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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 |
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 3’ 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,
3’ adenylation may 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-gPCR and Northern Blot
(Bronevetsky et al., 2013; Grigoryev et al., 2011; Gutiérrez-Vazquez 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 hrto 7 d and human samples from 2 to 7 d after activation, have been gathered together in a recent re-
view (Rodriguez-Galan 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 3’ uridine addition as a potential mechanism guiding miRNA
turnover during T cell activation (Gutiérrez-Vazquez 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 5, 3’ 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 5" and 3" isomiRs (Gu
etal., 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
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Figure 1. Differential miRNA expression 3h, 6h, and 24h after «CD32CD28 stimulation of human primary resting
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(adjusted p value <0.1), detected after stimulation with «CD3aCD28 for 3h, 6h, and 24hr.
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Figure 1. Continued

(B) Limma estimated Fold Change of differentially expressed miRNAs at 3h, 6h, and 24hr compared to Oh. Representative
miRNAs names are included, particularly those with higher fold changes. MiRNAs detected with higher CPM occupy top
positions in Y axis (CPMA = 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.

a guanosine (G) analog, A-to-| editing is equivalent to an A-to-G mutation. For miRNAs, A-to-| 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 3’ end (“tailing”) (Warkocki et al., 2018).
TENTSs 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 the most typical 3' end modifications
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) 3' 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, 3" 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 3, promoting its degradation by poly(A)-specific ribonucleases (Boele et al., 2014).
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) (Burroughs et al., 2010). Uridylation also promotes diverse outcomes on miRNAs. Pre-
let-7 miRNA can be uridylated at its 3 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 undergoes monouridylation 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 (Bussing 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 3'-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, Eri1is also a 3 to 5’ 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 «CD3xCD28

Atotal 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 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

¢? CellPress

OPEN ACCESS

iScience 24, 102530, June 25, 2021 3




¢? CellPress

OPEN ACCESS

miR-1260a @-
miR-27a-

miR-148a-

miR-7-5

. miR-192
miR-27a-5p -
miR-339

miR-16-2-3p
miR-339-
miR-181a-

miR-47:

miR-30c-1
miR-1307-
miR-30b-
miR-335-3
miR-148a-
miR-25-&
miR-21-

_ miR-4485-3p

miR-1213

miR-12135@

C miR-4695-3p@——;
miR-23a-5p @——

—O
3p @
3p @
o ]

5p@

3p@®

«©
bp @
3p @

910

3p@®
5p @
3p®
10

pP®
5p@®
X J
3p @

(] ]

R-92a-3p

R-7704

——@ miR-1246

@

MiR-1261

—® miR-1290

a

miR-4488

O miR-10400-5p

om
O

@ miR-4451

R-3173-5p
@ miR-4301

® mjiR-193a-5p

O—0——emiR-3614-5p

aCD3 —@ MiR-4448
aCD28 O miR-191-3p
miR-193b-3p@
let-7f-2-3p® miR-1281
—0
miR-582-3p@
IFN | miR-27b-5p'®
OmiR-3196
miR-4286 @
miR-3195
miR-3912-3p@
miR-5585-3p@
@ miR-3917
IFN | ® miR-503-5p
J miR-127-3p
@ miR-589-3p
¢ miR-4498
€O miR-663a
aCD3 ® miR-4510
aCD28 miR-3180-3p O
miR-212-3p @
@ miR-6743-3p
T T T T T T
-15 -10 -5 0 5 10 15

Limma estimated Fold Change (indicated time point vs Oh’

Figure 2. Differential miRNA expression 3h, 6h, and 24h after IFN | 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 | for 3h, 6h, and 24hr.
(B) Limma estimated Fold Change of differentially expressed miRNA at 3h, 6h, and 24hr compared to Oh. MiRNAs
detected with higher CPM occupy top positions in Y axis (CPMA = 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 | and aCD3aCD28. Table S2 contains 2B) raw

data.
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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: >UU, >AA, >CC, >GG) 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 «CD3aCD28 (left) or IFN | (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.

were upregulated (Rodriguez-Galan et al., 2018). We confirmed miR-1246 and miR-222-5p upregulation
and miR-23a-5p and miR-27a-5p downregulation by gPCR [Figures STA-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 |

In a separate set, resting human CD4+ T cells were stimulated with type | interferon (IFN I). IFN | 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 | and aCD3aCD28 subsets (15
upregulated and 21 downregulated in both stimulations and 1T 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 gPCR [Figures STA-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 4. Kinetics of miRNA post-transcriptional modifications for «CD3aCD28 differentially expressed miRNAs
Kinetics of the most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: >UU, >AA, >CC, >GQG) 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 | differentially expressed miRNAs
Kinetics of most abundant PtMs (mono-additions: U, A, C, G; and oligo-additions: >UU, >AA, >CC, >GG) 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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Figure 6. MiRNAs with significant adenylation at position 1 («CD3xCD28)

Heatmaps include upregulated (right) and downregulated (left) miRNAs with significant adenylation at position 1, detected in «CD3aCD28 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.

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 3'-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 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-
ure 3A]. For this reason, nucleotide modifications at the 3’ 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 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 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 3'-end positions. The results were conjoined for
the different stimulation time points [Figure 3B]. Analyzed PtMs remained stable during activation and were
clearly associated to a specific 3’ 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 from miRNAs upregu-
lated or downregulated, either upon aCD3aCD28 stimulation [Figures 4A and 4B] or IFN | [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 O [Figures 4A, 4B, 5A, and 5B]. «CD3aCD28 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 | [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 O [Figures 6,
7,54, and S5]. A higher number of modified miRNAs were found after aCD3aCD28 stimulation [Figures 6
and 7], than in IFN | [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 | [Figure 2] stimulations, counts with 31-42% of reads with an adenine at
position 1 in all evaluated time points. In «CD3aCD28 stimulation, we have identified a group of upregu-
lated miRNAs which present a higher frequency of adenylation [Figure 4].

Dis3I12, 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
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Figure 7. MiRNAs with significant cytosylation at position 0 (#CD3xCD28)

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.

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 Dis3I2.

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, many miRNAs 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-gPCR and Northern Blot (Rodriguez-Galan et al., 2018; Diener et al., 2020), which
strengthen our miRNA-seq data. Additionally, we have confirmed our sequencing data through gPCR,
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 | stimulation.
To our knowledge, no other study has evaluated miRNA changes in human primary T cells stimulated with
type I IFN. Arecent report reviewed data available on IFN | regulated microRNAs, mainly in the liver cell line
Huh?7 and human glioma (Forster et al., 2015). Of the 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 | (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 | (Wang et al.,
2012). Our study provides a dataset of IFN | 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, mMRNAs undergo 3’ 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 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 (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 Dis3I2. Interestingly, TUT4 upregulation was
not maintained in our samples after 24 hrindicating a potential specific time frame of action for this enzyme.
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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 «CD3aCD28,
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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Figure 8. Continued

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]. In panel C, TUT4 was separated under two different acrylamide gel concentrations.

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 3’ 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 3’ end modifications described across
animal miRNAs (Burroughs et al., 2010; Chiang et al., 2010; Landgraf et al., 2007; Muller et al., 2014; Wyman
etal., 2011), cytosylation was also significantly represented in our samples. Cytosine was specifically found
at position 0 (3’ 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 3’
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-Vazquez et al., 2017), higher levels of U additions were found in
aCD3aCD28 downregulated miRNAs. A similar pattern can be observed in IFN | 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 3" 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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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/ZCCHCé Proteintech Cat#25196-1-AP
anti-ezrin/radixin/moesin (ERMs) (90/3) provided by Heinz Furthmayr, N/A

Stanford University, CA
goat anti-rabbit ThermoFisher Scientific Cat#31460
rabbit anti-goat ThermoFisher Scientific Cat#31402
Biological samples
Buffy coats Centro de Transfusién N/A

(Comunidad de Madrid, Spain)
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
QlAzol 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 New England Biolabs Cat#E7580L
Prep Set for lllumina
miRCURY LNA RT Kit Qiagen Cat#339340
miRCURY LNA SYBER Green PCR Kit Qiagen Cat#339347
miRCURY LNA miRNA PCR Assay(hsa-miR-1246, Qiagen Cat#339306
hsa-miR-222-5p, hsa-miR-23a-5p, hsa-miR-27a-5p,
SNORD44(hsa) and SNORD48(hsa))
Deposited data
Raw and processed data This paper GEO: GSE156287
Alignments IFN | This paper https://genome.ucsc.edu/s/mjgommo/CDAT_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
Cutadapt
RSEM

Bioconductor package Limma

Genesis

Chimira

Babraham Bioinformatics

Martin (2011)

Li and Dewey (2011)

Ritchie et al. (2015)

Sturn et al. (2002)

Vitsios and Enright (2015)

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://code.google.com/p/cutadapt/
http://deweylab.biostat.wisc.edu/rsem

https://bioconductor.org/packages/release/bioc/

html/limma.html
http://genome.tugraz.at

http://wwwdev.ebi.ac.uk/enright-dev/chimira/
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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.gbaseplus.com

Image Studio Lite LI-COR Biosciences https://www.licor.com/bio/image-studio-lite/download
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 Sanchez-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/CDAT_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 (Oh) and
each of the time points (3h, éh, 24h) for IFN | 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 the mature miRNA coordinates described in miRBase, 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
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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 pg/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 aCD3a.CD28 (ImmunoCult™ Human CD3/CD28 T
Cell Activator; STEMCELL Technologies, 10971) or IFN | (1:1000, Human IFN Alpha Hybrid (Universal Type |
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 Oh and after «CD3aCD28 or IFN | stimulation during 3h, 6h and 24h. The
21 samples were lysed in QlAzol 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 HiSeg2500 (lllumina) to generate 60 bases single reads. FastQ files for each
sample were obtained using bcltofastQ 2.20 Software software (lllumina). 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 lllumina 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 from miRBase (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 Oh.

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://bicinfogp.cnb.csic.es/tools/
venny/index.html).

miRNA qPCR

RNA was retrotranscribed using miRCURY LNA RT Kit (Qiagen, 339340) and gPCR 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 mM NaCl, 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), hormalized 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 gPCR (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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