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BRIEF REPORT

Estrogen-Induced hsa-miR-10b-5p Is Elevated in T Cells
From Patients With Systemic Lupus Erythematosus and
Down-Regulates Serine/Arginine-Rich Splicing Factor 1

Suruchi A. Ramanujan,’ Elena N. Cravens,” Suzanne M. Krishfield,” Vasileios C. Kyttaris,” ' and
Vaishali R. Moulton?

Objective. Autoimmune diseases affect women disproportionately more than men. Estrogen is implicated in
immune cell dysfunction, yet its precise molecular roles are not fully known. We recently identified new roles for
serine/arginine-rich splicing factor 1 (SRSF1) in T cell function and autoimmunity. SRSF1 levels are decreased in T
cells from patients with systemic lupus erythematosus (SLE) and are associated with active disease and comorbidity.
However, the molecular mechanisms that control SRSF1 expression are unknown. Srsf7 messenger RNA (MRNA)
has a long 3'-untranslated region (3'-UTR), suggesting posttranscriptional control. This study was undertaken to
investigate the role of estrogen and posttranscriptional mechanisms of SRSF1 regulation in T cells and SLE.

Methods. In silico bioinformatics analysis of Srsf1-3'-UTR revealed multiple microRNA (miRNA; miR)-binding
sites. Additional screening and literature searches narrowed down hsa-miR-10b-5p for further study. Peripheral blood
T cells from healthy individuals and SLE patients were evaluated for mRNA and miRNA expression by quantitative
reverse transcription—polymerase chain reaction, and SRSF1 protein levels were assessed by immunoblotting. T cells
were cultured with B-estradiol, and transient transfections were used to overexpress miRNAs. Luciferase assays were
used to measure 3'-UTR activity.

Results. We demonstrated that estrogen increased hsa-miR-10b-5p expression in human T cells, and hsa-
miR-10b-5p down-regulated SRSF1 protein expression. Mechanistically, hsa-mir-10b-5p regulated SRSF1
posttranscriptionally via control of its 3'-UTR activity. Importantly, hsa-miR-10b-5p expression levels were elevated
in T cells from healthy women compared to healthy men and also elevated in T cells from SLE patients.

Conclusion. We identified a previously unrecognized molecular link between estrogen and gene regulation in

immune cells, with potential relevance to systemic autoimmune disease.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a debilitating auto-
immune disease that disproportionately affects women (1), and
is the fifth leading cause of death in young women (2). Loss of
immune tolerance to self antigens leads to a hyperactive immune
response and destruction of target organs. SLE typically devel-
ops in women during the reproductive years, and flares frequently
occur during pregnancy; therefore, sex hormones are implicated
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in SLE pathogenesis. Estrogens contribute to the immune dys-
regulation underlying autoimmunity and disease manifestations
(3), yet the precise molecular events controlled by estrogen are
unknown.

Besides transcriptional control through classic estrogen
receptor-linked pathways and nonclassic pathways, estrogen
also controls target genes through posttranscriptional mecha-
nisms (4,5). Posttranscriptional regulation is a powerful mech-
anism of gene control and involves modulation of messenger
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RNA (mRNA) stability and/or translation through regulatory
elements frequently found within the 3'-untranslated region
(8'-UTR) and conserved through species. Genes with a long
3'-UTR are therefore considered to be significantly regulated
at the posttranscriptional level. Besides cis elements, trans-
factors include proteins and noncoding RNA, which bind to
and control mMRNA expression. MicroBNAs (miRNAs; miRs) are
short noncoding RNAs (~23 nucleotides in length) that regulate
genes by binding complementary sites within the 3'-UTR of tar-
get genes and consequently destabilize mRNA and/or hinder
translation. In T cells, miRNAs are crucial for regulating T cell
development, differentiation, and function. Therefore, defects
in MiRNA levels lead to immune dysfunction (6). Aberrant
expression of miRNAs is implicated in autoimmune diseases,
including SLE. While studies have demonstrated sex-based
factors in MiIRNA expression and have implicated miRNAs in
SLE, the role of estrogen in regulating specific miRNA and
downstream genes involved in T cell dysfunction is not fully
known.

We have recently identified novel roles of the prototyp-
ical splicing regulator, serine/arginine-rich splicing factor 1
(SRSF1), in T cells and systemic autoimmunity. Using discov-
ery approaches, we identified SRSF1 in a pull-down assay of
proteins binding the mMRNA of the T cell receptor-associated
CD3 (-chain (7). We demonstrated that SRSF1 controls
genes involved in T cell signaling and cytokine production
(7,8), and mice with T cell-restricted deficiency of SRSF1 dis-
play T cell hyperactivity and develop systemic autoimmuni-
ty (9). SRSF1 levels are decreased in SLE patients and are
associated with active disease and comorbidity (8,10). These
studies have demonstrated the relevance of low SRSF1 levels
in SLE. Yet, how SRSF1 is regulated in T cells, and whether
hormones contribute to its expression, is unknown. Besides
transcriptional mechanisms, SRSF1 is controlled via posttran-
scriptional mechanisms, and this is exemplified by its long
3'-UTR.

In the present study, we used in silico bioinformatics anal-
ysis and literature search approaches to screen for miBRNAs
targeting SRSF1, and we investigated the influence of estro-
gen on the selected hsa-miR-10b-5p. We demonstrated that
hsa-miR-10b-5p overexpression leads to down-regulation of
SRSF1 through control of its 3'-UTR activity. Estrogen expo-
sure leads to increased hsa-miR-10b-5p expression in human
T cells. Importantly, T cells from healthy women exhibit sig-
nificantly increased levels of hsa-miR-10b-5p compared to
healthy men. Furthermore, hsa-miR-10b-5p levels are elevated
in SLE patients regardless of disease activity. Thus, our study
provides evidence of hormone- and miRNA-linked posttran-
scriptional regulation of a key regulator (SRSF1) and insight into
its reduced expression in systemic autoimmune disease. These
findings reveal molecular links between hormones and gene
regulation in the immune system.

MATERIALS AND METHODS

Human subjects. Subjects were recruited from the rheu-
matology clinic at Beth Israel Deaconess Medical Center. All SLE
patients fulfiled 4 of the European Alliance of Associations for
Rheumatology/American College of Rheumatology criteria for SLE
(11). Written informed consent was obtained from all participants.
The study was approved by the local institutional review board.

Celllines, antibodies, and reagents. HEK 293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (complete
DMEM,), at 37°C with 5% CO,. SRSF1 antibody (clone 96) was
obtained from Life Technologies, horseradish peroxidase (HRP)-
conjugated secondary antibodies from Santa Cruz Biotechnology,
anti-CD3 (clone OKT3) from Bio X Cell, anti-CD28 from BiolL.egend,
goat anti-mouse crosslinkers from EMD Millipore, 3-estradiol pow-
der from Sigma-Aldrich, and mirVana mimics from ThermoFisher.

Estrogen experiments and T cell activation. Peripheral
blood was collected from premenopausal healthy women during
the follicular phase of the menstrual cycle. Total T cells were puri-
fied by negative selection using a RosetteSep Human T cell kit
(StemCell Technologies) and cultured in RPMI 1640 without phe-
nol red, supplemented with charcoal-dextran—stripped FBS (Ther-
moFisher), and cultured with reconstituted -estradiol at 37°C. To
activate T cells, cells were cultured in complete RPMI and stimu-
lated with soluble anti-CD3 (5 pg/ml), anti-CD28 (2.5 pg/ml), and
crosslinker (2.5 pg/ml).

MicroRNA transfections. HEK 293T cells were seeded
in complete DMEM overnight. During transfection, complete
DMEM was replaced with DMEM without FBS. MicroRNA mimics
were transfected using Lipofectamine 2000 (Invitrogen). FBS was
added again to cells 2 hours prior to collection.

Luciferase assays. Srsf7 3'-UTR was cloned into Topo-TA
cloning vector and subcloned into pmirGLO luciferase vec-
tor (Promega). HEK 293T cells were cotransfected with 1 ug
of pmirGLO-SRSF1-3'-UTR luciferase construct and 10 nM
of mIRNA mimic. As an internal control, pRL-TK Renilla luciferase
construct (25 ng) was included. Cells were lysed, and luciferase
activity was measured by dual-luciferase assay (Promega).

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR). Total RNA was isolated using
a miRNeasy kit (Qiagen) and reverse-transcribed with RNA-to-
complementary DNA EcoDry premix (Clontech). Real-time gRT-
PCR was performed with LightCycler 480 SYBR Green | Master
Mix (Roche) under the following conditions: initial denaturation at
95°C for 5 minutes, 40 cycles of amplification; denaturation at
95°C for 15 seconds, annealing at 60°C for 15 seconds, extension
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at 72°C for 30 seconds; 1 cycle of melting curves at 95°C for 5
seconds, 65°C for 2 minutes, and 97°C (continuously); and final
cooling. Threshold cycle (C,) values were used to calculate relative
expression by the AC, quantification method. The following primer
sequences were used: SRSF1 forward 5-TCTCTGGACTGCCTC-
CAAGT-3', reverse 5'-GGCTTCTGCTACGACTACGG-3'; hsa-miR-
10b-5p forward 5-CGCCTGCTTGGTAACCCTGACC-3/, reverse
5-GGGTCCCACCCAGAGTGAGGT-3'; U6 forward 5'-CTCGCT-
TCGGCAGCACA-3', reverse 5'-AACGCTTCACGAATTTGCGT-3'.

Western blotting. Cells were lysed in radioimmunoprecip-
itation assay buffer (Boston BioProducts) with protease inhibitors
(Roche). Lysates were resolved in 4-12% Bis-Tris sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gels and transferred to

PVDF membranes. Membranes were blocked with 5% nonfat milk
in Tris buffered saline—Tween 20 (0.05%) (TBST) for 1 hour, incu-
bated with a primary antibody (1:1,000 or 1:4,000 [3-actin) overnight
at 4°C or for 1 hour at room temperature (3-actin), washed 3 times
with TBST, incubated with an HRP-conjugated secondary antibody
(1:2,000) for 1 hour at room temperature, washed 3 times with TBST,
developed using enhanced chemiluminescence reagents, and ana-
lyzed with a Bio-Rad ChemiDoc-XRS imaging system. Densitometry
analysis was performed using Quantity One software (Bio-Rad).

Statistical analysis. Data analysis was performed using
GraphPad Prism software. Student’s 2-tailed t-test and linear
regression were used for statistical analysis. P values less than
0.05 were considered significant.
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In silico screening and selection of microRNA (miRNA; miR) targeting Srsf7. A, Web-based bioinformatics prediction tools (TargetScan

and miRSystem) were used to screen for microRNAs targeting Srsf7, combined with a literature search to curate miRNAs that are up-regulated
in systemic lupus erythematosus (SLE), up-regulated by estrogen, up-regulated in T cells, and/or shown to target Srsf7. B, Quantitative reverse
transcription—polymerase chain reaction was performed for 3 selected miRNAs in resting T cells (O hours) and in activated T cells (24 hours, 48
hours, and 72 hours). Each symbol represents an individual subject; bars show the mean + SEM relative miRNA expression from duplicates. C,
Negative control (Neg) or hsa-miR-10b-5p mimics were transiently transfected into HEK 293T cells in 10 nM or 20 nM concentrations, and cells
were collected at 24 hours or 48 hours posttransfection. Expression levels of miRNA were measured by reverse transcription—polymerase chain
reaction. Each symbol represents an individual subject; bars show the mean + SEM relative miRNA expression from at least 3 independent
experiments. * = P < 0.05. D, The chart shows the miRNAs narrowed for further study based on the above-mentioned criteria. SRSF = serine/
arginine-rich splicing factor 1.



ROLE OF ESTROGEN AND SRSF1 REGULATION IN T CELLS AND SLE

2055

RESULTS

In silico analysis and screening for miRNAs target-
ing Srsf1. The Srsf1 mRNA has a long (~4,000 bp) 3'-UTR sug-
gesting that its expression is controlled at the posttranscriptional
level. MicroRNAs silence genes posttranscriptionally either by
destabilizing mMRNA or by hindering protein translation through
binding complementary sites within target mRNA. Therefore,
we investigated the role of miIRNA on Srsf7 gene regulation. We
performed a bioinformatics analysis of the Srsf7 3'-UTR to iden-
tify miRNA-binding sites using online prediction tools (TargetScan
and the miRSystem), combined with a literature search using
NCBI/PubMed (Figures 1A and D). First, we used TargetScan to
screen the Srsf1 3'-UTR, which yielded a set of putative miRNAs

A

targeting SRSF1. The Context++ Score percentile provided by
TargetScan combines information, including site type, 3’ supple-
mentary pairing, distance from the end of the 3'-UTR, and AU
content, to predict the strength of binding between the miRNA
and target mMRNA. Of the miRNA-MRNA seed sequence match
sites, the 8mer is the strongest site type. To supplement this
investigation, we performed a literature search using specific
search criteria limited to curate miRNAs that have previously
been implicated in SLE, that are up-regulated by estrogen or
its metabolites, that are up-regulated in T cells, or that are shown
to control SRSF1. To further narrow down miRNAs of interest, we
used the miRSystem, which evaluates the mIBNA-mMRNA rela-
tionship by integrative analyses of 7 different miRNA prediction
databases. The “hits” column in Figure 1D represents the number
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Figure 2. Overexpression of hsa-miR-10b-5p leads to down-regulation of SRSF1 via its 3'-untranslated region (3'-UTR). A, Negative control
miR mimics or hsa-miR-10b-5p mimics were transiently transfected into HEK 293T cells. Quantitative reverse transcription-polymerase chain
reaction was performed to assess the levels of hsa-miR-10b-5p. Each symbol represents an individual subject; bars show the mean + SEM from
4 experiments. * = P < 0.05. B, Levels of SRSF1 total protein in transfected cells were assessed by Western immunoblotting. Representative blots
are shown (top). Densitometric results from Western blotting were quantified as the expression of SRSF1 protein normalized to B-actin (bottom).
Each symbol represents an individual subject; bars show the mean + SEM from 4 experiments. * = P < 0.05. C, Schematic shows DNA and mRNA
sequence of Srsf1. The hsa-miR-10b-5p sequence and its complementary binding site within the 3'-UTR are shown. D, HEK 293T cells were
cotransfected with the Srsf1 3’-UTR-luciferase plasmid and 10 nM of hsa-miR-10b-5p mimic or negative control mimic. Cells were collected and
3'-UTR activity was measured by luciferase assay. Each symbol represents an individual subject; bars show the mean + SEM from 3 experiments.

** =P < 0.01. See Figure 1 for other definitions.
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of databases, according to the miRSystem, in which a relation-
ship between Srsf1 and the miRNA is mentioned.

Among the putative miRNAs identified, we selected 7 for fur-
ther study based on a combination of occurrence in multiple cat-
egories of the literature search (4,12—16), Context++ Score >90th
percentile, and the number of database hits from the miRSys-
tem (Figure 1D). We tested the expression of these miRNAs by
real-time gRT-PCR in T cells. Of these, hsa-miR-10b-5p, hsa-
miR-200b-3p, and hsa-miR-206 displayed quantifiable levels
(Figure 1B). We further tested these 3 miRNAs for overexpression
by transfection of MIRNA mimics into HEK 293T cells. Of these,
hsa-miR-10b-5p showed reliable and consistently robust overex-
pression under the conditions tested (Figure 1C). Therefore, we
selected hsa-miR-10b-5p for further study.

Overexpression of hsa-miR-10b-5p leads to
decreased SRSF1 levels. To investigate the effect of hsa-miR-
10b-5p on SRSF1 expression, we used miRVana mimics in
transient transfection experiments. We overexpressed hsa-miR-
10b-5p by transient transfection of the MIRNA mimic into HEK
293T cells. As controls, cells were transfected with a negative
control mIRNA mimic. Cells were collected 48 hours posttrans-
fection, and hsa-miR-10b-5p mMRNA levels were quantified by
real-time gRT-PCR, and SRSF1 protein levels were quantified
by Western blotting. We confirmed the increased levels of hsa-
miR-10b-5p and found that its overexpression led to decreased
SRSF1 protein levels compared to controls (Figures 2A and B).
These results show that hsa-miR-10b-5p induces the down-
regulation of SRSF1 expression.

MicroRNA hsa-miR-10b-5p controls the 3'-UTR activ-
ity of SRSF1. MicroRNAs mediate their effect at the posttran-
scriptional level by binding cognate sites within the 3'-UTR and
targeting the mRNA for degradation and/or inhibition of trans-
lation. Because the overexpression of hsa-miR-10b-5p led to
decreased SRSF1 expression (Figure 2B) and Srsf7 mRNA has
an hsa-miR-10b-5p binding site within its 3'-UTR (Figure 2C), we
questioned whether hsa-miR-10b-5p regulates the activity of the
Srsf1 3'-UTR. To evaluate this, we used an Srsf1 3'-UTR-luciferase
reporter plasmid construct and cotransfected it with either a nega-
tive control mimic or an hsa-miR-10b-5p mimic. We collected cells
48 hours posttransfection and measured the 3'-UTR activity by
luciferase reporter assays. We found that hsa-miR-10b-5p over-
expression led to significantly decreased 3'-UTR luciferase activity
compared to the negative control (Figure 2D), suggesting that hsa-
miR-10b-5p binds to and controls the activity of the Srsf7 3'-UTR,
and thus controls SRSF1 expression.

Estrogen up-regulates hsa-miR-10b-5p in human
T cells. Given that estrogen is known to control miRNAs in
immune cells and our findings showed that hsa-miR-10b-5p
controls SRSF1 expression (Figure 2), we wished to examine the

relationship between estrogen, miRNA, and SRSF1. To evalu-
ate the influence of estrogen on hsa-miR-10b-5p, we obtained
peripheral blood T cells from healthy women during the follicu-
lar phase of the menstrual cycle. Circulating estrogen levels are
lowest during this phase, and ensuring this criterion enabled
comparison between individuals. We treated T cells in vitro
with increasing concentrations of B-estradiol and measured the
expression of hsa-miR-10b-5p by gRT-PCR. Our results demon-
strate that exposure to B-estradiol increases hsa-miR-10b-5p
expression levels in a dose-dependent manner (Figure 3A). These
results indicate that hsa-miR-10b-5p is responsive to estrogen
and may be involved in the downstream gene regulation medi-
ated by estrogen in T cells.

Elevation of hsa-miR-10b-5p in T cells from healthy
women and SLE patients. \We have previously shown that T
cells from SLE patients display lower levels of SRSF1 compared
to healthy individuals, which is associated with higher SLE Disease
Activity Index (SLEDAI) scores (17) and comorbidity in patients
(8,10). To date, hsa-miR-10b-5p has not been implicated in SLE.
Thus, we investigated hsa-miR-10b-5p expression in T cells from
SLE patients compared to age-, race-, and sex-matched healthy
individuals. We found significantly increased levels of hsa-miR-
10b-5p in SLE patients compared to healthy controls (Figure 3B).
To evaluate sex-based differences, we compared hsa-miR-10b-5p
levels between men and women. Levels of hsa-miR-10b-5p were
significantly increased in healthy women compared to healthy men
(Figure 3C). However, levels were similar in men and women with
SLE (Figure 3D). Furthermore, hsa-miR-10b-5p levels did not cor-
relate with SLEDAI scores in patients (Figure 3E). These results
indicate that hsa-miR-10b-5p is up-regulated in healthy women
and in patients with SLE, and may contribute to the observed
decrease in SRSF1 levels in patients with SLE. Overall, our results
indicate that estrogen contributes to the induction of hsa-miR-
10b-5p, which down-regulates SRSF1. Elevated hsa-miR-10b-5p
levels in SLE patients may therefore contribute to decreased
SRSF1 expression.

DISCUSSION

In this study, we obtained a number of interesting findings.
We demonstrated hsa-mir-10b-5p—mediated posttranscriptional
regulation of the prototypical splicing regulator SRSF1 (Figures 1
and 2). Mechanistically, we showed that hsa-miR-10b-5p controls
the 3'-UTR activity of SRSF1 (Figure 2C). Furthermore, estrogen
increases the expression of hsa-miR-10b-5p in human T cells
(Figure 3A). Finally, we showed that hsa-miR-10b-5p levels are
elevated in T cells from SLE patients and in T cells from healthy
women compared to healthy men (Figures 3B and C).

These findings are significant because SRSF1 controls
genes involved in T cell function, and its expression is decreased
in SLE patients, which correlates with higher SLEDAI scores (8)
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Figure 3. Induction of hsa-miR-10b-5p by estrogen and elevated levels of hsa-miR-10b-5p in T cells from healthy women and systemic lupus
erythematosus (SLE) patients. A, T cells from healthy women were treated with increasing concentrations of 3-estradiol, and hsa-miR-10b-5p
levels were assessed by real-time quantitative reverse transcription—polymerase chain reaction. Results are from 4 experiments. * = P < 0.05
versus no [3-estradiol. B, Levels of hsa-miR-10b-5p were measured by quantitative reverse transcription—polymerase chain reaction in T cells
from SLE patients (n = 21) and age-, race-, and sex-matched healthy controls (n = 12). ** = P < 0.01. C, Levels of hsa-miR-10b-5p in healthy
men and healthy women are shown. * = P < 0.05. D, Levels of hsa-miR-10b-5p in men and women with SLE are shown. In A-D, each symbol
represents an individual subject; bars show the mean + SEM. E, Correlations between Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI) scores and hsa-miR-10b-5p levels in patients with SLE are shown. F, Demographic and clinical features of the SLE patients and
healthy controls are shown. NS = not significant; WBC = white blood cells.

and comorbidity (10). Therefore, understanding how SRSF1
is regulated would guide strategies to correct its expression
and potentially improve disease. SRSF1 is a relatively under-
studied molecule in the immune system. The present study
elucidates mechanisms of its regulation in immune cells with
implications for autoimmune disease. We showed, for the first
time to our knowledge, that T cells from SLE patients display
higher expression of hsa-miR-10b-5p. These results imply that
hsa-miR-10b-5p may contribute to low SRSF1 levels in SLE.

Furthermore, we showed that hsa-miR-10b-5p is estrogen-
responsive in human T cells, thus highlighting its role in the
immune system. We also demonstrated that hsa-miR-10b-5p
levels are elevated in healthy women compared to healthy men.
Elevated hsa-miR-10b-5p levels in SLE implicate its contribu-
tion to autoimmune disease. Given its regulation by estrogen,
our data showing that hsa-miR-10b-5p is elevated in healthy
women compared to healthy men identify a sex-based difference
in the physiologic regulation of this mIBRNA. After disease onset in
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SLE patients, multiple factors may be involved, and therefore the
sex-based difference may be obviated. Furthermore, hsa-miR-
10b-5p expression in SLE does not correlate with disease activ-
ity, suggesting that this may be inherent to the disease process
rather than due to nonspecific immune activation.

Besides posttranscriptional regulation of miRNA, post-
translational mechanisms may be involved in regulating SRSF1
expression. We have previously demonstrated ubiquitin-
proteasome—-mediated degradation of SRSF1 and ubiquitinated
SRSF1 forms in SLE T cells. Lysosome-mediated proteoly-
sis is another mechanism that may be involved in SRSF1 reg-
ulation. Recently, the X-linked gene Cxorf21, which is involved
in lysosomal pH regulation and proteolysis, was found to have
single-nucleotide polymorphisms associated with SLE (18).
SRSF1 is also known to autoregulate its expression via bind-
ing to its 3'-UTR which leads to nonproductive splicing or
non-sense-mediated MRNA decay. In addition, SRSF1 con-
trols miRNA expression, and these miRNAs may contribute to
a feedback regulatory loop. It would be interesting to investigate
whether these proteolytic mechanisms or autoregulatory feed-
back loops occur in T cells and in systemic autoimmunity.

One limitation of the present study is that we focused on
hsa-miR-10b-5p, and other miRNAs may be involved in SRSF1
regulation and controlled by estrogen. Indeed, our miRNA screen
revealed potential hits that may be relevant for future studies. Dif-
ferences in hsa-miR-10b-5p levels in total SLE T cells may result
from differences in proportions of CD4/CD8 and other cell line-
ages, and therefore examination of subset-specific expression is
important. Evaluating hsa-miR-10b-5p in other autoimmune dis-
eases would elucidate whether this is specific to SLE or shared
by multiple autoimmune diseases.

In conclusion, we have identified sex hormone-linked con-
trol of hsa-miR-10b-5p and SRSF1 in immune cells. This finding
reveals molecular links between hormones and the immune sys-
tem with relevance to autoimmunity.
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