į&'�Į&'���VWLPXODWLRQ�
LQ�KXPDQ�&'���7�FHOOV

PL51$V�GRZQ�UHJXODWHG� PL51$V�XS�UHJXODWHG�

�K

�K

�K

��K

FR
XQ
WV

8 88��� $ $$��� & &&��� * **���

�� � �� ��

�

�����

�����

�����

�����

������

������

������

A

B

Figure 4. Kinetics of miRNA post-transcriptional modifications for aCD3aCD28 differentially expressed miRNAs

Kinetics of the most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: RUU, RAA, RCC, RGG) at

positions ‘‘3p-end -1’’ (!1), ‘‘3p-end’’ (0), ‘‘3p-end + 1’’ (+1), and ‘‘3p-end + 2’’ (+2); for upregulated miRNAs (left) and

downregulated miRNAs (right) with an adjusted p value <0.1. Mean and SEM (from three independent experiments) were

plotted for each modification counts at specific positions across time points (A) and as pie charts whose area is

proportional to the total number of counts for the specific position at indicated time points (B).
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Figure 5. Kinetics of miRNA post-transcriptional modifications for IFN I differentially expressed miRNAs

Kinetics of most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: RUU,RAA,RCC,RGG) at positions

‘‘3p-end’’ (0) and ‘‘3p-end + 1’’ (1) and ‘‘3p-end + 2’’ (2), for upregulated miRNAs (left) and downregulated miRNAs (right)

with an adjusted p value <0.1. Mean and SEM (from three independent experiments) were plotted for each modification

counts at specific positions across time points (A) and as pie charts whose area is proportional to the total number of

counts for the specific position at indicated time points (B).
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through aCD3aCD28, mainly: cell development, movement, growth, and proliferation [Figure S2B]. Pre-

dicted targets show a more intense network overlapping among the 6 most downregulated miRNAs

with 189 targets common to at least 2 miRNAs; while 52 genes would be targeted by at least 2 of the 6

most upregulated [Figure S3B].

Post-transcriptional modifications

A global assessment of PtMs indicated that miRNAs in our samples underwent extensive 30-end modifica-

tions compared to their canonical sequences [Figure 3A]. Unexpectedly, C addition was highly represented

in our samples at the most modified position: 0 or ‘‘3p end nucleotide’’. A and C modifications were simi-

larly represented in this position, much more frequently than U and G [Figure 3A]. Modifications at 50 end

and ADAR editing (A to G) were detected on a very limited basis. According to the global profile, positions

0 (3p end) and +1 (3p end +1), were by far the most heavily modified, followed by positions!1 and +2 [Fig-

ure 3A]. For this reason, nucleotide modifications at the 30 end were analyzed in greater detail in an attempt

to discover specific sequences that could guide miRNA dynamics in T cells. PtMs patterns found in the 30

end (positions !4 to 4) were evaluated (data not shown), indicating that the most common modifications

across the different samples were: C, A, U, and G mono-additions, and A and U oligo-additions. ‘‘AU’’ was

the most frequent multi-nucleotide modification, although sequences combining more than one nucleo-

tide were clearly underrepresented. We also detected UAGU modifications at position !4, as well as

AGU and AGUU at !3. We evaluated the presence of U, A, C, G and of UU+, AA+, CC+, GG+ (homopol-

ymers of two or more equal nucleotides) at highly modified 30-end positions. The results were conjoined for

the different stimulation time points [Figure 3B]. Analyzed PtMs remained stable during activation andwere

clearly associated to a specific 30 end position [Figure 3B].

To assess whether PtMs could be guiding the differential miRNA expression described in Figures 1 and 2,

modifications at positions!1, 0, +1 and +2, were represented considering only data frommiRNAs upregu-

lated or downregulated, either upon aCD3aCD28 stimulation [Figures 4A and 4B] or IFN I [Figures 5A and

5B]. Upregulated miRNAs were more extensively modified, with the potential distinctive signature of high

levels of A addition at +1 and C addition at 0 [Figures 4A, 4B, 5A, and 5B]. aCD3aCD28 downregulated

miRNAs show reduced levels of these specific modifications and a marked presence of U additions, mostly

at +1 [Figures 4A and 4B]. Adenine additions at position +1 were much higher in upregulated miRNAs with

counts of A mono-additions around 140000-210000, while downregulated miRNAs counts did not go

beyond 30,000 in aCD3aCD28 stimulation [Figure 4A] or 2000 in IFN I [Figure 5A]. Additions of two or

more adenines were also a specific signature of upregulated miRNAs at 0 and +1 [Figures 4A and 5A].

To gain a better understanding of the most abundant modifications in upregulated miRNAs, we identified

the individual miRNAs exhibiting higher adenylation at position 1 and cytosylation at position 0 [Figures 6,

7, S4, and S5]. A higher number of modified miRNAs were found after aCD3aCD28 stimulation [Figures 6

and 7], than in IFN I [Figures S4 and S5]. A group of miRNAs was found to be significantly cytosylated

[Figures 7 and S5]. Nevertheless, miR-3195 on its own seems to account for the differential accumulation

of cytosylation in upregulated miRNAs. Remarkably, a higher frequency of adenylation was found in upre-

gulated miRNAs [Figures 6 and S4]. MiR-92a-3p, the upregulated miRNA with higher expression both in

aCD3aCD28 [Figure 1] and IFN I [Figure 2] stimulations, counts with 31-42% of reads with an adenine at

position 1 in all evaluated time points. In aCD3aCD28 stimulation, we have identified a group of upregu-

lated miRNAs which present a higher frequency of adenylation [Figure 6].

Dis3l2, Eri1, TUT4, and TUT7 regulation upon T cell activation

Next, we evaluated the expression kinetics of four proteins related to RNA metabolism: TUT4 and TUT7

(terminal uridylyl transferases), and Dis3L2 and Eri1 time lengths (exonucleases that preferentially degrade

uridylated RNA (Chang et al., 2013; Hoefig et al., 2013; Ustianenko et al., 2013)). For these experiments, we

stimulated human CD4+ T cells from eight human healthy donors with aCD3aCD28 during various times up

to 48 hr. A significant average upregulation was found after activation for all evaluated enzymes [Figures

Figure 6. MiRNAs with significant adenylation at position 1 (aCD3aCD28)

Heatmaps include upregulated (right) and downregulated (left) miRNAs with significant adenylation at position 1, detected in aCD3aCD28 stimulation.

Reads with adenine at position 1 are normalized to total reads, in order to visualize the frequency of adenylation for each miRNA. Pie charts are included

below for the 5 miRNAs most adenylated within each group. These graphs show in color the percentage of reads with specific modifications at position 1,

while reads with modifications at other positions and unmodified reads are depicted in gray.
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8A–8D]. Early upregulation of Eri1 and Dis3L2 could be driving global miRNA downregulation upon T cell

activation. The overexpression of TUT4 and TUT7 could be indicating a higher uridylation activity, which

could mark miRNA for degradation by Eri1 and Dis3l2.

DISCUSSION

This study aimed to reveal the landscape of PtMs that could control miRNA levels during CD4 T cell acti-

vation by antigen T cell receptor and co-receptor (with aCD3aCD28) and by IFN I. We used NGS, since this

technique allows the detection of isomiRs variants, offering also for the first time an unbiased exploration of

miRNA differential expression at early time points of T cell activation.

Notably, manymiRNAs not previously linked with T cell stimulation were significantly down- or upregulated

in response to aCD3aCD28. Our repertoire is also consistent with certain miRNAs (e.g. 150-5p, 223-3p,

miR-155-5p, miR-17-5p, miR-18a-5p, and miR-4521) previously related with T cell activation in studies per-

formed with arrays, RT-qPCR and Northern Blot (Rodrı́guez-Galán et al., 2018; Diener et al., 2020), which

strengthen our miRNA-seq data. Additionally, we have confirmed our sequencing data through qPCR,

including miR-1246 and miR-222-5p (p = 0.08) upregulation, and miR-23a-5p and miR-27a-5p downregula-

tion. MiR-1246, miR-23a-5p and miR-27a-5p differential expression was also validated in IFN I stimulation.

To our knowledge, no other study has evaluated miRNA changes in human primary T cells stimulated with

type I IFN. A recent report reviewed data available on IFN I regulatedmicroRNAs, mainly in the liver cell line

Huh7 and human glioma (Forster et al., 2015). Of the 36miRNAs identified, 7 were described in two or more

studies, indicating certain overlapping but also a great diversity across cell types regarding their response

to IFN I (Forster et al., 2015). In fact, only one of these 36 miRNAs (miR-212) has been found as differentially

expressed in our samples. Two prior studies had assessed immune cells: PBMCs and NK cells. MiRNAs

involved in the anti-viral response against Hepatitis C virus (miR-1, miR-30, miR-128, miR-196, and miR-

296) were induced in peripheral blood mononuclear cells (PBMCs) upon IFN-a treatment (Scagnolari

et al., 2010). In human NK Cells, miRNA-30e and miRNA-378 were downregulated by IFN I (Wang et al.,

2012). Our study provides a dataset of IFN I regulated miRNAs in human primary CD4 T cells, which

comprises 24 miRNAs that are upregulated and 33 that are downregulated. Of the 57 genes modulated

by IFN-I, 37 are also regulated by aCD3aCD28 stimulation.

IPA assessment of IFN-I and aCD3aCD28 regulated miRNAs indicates their involvement in cellular devel-

opment, growth, proliferation and movement. These processes are indeed essential for activated T cells to

perform their function, which includes their differentiation to effector and/or memory phenotypes to com-

bat infection short- and long-term, respectively. In this regard, activated T cells undergo intense cellular

reprogramming with an increase in mRNA and protein expression. Accordingly, activated T cells would

need to control inhibitory safeguards that prevent abnormal activation that could produce autoimmunity.

MiRNA regulation may act as a negative regulator of gene expression, which would need to be withdrawn,

at least partially. Several studies support this hypothesis. For instance, mRNAs undergo 30 UTR shortening

upon T lymphocyte activation, thereby reducing the pool of potential target sites for miRNA binding (Sand-

berg et al., 2008). Moreover, T cell activation promotes a rapid global miRNA downregulation and degra-

dation of Argonaute proteins, which are key effectors of the RISC complex (Bronevetsky et al., 2013). We

hypothesize that an active mechanism of miRNA degradation underlies the intensemiRNA downregulation

observed only a few hours after T cell activation. For this reason, we evaluated the expression of Eri1 and

Dis3L2. Both exoribonucleases display a clear preference for uridylated RNA substrates (Chang et al., 2013;

Hoefig et al., 2013; Ustianenko et al., 2013); also, Eri1-deficient NK cells and T cells showed increased over-

all miRNAs levels (Thomas et al., 2012). Here we detected a marked upregulation of both enzymes

following T cell activation, pointing toward a context of likely RNA degradation. Enzymes such as, TUT4

and TUT7, which are specifically regulated by aCD3aCD28 stimulation, could be uridylating substrates

and labeling them for subsequent degradation by Eri1 or Dis3l2. Interestingly, TUT4 upregulation was

notmaintained in our samples after 24 hr indicating a potential specific time frame of action for this enzyme.

Figure 7. MiRNAs with significant cytosylation at position 0 (aCD3aCD28)

Heatmaps include upregulated (right) and downregulated (left) miRNAs with significant cytosylation at position 0, detected in aCD3aCD28 stimulation.

Reads with cytosine at position 1 are normalized to total reads, in order to visualize the frequency of cytosylation for each miRNA. Pie charts are included

below for the 5 miRNAs most adenylated within each group. These graphs show in color the percentage of reads with specific modifications at position 0,

while reads with modifications at other positions and unmodified reads are depicted in gray.
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Figure 8. Expression of uridylated RNA degrading enzymes (Dis3L2 and Eri1) and terminal uridyl transferases

(TUT4 y TUT7) upon CD4+ T cell activation

Western blot analysis of protein expression in human primary CD4+ T cells from 8 donors stimulated with aCD3aCD28,

assessing Dis3L2 (A), Eri1 (B), TUT4 (C) and TUT7 (D). Fold increase compared to non-stimulation was represented for each

donor, to observe individual expression evolution upon activation (left panel), and using group median and interquartile

range with whiskers ranging from minimum to maximum values (middle panel). Right panels include two examples of

different donors for each protein to highlight inter-donor variability in upregulation kinetics. Band intensities were
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Nevertheless, T cells still require certain miRNAs to remain stable even in generally degradative conditions.

PtMs could control miRNA stability, promoting degradation but also protecting specific miRNAs. The

global PtMs profile of our samples reveals that modification processes were focused on the 30 end of

most miRNAs. A series of upregulated miRNAs, particularly in aCD3aCD28, show a higher degree of

adenylation, which could be related with miRNA stability in the context of T cells. Interestingly, the most

adenylated miRNA (with up to a 42% of reads adenylated at position 1) is miR-92a-3p which is precisely

the upregulated miRNA with higher expression in both studied activation conditions. Other miRNAs highly

adenylated such as miR-17-5p, miR-93-5p, miR-20a-5p, and miR-378a-3p are also among those

aCD3aCD28-upregulated miRNAs expressed with greater abundance.

While uridylation and adenylation have been the best characterized 30 end modifications described across

animal miRNAs (Burroughs et al., 2010; Chiang et al., 2010; Landgraf et al., 2007; Muller et al., 2014; Wyman

et al., 2011), cytosylation was also significantly represented in our samples. Cytosine was specifically found

at position 0 (30 end nucleotide). Although most studies evaluating PtMs have found guanosine and cyto-

sine additions to be barely represented, mono-addition of cytosine was the second most abundant 30

modification after mono-uridylation, in mouse primordial germ cells and gonadal somatic cells at various

embryonic stages (Darnell et al., 2018). The presence of ‘‘non-templated cytosylation’’ has been described

in Arabidopsis, which prompted the hypothesis of the existence of a nucleotidyl transferase with a prefer-

ence for cytosine as substrate (Chou et al., 2015). Cytosine additions could be relevant for miRNA modu-

lation in very specific developmental or differentiation stages.

Consistent with previous studies from our laboratory, which had indicated that uridylation is a miRNA

degradation signal in T cells (Gutiérrez-Vázquez et al., 2017), higher levels of U additions were found in

aCD3aCD28 downregulated miRNAs. A similar pattern can be observed in IFN I stimulation, although dif-

ferences are milder, which may be due to a less dynamic miRNA environment; since the number of differ-

entially expressed miRNAs was roughly half of those quantified in cells treated with aCD3aCD28.

In summary, this study offers a data set of differentially regulated miRNAs in early time points of human

primary CD4+ T cell activation and the kinetics of their PtMs. Our data also indicate that the RNA degrading

enzymes Eri1 and Dis3L2 are upregulated upon activation, which could be part of an active mechanism of

miRNA degradation guided by uridylation. Indeed, higher uridylation was found in downregulated

miRNAs. Upregulated miRNAs, which manage to multiply their levels in this adverse environment, point

toward 30 adenine addition as a potential protective signal.

Limitations of the study

The present study is technically limited by the lack of solid tools for the study of single miRNA modifica-

tions beyond NGS. In addition, our data will need to be further completed with a better understanding of

ribonucleases and RNA partners behind the modification landscape observed here. This study will be

highly complex due to the numerous potential players and the difficulty to identify proteins with enzy-

matic activities barely described so far, such as cytosine addition. Therefore, we prefer to make this earlier

approach available now to the scientific community, being aware that there is still much to learn on the

field.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Dis3L2 Nobus biologicals Cat# NBP1-84740

anti-Eri1/THEX1 Cell Signaling Cat#4049

anti-TUT4/ZCCHC11 Pro Sci incorporated Cat#46-610

anti-TUT7/ZCCHC6 Proteintech Cat#25196-1-AP

anti-ezrin/radixin/moesin (ERMs) (90/3) provided by Heinz Furthmayr,

Stanford University, CA

N/A

goat anti-rabbit ThermoFisher Scientific Cat#31460

rabbit anti-goat ThermoFisher Scientific Cat#31402

Biological samples

Buffy coats Centro de Transfusión

(Comunidad de Madrid, Spain)

N/A

Chemicals, peptides, and recombinant proteins

Biocoll Separating Solution Biochrom Cat# L6115

ImmunoCult! Human CD3/CD28 T Cell Activator STEMCELL Technologies Cat#10971

Human IFN Alpha Hybrid (Universal Type I IFN) PBL ASSAY SCIENCE Cat#11200-1

QIAzol Lysis Reagent Qiagen Cat#, 79306

Critical commercial assays

Human Resting CD4+ T cell Isolation Kit STEMCELL Technologies Cat#17962

EasySep Human CD4+ T Cell Isolation Kit STEMCELL Technologies Cat#17952

miRNeasy Mini Kit Qiagen Cat#217004

NEBNext Multiplex SmallRNA Library

Prep Set for Illumina

New England Biolabs Cat#E7580L

miRCURY LNA RT Kit Qiagen Cat#339340

miRCURY LNA SYBER Green PCR Kit Qiagen Cat#339347

miRCURY LNA miRNA PCR Assay(hsa-miR-1246,

hsa-miR-222-5p, hsa-miR-23a-5p, hsa-miR-27a-5p,

SNORD44(hsa) and SNORD48(hsa))

Qiagen Cat#339306

Deposited data

Raw and processed data This paper GEO: GSE156287

Alignments IFN I This paper https://genome.ucsc.edu/s/mjgommo/CD4T_IFN_I

Alignments aCD3aCD28 This paper https://genome.ucsc.edu/s/mjgommo/CD4T_aCD3aCD28

In-house script (CHIMProcessor.R) This paper https://github.com/mjgommo/CD4T_miRNA_MOD

Software and algorithms

FastQC Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Cutadapt Martin (2011) http://code.google.com/p/cutadapt/

RSEM Li and Dewey (2011) http://deweylab.biostat.wisc.edu/rsem

Bioconductor package Limma Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/

html/limma.html

Genesis Sturn et al. (2002) http://genome.tugraz.at

Chimira Vitsios and Enright (2015) http://wwwdev.ebi.ac.uk/enright-dev/chimira/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Francisco Sánchez-Madrid (fsmadrid@salud.madrid.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

GEO submission. All raw and processed sequencing data generated in this study have been submitted

to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession

number GSE156287.

UCSC genome browser sessions. Alignments are accessible at the following UCSC Genome Browser

session:

* https://genome.ucsc.edu/s/mjgommo/CD4T_IFN_I

* https://genome.ucsc.edu/s/mjgommo/CD4T_aCD3aCD28

Each session has been configured to allow the visualization of 13 custom tracks, which consist in:

- miRBase_mature track: representing the coordinates of all mature miRNAs described in miRBase,

release 22.

-12 BAM alignment tracks, corresponding to three replicate samples for the control condition (0h) and

each of the time points (3h, 6h, 24h) for IFN I or aCD3aCD28 treatment.

MiRNA detection and quantification have been performed in this study by aligning NGS processed reads

against a transcriptomic reference consisting in all mature miRNA sequences described in miRBAse,

release 22, for Homo sapiens. To produce genomic alignments that were fully congruent with those gener-

ated for quantification, BAM alignments displayed in the UCSC tracks have been generated with RSEM us-

ing a genomic reference constructed with thematuremiRNA coordinates described inmiRBase, release 22,

exclusively. For this reason, coverage is expected only at the intervals corresponding to regions that code

for mature miRNAs. MIMAT IDs are used to identify such intervals because they are guaranteed to be

unique (locus specific). Visualization of the tracks may require reloading the page, because of timeout

issues.

In-house scripts. Chimira results describing miRNA modifications consist in a separate table for each

sample. A specialized, in-house R script (CHIMProcessor.R) was developed to process the collection of

output files, as well as several other auxiliary files, in order to normalize modification frequencies by library

size, merge frequency information from replicate samples, filter data using various parameters and

generate combined tables and preliminary plots. The script is available from GitHub, at:

* https://github.com/mjgommo/CD4T_miRNA_MOD

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ingenuity Pathway Analysis Qiagen Content version: 49932394

MiRNet Fan and Xia (2018) www.mirnet.ca

Biogazelle QbasePlus https://www.qbaseplus.com

Image Studio Lite LI-COR Biosciences https://www.licor.com/bio/image-studio-lite/download
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary cells used in this study were isolated from healthy donor buffy coats. Donor age and sex

were not disclosed by the medical center providing the samples.

These studies were performed according to the principles of the Declaration of Helsinki and approved by

the local Ethics Committee for Basic Research at the Hospital La Princesa (Madrid), informed consent was

obtained from all human volunteers.

Cells were cultured at 37"C in RPMI 1640 (Gibco), supplemented with 10% fetal bovine serum (Sigma),

20mM Hepes (Hyclone), 0.3mg/mL L-glutamine (Hyclone), 100 U/mL penicillin (Gibco) and 100 mg/mL

streptomycin (Gibco).

METHOD DETAILS

Human primary CD4 T cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats, obtained from healthy

donors, by separation on Biocoll Separating Solution (Biochrom, L6115) according to standard procedures.

Non-adherent cells were separated from PBMCs after a 30 min adherence step at 37"C. CD4+ T cells were

purified from non-adherent cells using Human Resting CD4+ T cell Isolation Kit (STEMCELL Technologies,

17962). A specific reagent to isolate resting T cells was selected to avoid the presence of pre-activated

CD4+ T cells in sequencing samples. In experiments performed to evaluate protein expression, CD4+

T cells were isolated with EasySep Human CD4+ T Cell Isolation Kit (STEMCELL Technologies, 17952).

For T cell stimulation, we treated CD4+ T cells with either aCD3aCD28 (ImmunoCult!Human CD3/CD28 T

Cell Activator; STEMCELL Technologies, 10971) or IFN I (1:1000, Human IFN Alpha Hybrid (Universal Type I

IFN); PBL ASSAY SCIENCE, 11200-1).

RNA isolation, library preparation and NGS

Three independent experiments, with resting CD4+ T cells isolated from different healthy donors were per-

formed. Samples were collected at 0h and after aCD3aCD28 or IFN I stimulation during 3h, 6h and 24h. The

21 samples were lysed in QIAzol Lysis Reagent (Qiagen, 79306) and RNA was extracted using the miRNeasy

Mini Kit (Qiagen, 217004). In order to reduce phenol-based reagent contaminations, purified RNA samples

were precipitated using sodium acetate (3M, 0.1x sample volume) and ethanol (100%,3x sample volume).

RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Eukaryote Total RNA Nano assay).

A total of 200 ng of total RNA were used to generate barcoded miRNA-seq libraries using the NEBNext

Multiplex SmallRNA Library Prep Set for Illumina (New England Biolabs). Briefly, 30 and 50 SR adapters

were first ligated to the RNA sample. Next, reverse transcription followed by PCR amplification was

used to enrich cDNA fragments with adapters at both ends. The quantity and quality of the miRNA libraries

were determined using the Agilent 2100 Bioanalyzer High Sensitivity DNA chip.

Libraries were sequenced on a HiSeq2500 (Illumina) to generate 60 bases single reads. FastQ files for each

sample were obtained using bcltofastQ 2.20 Software software (Illumina). NGS experiments were per-

formed in the Genomics Unit of the CNIC.

miRNA-seq data analysis

Sequencing reads were pre-processed by means of a pipeline that used FastQC (http://www.

bioinformatics.babraham.ac.uk/projects/fastqc/) to assess read quality; and Cutadapt (Martin, 2011) to

trim sequencing reads, eliminating Illumina adapter remains, and to discard those that were shorter

than 15 nt or longer than 35 nt after trimming. Around 80% of the reads from any of the samples were

retained. Resulting reads were aligned against a collection of 2657 human, mature miRNA sequences ex-

tracted frommiRBase (release 22), to obtain expression estimates with RSEM (Li and Dewey, 2011). Percent-

ages of reads participating in at least one reported alignment were around 40%. Expected expression

counts were then processed with an analysis pipeline that used Bioconductor package Limma (Ritchie

et al., 2015) for normalization (using TMM method) and differential expression testing, taking into account

that samples had been obtained in three batches, and considering only 626 miRNA species for which

expression was at least 1 count per million (CPM) in 3 samples. Changes in gene expression were
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considered significant if associated to Benjamini-Hochberg adjusted p-value < 0.1. Clustering of

expression profiles and production of heatmaps were performed with Genesis (Sturn et al., 2002). Epi-tran-

scriptomic modifications were detected with Chimira (Vitsios and Enright, 2015), an online tool that, after

alignment of miRNA-seq reads against miRBAse records, identifies mismatched positions to classify them

and to quantify multiple types of 3’-modifications (uridylation, for example), as well as 5’-modifications and

internal modifications or variations. Count tables produced by Chimira were further processed with ad-hoc

produced R-scripts to normalize modification counts by library size and to calculate summary statistics

across groups of replicate samples. Analyses were restricted to the collection of 626 miRNA species with

detectable expression. Upregulated and downregulated miRNA groups were defined considering any sig-

nificant differential expression including all possible time point comparisons, not only those performed

versus 0h.

Two core analysis were performed by Ingenuity Pathway Analysis (Content version: 49932394 (Release

Date: 2019-11-14), one with all miRNAs differentially expressed at least at one time point after stimulation

with aCD3aCD28 and a second one with the corresponding IFN-I regulated miRNAs. MiRNA-target net-

works were built with miRNet loading the highest upregulated and downregulated miRNAs for each treat-

ment (Fan and Xia, 2018). Venn diagrams were elaborated with Venny (https://bioinfogp.cnb.csic.es/tools/

venny/index.html).

miRNA qPCR

RNA was retrotranscribed using miRCURY LNA RT Kit (Qiagen, 339340) and qPCR was performed using

miRCURY LNA SYBER Green PCR Kit (Qiagen, 339347) in AB7900. Primers for hsa-miR-1246, hsa-miR-

222-5p, hsa-miR-23a-5p, hsa-miR-27a-5p, SNORD44 (hsa) and SNORD48 (hsa) were obtained from miR-

CURY LNA miRNA PCR Assay (Qiagen, 339306). Data was analyzed with Biogazelle QbasePlus software.

Expression values were normalized to both RNU44 and RNU48.

IMMUNOBLOTTING

Cell extracts were prepared in lysis buffer (50 mM Tris pH 7.5, 150 mMNaCl, 1%NP-40, 5 mM EDTA, 50mM

NaF, 5mM DTT) supplemented with a protease inhibitor cocktail (Complete, Roche). Cell lysates were

cleared of nuclei by centrifugation (15000 g, 15 min). Proteins were separated on 8-10% SDS-PAGE gels

and transferred to a nitrocellulose membrane. Membranes were incubated with primary specific anti-

bodies: anti-Dis3L2 (Nobus biologicals, NBP1-84740), anti-Eri1/THEX1 (Cell Signaling, #4049), anti-TUT4/

ZCCHC11 (Pro Sci incorporated, 46-610), anti-TUT7/ZCCHC6 (Proteintech, 25196-1-AP), and anti-ezrin/

radixin/moesin (ERMs) (90/3) (provided by Heinz Furthmayr, Stanford University, CA). Primary antibodies

were used at 1:2000 dilution and peroxidase-conjugated secondary antibodies (goat anti-rabbit,

ThermoFisher Scientific #31460; rabbit anti-goat, ThermoFisher Scientific #31402) at 1:5000. Chemolumi-

nescence was measured with LAS-3000 (Fujifilm). Band intensities were quantified with Image Studio Lite

(LI-COR Biosciences), normalized to ERMs values and relativized to unstimulated conditions (when no

band was detected at 0 h, background was taken as reference signal).

QUANTIFICATION AND STATISTICAL ANALYSIS

MiRNA differential expression changes in miRNA-seq (n=3 donors) were considered significant when asso-

ciated with a Benjamini-Hochberg adjusted p-value < 0.1. Kruskal-Wallis test and Dunn’s multiple compar-

isons test were applied using GraphPad Prism to perform statistical analysis on western blot (n=8, 8 donors)

and qPCR (n=9, 9 donors) data, representing in figures significance as: * p-value <0.05, ** p-value<0.01,

*** p-value<0.001; 0.05<p-value<0.1: indicated with numbers. Ingenuity Pathway Analysis uses Fisher’s

Exact Test p-value with a threshold value 0.05, as stated in the figure legend.

All graphs (except: heatmaps, Venn diagram, miRNet networks and Chimira global profile) were plotted

using GraphPad Prism, therefore, for detailed definitions of measures such as mean, median or SEM,

program online guides can be reviewed.
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Supplementary Fig.1. qPCR validation of selected miRNAs, related to Figure 1 and Figure 2. 
qPCR expression values (group median and interquartile range with whiskers ranging from minimum 
to maximum values) for miR-1246 (A), miR-222-5p(B), miR-23a-5p (C) and miR-27a-5p (D) in CD4+ 
resting T cells from 9 donors (prior to stimulation and after 3,6 or 24h with aCD3aCD28 or IFN I). 
Statistical analysis: Kruskal-Wallis test, Dunn’s multiple comparisons test [ * p-value <0.05, ** p-
value<0.01, *** p-value<0.001; 0.05<p-value<0.1: indicated with numbers]. 
  



 
Supplementary Fig.2. Ingenuity Pathway Analysis: molecular and cellular functions, related 
to Figure 1 and Figure 2. 
Core analysis performed with Ingenuity Pathway Analysis on differentially expressed miRNA 
(adjusted value <0.1) associated to their highest fold change during stimulation. Graphs include 
molecular and cellular functions found to be significantly represented for aCD3aCD28 miRNAs (A) 
and IFN I miRNAs (B). Fisher’s Exact Test p-value, threshold value 0.05, displaying only entities that 
have a –log(p-value) greater than 1.3. 
 
  



 
Supplementary Fig. 3. MiRNA predicted targets, related to Figure 1 and Figure 2. 
Targets predicted for the 6 miRNAs with highest up (left) and down-regulation (right) in aCD3aCD28 
(A) and IFN I (B) sets. Networks include gene targets predicted for at least two of the selected 
miRNAs. Data were generated using miRNet, applying a degree filter of 1 in all but miRNAs nodes. 
  



 
Supplementary Fig.4. MiRNAs with significant adenylation at position 1 (IFN I), related to 
figure 5.  
Heatmaps include upregulated (right) and downregulated (left) miRNAs with significant adenylation 
at position 1, detected in IFN I stimulation. Reads with adenine at position 1 are normalized to total 
reads, in order to visualize the frequency of adenylation for each miRNA. Pie charts are included 
below for the 3 miRNAs most adenylated within each group. These graphs show in colour the 
percentage of reads with specific modifications at position 1, while reads with modifications at other 
positions and unmodified reads are depicted in gray.  



 
 
Supplementary Fig.5. MiRNAs with significant cytosylation at position 0 (IFN I), related to 
figure 5.  
Heatmaps include upregulated (right) and downregulated (left) miRNAs with significant cytosylation 
at position 0, detected in IFN I stimulation. Reads with cytosine at position 1 are normalized to total 
reads, in order to visualize the frequency of cytosylation for each miRNA. Pie charts are included 
below for the 3 miRNAs most adenylated within each group. These graphs show in colour the 
percentage of reads with specific modifications at position 0, while reads with modifications at other 
positions and unmodified reads are depicted in gray.  

 




