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Abstract

miR-23~27~24 was recently implicated in restricting Th2 immunity as well as the differentiation
and function of other effector T cell lineages. Interestingly, miR-24, unlike other family members,
actually promotes Thl and Th17 responses. Here, we show that miR-24 drives the production of
IFNy and IL-17 in T cells at least in part through targeting TCF1, a transcription factor known for
its role in limiting Th1 and Th17 immunity. Surprisingly, while TCF1 was previously shown to
promote Th2 responses through inducing GATAS, enforced TCF1 expression in miR-24-
overexpresing T cells led to further downregulation of IL-4 and GATA3 expression, suggesting
miR-24-mediated inhibition of Th2 immunity cannot be attributed to TCF1 repression by miR-24.
Together, our data demonstrates a novel miR-24-TCF1 pathway in controlling effector cytokine
production by T cells and further suggests miR-24 could function as a key upstream molecule
regulating TCF1-mediated immune responses.

Introduction

During immune responses, naive T cells become activated and differentiate into distinct
populations of helper T (Th) cells. In the process of T cell differentiation, each Th cell
subset acquires lineage-defining “master regulators” which orchestrate unique
transcriptional programs allowing the different Th cell populations to exert their respective
immune functions through secreting corresponding effector cytokines (1). In addition to
transcriptional regulation, the establishment and maintenance of each functional Th cell
subset also involve the expression of epigenetic regulators such as microRNAs (miRNAS)
that could either promote or inhibit the differentiation and function of a given Th cell lineage

).

In the past decade, many miRNASs have been identified to be crucial in regulating Th cell
fate decisions and controlling their effector functions (2). For example, members of the
miR-29 family have been shown to inhibit Thl immunity not only by repressing the Thl
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master regulators T-bet and Eomes, but also through directly targeting the effector cytokine
IFN-y (3-5). Recently, we and others have demonstrated that miR-24 and miR-27 could
potently control Th2 immunity through coordinately repressing Gata3, IL-4 and many other
Th2-associated molecules (6, 7). Interestingly, while the whole miR-23~27~24 family also
negatively regulates the differentiation and function of other Th cell lineages, miR-24, unlike
miR-23 or miR-27, actually promotes Th1 and Th17 responses, suggesting that under certain
circumstances individual members can antagonize rather than cooperate with each other to
fine tune a given biological effect of the entire miRNA family (6).

In this study, we showed that miR-24 drives the production of IFN-y and IL-17 by
conventional T (Tconv) cells in a cell-intrinsic manner and enforced expression of miR-24 in
Tconv cells lead to dysregulated Th1l and Th17 responses even in the presence of wildtype
(WT) Treg cells. Mechanistically, through analyzing whole transcriptome sequencing data
combined with high-throughput sequencing of RNAs isolated by cross-linking
immunoprecipitation (HITS-CLIP) results (6, 8), we identified TCF1, a transcription factor
known for its role in restricting Th1 and Th17 responses (9, 10), as a bona-fide miR-24
target. Retrovirally overexpressing TCF1, with or without the p-catenin-interacting domain,
in miR-24-overexpressing T cells reduced their production of effector cytokines under Thl
and Th17 polarizing conditions. On the other hand, partially ablating TCF1 in T cells so that
it is expressed to a level similar to that detected in T cells with excessive miR-24 expression
led to elevated Th1l and Th17 responses. Interestingly, although TCF1 was previously shown
to promote Th2 responses through inducing GATA3 expression (9), miR-24 does not seem
to limit Th2 immunity though targeting TCF1, as enforcing TCF1 expression in miR-24-
overexpressing T cells led to further downregulation of IL-4 and GATA3 expression.
Collectively, our results identify a novel miR-24-TCF1 axis in modulating effector T (Teff)
cell cytokine production and further suggest that miR-24 could serve as a key regulator in
fine tuning the amount of TCF1 to control a wide range of immune responses.

Materials and Methods

Mice

R24Tg (6) and 7CF1 mice (11) were described previously. All mice were maintained and
handled in accordance with the Institutional Animal Care and Use Guidelines of UCSD and
National Institutes of Health Guidelines for the care and Use of Laboratory Animals and the
ARRIVE Guidelines.

Flow cytometry and antibodies

Single-cell suspension of different lymphoid organs as well other tissues including lung and
lamina propria were prepared as described previously (6). For FACS analysis, cells were
stained with Ghost Dye Red 780 (Tonbo Biosciences) or Fixable Viability Dye eflour 450
(eBiosciences) followed by surface staining with antibodies against CD4, CD8, CD62L,
CD44, Ly5.1. Intracellular staining was performed with antibodies against Foxp3, T-bet,
GATA3, RORYT (eBiosciences), TCF1 (Cell signaling) and GFP (eBioscience). To assess
IFN7y, IL-17, IL-4 production, cells were incubated with PMA (50ng/ml), ionomycine
(0.5ug/ml) and Brefeldin A (1ug/ml) for 4 h at 37 °C, followed by standard staining as
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described above. BD LSRFortessa or BD LSRFortessa 20x cell analyzer (BD Biosciences)
was used for data collection while Flowjo software (Tree Star) was used for data analysis.

Gene expression profiling analysis

RNA-sequencing results (GSE75909) of CD4*CD25-CD62LNi T cells isolated from WT or
R24Tg mice were analyzed as described previously (6). Briefly, gene expression values were
generated for RefSeq annotated transcripts using HOMER (12). For the cumulative
distribution function (CDF) plots, target sites were restricted to perfect seed
complementarity between positions 2 and 7 of the corresponding miRNA with positive
Argonaute binding peaks in the HITS-CLIP database (8). Empirical cumulative distributions
were computed using Matlab (R2014b) to display the log2(miRNA Tg/WT) against the
cumulative frequency of Thl- or Th17- associated or all genes (13).

Generation of mixed bone marrow chimeras

BM cells were isolated from WT, R24Tg or Ly5.1* B6 mice followed by T cell depletion
using mouse Pan T (90.2) kit (Dynabead). WT or R24Tg BM cells were mixed with Ly5.1*
B6 BM cells at 1:1 prior transferring into lethally irradiated (950 rads) RagZ™" recipients
intravenously. 8 weeks after BM reconstitution, lymphocytes from different tissues were
isolated and assessed using FACS analysis.

Quantitative PCR analysis

CD4*CD25-CD62LN T cells in spleen were sorted by FACSAria flow cytometry (BD
Biosciences). Total mMRNA were isolated by using miRNeasy kit (Qiagen). cDNA were
generated by using iScript cDNA synthesis kit (Bio-Rad) followed by real-time PCR
reactions using SYBR green PCR kits (Applied Biosystems). Primer sequences are as
follows: TCF1 Forward 5"-TCAATCTGCTCATGCCCTAC-3’, TCF1 Reverse 5 -TGGA
CTGCTGAAATGTTCGT-3’, GAPDH Forward 5'-CGTCCCGTAGACAAAATGGT-3’,
GAPDH reverse 5'-TCAA TGAAGGGGTCGTTGAT-3’

Retroviral transduction

Long TCF1 isoform (L-TCF1) was PCR amplified from mouse CD4" T cell mRNA and
short TCF isoform (S-TCF1) was PCR amplified by using pCMV6-TCF7 (Origene) as a
template. L-TCF1 and S-TCF1 were subcloned into retroviral vector, pMIG-RI, respectively.
Retrovirus was generated as described previously (6). FACS sorted CD4*CD25-CD62L" T
cells were stimulated in «CD3 (2ug/ml) and aCD28 (2ug/ml) coated wells for 24 h under
indicated Th cell polarizing conditions as described previously (6), followed by spin-
infection for 90 min at 2000 rpm in the presence of 8 ug/ml of polybrene (Millipore). After 4
d of retrovirus transduction, cells were harvested and stained with selected sets of
antibodies.

Immunoblotting

Cells were subjected to lysis in RIPA buffer (Cell signaling) supplemented with 1mM PMSF
for 20 min. Cell lysates were separated by SDS-PAGE and transferred onto PVVDF
membrane (Bio-Rad). Antibodies against TCF1 (Cell signaling) and p-Actin (Sigma) were
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used to detect corresponding proteins. The proteins were quantified with Image J (National
Institutes of Health).

Luciferase reporter assay

3’UTR of TCF1 was amplified from mouse genomic DNA and cloned into psiCheck2 vector
(Promega). Site-direct mutagenesis (Agilent) was performed to obtain TCF1 3'UTR
mutants. One day before transfection, HEK293 T cells were plated in 24 well. psiCheck2
bearing WT or mutant 3" UTR were transfected into HEK293T cells with miR-24-expressing
plasmid or control empty vector. Luciferase activities were assessed using Dual luciferase
reporter assay system (Promega) according to the manufacturer’s instruction at 24 h after
transfection.

Statistical Methods

Statistical tests were performed using Prism 5.0c (GraphPad). Significance was determined
by unpaired Student’s ~test with a 95% confidence interval. Error bars indicate SD.
*p<0.05, **p<0.01, ***p<0.001.

Results

Enforced expression of miR-24 in T cells results in elevated IFNy production before the
onset of spontaneous lympho-hyperactivation diseases

Considering that miR-24 can either cooperate with or antagonize the other members in a
given miR-23~27~24-dependent biology (6), we sought to further examine mice harboring T
cells with elevated miR-24 expression (R24Tg) to determine the precise role of miR-24 in
controlling T cell immunity. As shown in Fig. 1, like mice with T cell-specific
overexpression of the miR-23~27~23 cluster (R23CTg), R24Tg mice did not display any
abnormality in total thymic or splenic cellularities nor in any peripheral T cell compartment
compared to their WT littermates. However, in contrast to the reduced thymic Treg cell
frequencies detected in R23CTg mice as well as mice with T cell-specific overexpression of
miR-27 (R27Tg) (6, 14), enforced expression of miR-24 in T cells alone resulted in
appreciably increased thymic Treg cell numbers (Fig. 1F and G), consistent with the
previous notion that miR-24 can antagonize some functions of other members in the
miR-23~27~24 family (6). On the other hand, our recent study has demonstrated that
overexpression of miR-24 alone in T cells could result in the development of lympho-
hyperactivation phenotypes similar to what was observed in R23CTg and R27Tg mice (6).
Further analysis of R24Tg mice of young ages revealed that even before T cell
hyperactivation could be detected, those mice already harbored elevated numbers of IFN-y-
producing T cells both in secondary lymphoid organs and other tissues (Fig. 2), supporting
the reported role of miR-24 in promoting Th1 differentiation and IFN-y production (6).

Tconv cells with excessive miR-24 expression from healthy R24Tg mice already exhibit
Thl and Th17 gene signatures

While we did not detect significant changes in IL-17 production by T cells in R24Tg mice
before the onset of the autoimmune diseases, in addition to enhanced Th1 responses,
increased Th17 polarization was also observed in T cells with excessive miR-24 expression
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(6). To further explore the molecular impacts of miR-24 on T cell immunity, we re-analyzed
the transcriptom profiling results of CD4*CD25-CD62LM Tconv cells isolated from R24Tg
mice of 6~8 weeks of age (6). While overexpression of miR-24 was reported to negatively
regulate the Th2-related gene network (6, 7), R24Tg T cells isolated from mice prior to the
onset of T cell hyperactivation already exhibited elevated expression of many Th1- and
Th17-signature genes (Fig. 3). These results together with the previous findings obtained
from the /n vitro polarization studies strongly suggested that miR-24 directly promotes Thl
and Th17 responses in the Tconv cell compartment that would subsequently lead to the
development of the aforementioned lympho-hyperactivation phenotypes (6).

miR-24 drives dyrsregulated IFNy and IL-17 responses despite the presence of WT Treg

cells

Our recent findings in mice harboring T cells with miR-27 overexpression suggested that the
observed autoimmunity was not driven by miR-27 in Tconv cells in a cell-autonomous
fashion but rather resulted from a perturbed Treg cell compartment (14). While it is likely
miR-24 can directly enhance the production of effector cytokines by Tconv cells, it remains
probable that such Tconv cell phenotypes could only be detected in mice lacking a
functional Treg cell population as a result of exaggerated miR-24-mediated gene regulation.
Despite the fact that miR-24-overexpressing Treg cells exhibited normal suppressor function
in vitro (Fig. S1), to directly examine this possibility, we performed bone marrow (BM)
chimeras studies by transferring BM cells from R24Tg mice or WT littermates mixed with
BM cells from Ly5.1* B6 mice at a 1:1 ratio into irradiated Rag1-deficient recipients as
described previously (15) (Fig. 4A). 8 weeks after the initial BM transfer, R24Tg/Ly5.1" B6
chimeric mice remained healthy and showed no sign of T cell hyperactivation, similar to our
observation in young R24Tg mice. On the other hand, despite the presence of WT Treg cells
from the Ly5.1* compartment, noticeably increased frequencies of IFNy- and IL-17-
producing Tconv cells could be detected in T cells with excessive miR-24 expression but not
in the WT counterparts in the same chimeric mice (Fig. 4B—E). These results confirmed the
previous notion that miR-24 promotes IFNy and IL-17 production by Tconv cells in a cell-
intrinsic manner and further demonstrated that such Tconv cell phenotypes would occur
independently of any potential impact of miR-24 on Treg cell-mediated regulation.

miR-24 promotes the generation of IFNy- and IL-17-producing T cells through targeting

TCF1

To identify the molecular mechanisms underlying miR-24-mediated regulation of effector
cytokine production by Tconv cells, we examined the aforementioned whole transcriptome
sequencing results obtained from naive miR-24-overexpressing T cells in conjunction with
the analysis of the previously reported HITS-CLIP database (6, 8). While miR-24 does not
generally repress Th1l- or Th17-related genes at the mRNA level similar to what was
reported in the regulation of Th2-related genes (Fig. 5A)(6), TCF1, a high mobility group
(HMG) box transcription factor which has been previously shown to inhibit the expression
of IFNy and IL-17 in T cells (9, 10), was identified as a potential miR-24 target responsible
for the elevated IFN-y and IL-17 responses observed in R24Tg mice (Fig. 5B and C).
Luciferase reporter analysis confirmed that TCF1 is indeed a direct target of miR-24 as co-
transfection of miR-24 with the TCF1 3’UTR resulted in appreciable repression of reporter
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activity, whereas such repression was markedly abolished when the two putative miR-24-
binding sites were mutated (Fig. 5D). Consistently, diminished TCF1 mRNA was detected in
T cells overexpressing miR-24 in the aforementioned transcriptome profiling study and by
gPCR analysis (Fig. 5E and F). Moreover, R24Tg T cells exhibited 40~50% reduction in
TCF1 protein expression (Fig. 5G and H). Finally, as TCF1 exists in two major isoforms: a
long isoform (L-TCF1) that can interact with B-catenin to activate the Wnt signaling
pathway and a short one (S-TCF1) that cannot (16), we next examined the effect of miR-24-
mediated repression on different TCF1 isoforms. Immunablotting results revealed that both
TCF1 isoforms were repressed in T cells overexpressing miR-24 (Fig. 51), suggesting that
miR-24 can modulate both B-catenin-dependent and -independent TCF1-mediated biology.

Next, we sought to determine whether the augmented miR-24-mediated TCF1 repression
could account for the aforementioned elevated IFN-y and IL-17 responses observed in
R24Tg T cells. To this end, we first retrovirally overexpressed TCF1 in R24Tg T cells and
assessed their abilities to differentiate into IFNy- and IL-17-secreting T cells, respectively.
Consistent with previous findings where TCF1 was shown to negatively regulates IFNy and
IL-17 production in a p-catenin-independent manner (9, 10), both long and short TCF1
isoforms were equally effective in reducing IFN-y and IL-17 responses in T cells
overexpressing miR-24 (Fig. 6A and B). On the other hand, on a per-cell basis we did not
detect any alteration in the levels of T-bet or RORYT, in the IFNy-producing T cell and
IL-17-secreting T cells, respectively (Fig. 6C and D), also supporting a previous notion that
TCF1 does not directly inhibit the lineage-specific transcription regulators in differentiated
Thl or Th17 cells (9, 10). Nevertheless, the level of TCF1 overexpression resulted from
retroviral transduction is much higher than that could be normally detected in WT T cells
(Fig. S2A). Consequently, WT T cells with “supra-optimal” TCF1 expression also exhibited
a similar reduction in IFN+y and IL-17 production (Fig. S2B), thus precluding the possibility
to formally determine whether miR-24-mediated TCF1 repression is indeed responsible for
controlling IFN-y and IL-17 responses in T cells via this approach. To examine the miR-24
effect on TCF1 at a more physiologically relevant level, we then generated CD4-cre
TCF1™* mice in which all T cells express reduced TCF1 levels similar to what we could
observed in our R24Tg T cells (Fig.6E and F). As shown in Fig. 6G and H, a ~30-40%
reduction in TCF1 expression was sufficient to elevate IFN+y and IL-17 secretion in T cells
upon Thl and Th17 differentiation, respectively. Together, these results not only support our
hypothesized role of a miR-24-TCF1 axis in regulating Th1l and Th17 immunity but further
suggest that the expression of TCF1 needs to be tightly regulated as small changes in TCF1
amounts could have significant impacts on lymphocyte development and responses.

Repression of TCF1 by miR-24 does not contribute to miR-24-dependent impairment in Th2
differentiation

Recently, we have demonstrated that miR-24 controls Th2 immunity in part through
targeting 1L-4 directly (6). The fact that miR-24 represses TCF1 and TCF1 was shown to
promote Th2 responses and IL-4 production through inducing GATAS3 expression raised a
possibility that miR-24-mediated TCF1 repression could also contribute to the impaired Th2
responses observed in T cells with excessive miR-24 expression (9). It should be noted,
however, that while TCF1 inhibits IFNy and IL-17 in a p-catenin-independent manner, it
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was shown that interaction between TCF1 and B-catenin is critical to promote GATA3
expression and the resultant IL-4 production (9). In the absence of the B-catenin-interacting
domain, the short TCF1 isoform does not function as a transcriptional activator but rather a
repressor that inhibits 1L-4 expression (17). Since both TCF1 isoforms with opposite effects
on IL-4 production were repressed by miR-24, we sought to examine the exact role of
miR-24-mediated TCF1 repression in regulating Th2 immunity. To our surprise, while
overexpression of miR-24 resulted in a drastic reduction in IL-4-producing T cells consistent
with our previous findings (6), the introduction of neither the long nor the short TCF1
isoform restored the ability of miR-24-overexpressing T cells to differentiate into 1L-4-
secreting cells; instead, both isoforms further decreased IL-4 production as well as GATA3
expression (Fig. 7A and B). These results clearly demonstrated that miR-24 does not limit
IL-4 production and Th2 differentiation through targeting TCF1.

Discussion

While it is generally believed that miRNA clusters are evolutionarily conserved to ensure
their biological impact through having different cluster members collaboratively target the
same gene or different components of a common biological process (18), recent studies have
revealed that individual members could also antagonize each other’s function to fine tune a
given biological effect of the entire miRNA family (6, 19, 20). Specifically, we have recently
reported that enforced miR-24 expression resulted in enhanced Thl and Th17 differentiation
whereas overexpression of the whole miR-23~27~24 cluster or other family members
inhibited those Th lineages (6). In this study, by further examining mice with T cell-specific
miR-24 overexpression as well as employing the mixed BM chimera approach, we
comprehensively demonstrated a Tconv cell-intrinsic role of miR-24 in promoting IFN-y and
IL-17 responses. Moreover, by analyzing whole transcriptome sequencing data together with
the HITS-CLIP database, we further identified a novel miR-24-TCF1 axis in regulating the
effector function of multiple Th cell subsets.

Despite the fact that enforced expression of either miR-24 or miR-27 in T cells can both lead
to spontaneous lympho-hyperactivition (6), the effector mechanisms underlying the
observed autoimmunity were very different. Unlike miR-27, the overexpression of which
impaired Teff activation and function but promoted disease development through impeding
Treg cell-mediated immunoregulation (14), exaggerated miR-24-mediated regulation
directly augmented the generation of effector cytokine producing Tconv cells preceding the
onset of the autoimmune disorder. It is also noteworthy that R24Tg mice harbored increased
thymic Treg cells as opposed to the reduced number observed in R27Tg mice (14). A recent
report has suggested a regulatory role of TCF1 in limiting thymic Treg cell development
(21). It is thus plausible that miR-24 could also promote thymic Treg cell generation through
targeting TCF1 and further suggests that miR-24 might act more as a positive player rather
than a negative regulator like miR-27 in controlling Treg cell biology. While we could not
exclude the possibility that excessive miR-24 expression might still hamper some aspects of
Treg cell function thus contributing to the autoimmune phenotypes detected in R24Tg mice,
our studies have unequivocally demonstrated that excessive miR-24 expression in Tconv
cells alone is sufficient to cause dysregulated IFN-y and IL-17 responses and would lead to
the subsequent autoimmunity.

J Immunol. Author manuscript; available in PMC 2018 May 15.
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TCF1 functions as a key downstream effector of the Wnt signaling pathway to control T cell
development in the thymus as well as mature T cell differentiation in the periphery (22-24).
Specifically, it was previously shown that TCF1 inhibits IFN-y and IL-17 responses without
directly impacting the expression of T-bet and RORyT (9, 10). Interestingly, while our
analysis of differentiated Th1 and Th17 cells regarding the effect of TCF1 on lineage-
specific transcription factors was in agreement with the aforementioned reports, our
transcriptome profiling results revealed that enhanced expression of T-bet and RORy T as
well as other Thl- and Th17-associated genes could already be observed in
CD4*CD25-CD62LN T cells isolated from healthy R24Tg mice. These results suggested
that TCF1 might likely play a role in regulating T-bet and ROR+y T expression during the
early phase of T cell differentiation as T cells with reduced TCF1 amount are better poised
to become effector T cell subsets. However, once cells are fully differentiated, while TCF1
could still modulate the production of effector cytokines, its impact on the expression of
lineage-specific transcription factors diminishes as those molecules would be stabilized by
many transcriptional and epigenetic regulations (25).

While our work has clearly shown that miR-24 could drive the generation of IFNy- and
IL-17-producing T cells through repressing TCF1, it seemed to argue against the reported
role of TCF1 in promoting Th2 responses (9). Restoring the expression of the long TCF1
isoform, the one with the capacity to induce GATA3 expression through interacting with p-
catenin, in miR-24-overexpressing cells resulted in a further decrease in GATA3 expression
and IL-4 production. Despite the lack of immediate experimental evidence to reconcile the
discrepancy between our study and the previous work, it is conceivable that miR-24-
mediated regulation of other molecules could play a key role in influencing the outcome of
TCF1-mediated GATA3 induction. Finally, while it seems that the miR-24-TCF1 axis
reported in this study generally promotes effector function of all T cell subsets, expression
of TCF1 has been recently shown to be crucial for establishing the transcriptional program
of the follicular T help (Tfh) cell population (11, 26). As such, excessive miR-24 expression
is likely to be detrimental to Tfh responses and miR-24 might function as a central
molecular regulator in controlling the reciprocal development of Tth cells vs. other Teff cell
lineages through targeting TCF1.

Our study has revealed a novel miR-24-TCF1 axis in regulating effector cytokine production
and further demonstrated that the expression of TCF1 needs to be tightly regulated as small
changes in TCF1 amounts could have significant impact on lymphocyte development and
responses. Although there is always a concern over the physiological relevance of using a
mouse model with selectively enforced expression of only one member of the whole miRNA
family, it should be noted that despite the fact that the expression of different miR-23~27~24
cluster members are usually regulated in a similar fashion, they could exhibit very distinct
expression profiles under certain conditions (27). To this end, miR-27 expression was found
to be highly upregulated in T cells isolated from multiple sclerosis patients and was
suggested to play a pivotal role in promoting autoimmune inflammation (28). Likewise,
elevated miR-24 expression was also detected in patients with ulcerative colitis and
rheumatoid arthritis (29, 30). While the cellular sources of miR-24 under those settings
remain to be further investigated, considering the proinflammatory role of IFNy and IL-17
in driving the aforementioned autoimmune disease progression, the miR-24-TCF1 axis
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could serve as a molecular basis to develop new therapeutics for autoimmunity with elevated
miR-24 expression. Alternatively, targeting this axis could also provide potential
translational benefits in disease settings when a strong Teff cytokine response is desired.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased thymic Treg cell numbers in mice with T cell-specific miR-24 overexpression
FACS analysis of (A) thymus and (B) spleen of 6-8 wks old R24Tg mice or WT littermates.

(C) Cellularity of thymus and spleen as welll as (D-G) frequencies and absolute numbers of
thymic and splenic total CD4* T cells and CD4*Foxp3™* Treg cells in R24Tg mice and WT
littermates are shown. Data are representative of four independent experiments (n = 10-11).

*p<0.05.
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Figure 2. R24Tg mice exhibited heightened IFNvy responses prior to the development of lympho-
hyperactivation phenotypes

FACS analysis and frequencies of (A) activated CD44NMCD62L!V, (B) Ki67* subsets and
(C) IFNy™* cells in Foxp3~CD4* Tconv cells in spleen from 6-8 wks old R24Tg mice or
their WT littermates. (D) FACS analysis and frequencies of IFNy* cells in Foxp3~CD4*
Tconv cells in lung or lamina propria (LP) of small intestine are shown. Data are
representative of 4 independent experiments (n = 10-11). **p<0.01, ***p<0.001.
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Figure 3. Tconv cells with miR-24 overexpression exhibited Thl and Th17 gene signatures
Heat map of representative gene associated with (A) Thl and (B) Th17 cell differentiation

and function differentially expressed in CD4*CD25-CD62L" Tconv cells in the presence or
absence of excessive miR-24 expression.
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Figure 4. Cell-intrinsic role of miR-24 in driving the production of IFNy and IL-17 by Tconv

cells

(A) Schematic of generation of mixed BM chimeras. FACS analysis and ratios of
frequencies of (B) Ly5.17IFNy* and Ly5.1*IFNy*; (C) Ly5.17IL-17* and Ly5.1*IL-17*
Tconv cells in lung and (D) Ly5.17IFNy* and Ly5.1* IFNy™*; (E) Ly5.17IL-17* and
Ly5.1*IL-17* Tconv cells in LP of small intestine. Data are representative of 3 independent
experiments (n = 16-19). *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. TCF1 is a direct target of miR-24
(A) Cumulative distribution frequency (CDF) plots depicting the effect of overexpression of

miR-24 on mRNA expression of Thl and Th17 cell-associated genes. Levels of mMRNAs of
Th1 or Th17 cell-associated genes bearing HITS-CLIP identified miR-24 sites (red line)
were compared with mRNAs of all Thl or Th17 cell-associated genes (black line). (B)
HITS-CLIP analysis of putative miR-24 binding sites in the 3"UTR of TCF1. Reads from
the 12 replicates have been stacked. Coordinates along the x-axis indicate nucleotide
position relative to the beginning of the 3"UTR. The y axis indicates normalized read counts,
which are square root transformed after individual library normalization (8). (C) Sequence
alignment of putative miR-24 binding sites in the 3"UTR of TCF1. Mutations of the two
corresponding miR-24 target sites are shown below. (D) Ratios of repressed luciferase
activity of cells in the presence of WT or different mutated TCF1 3" UTRs (M1: mutant 1,
M2: mutant 2 or DM: double mutants) transfected with miR-24 compared with cells
transfected with empty vector. (E) TCF1 mRNA expression results from the naive CD4* T
cell RNA-sequencing study was presented as a heat map. (F) gPCR of TCF1 mRNA levels,
(G) FACS analysis and (H) mean fluorescence intensity (MFI) of TCF1 protein amounts in
naive CD4" T cells from R24Tg mice or WT littermates were shown. (1) Expression of
different TCF1 isoforms in naive CD4* T cells isolated from R24Tg or control mice were
assessed by immunoblotting. Densitometric values of different TCF1 isoform were
normalized to B-actin expression values and n-fold increase on the basis of each
corresponding WT. All data are representative of at least 3 independent experiments (n = 6—
7). *p<0.05, **p<0.01.
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Figure 6. Small changes in TCF1 amounts is sufficient to impact effector T cell responses
FACS analysis of the production of (A) IFNy or (B) IL-17 and the expression of (C) T-bet

or (D) RORyT in GFP* R24Tg CD4* T cells transduced with control vector or vectors
expressing either long (L-TCF1) or short TCF1 (S-TCF1) isoforms with a GFP reporter
under Thl- or Th17- polarizing conditions. n-fold changes (on the basis of corresponding
WT controls) of IFNy* or IL-17* cell frequencies or T-bet or RORyT MFI in GFP* R24Tg
CD4* T cells were shown on the right panel. (E) FACS analysis and (F) % of TCF1 MFI in
naive CD4™ T cells from CD4-cre TCF1™* mice (TCF1Het) over WT littermates were
shown. FACS analysis of the production of (G) IFNy or (H) IL-17 in WT or TCF1Het CD4*
T cells under Thl- or Th17- polarizing conditions. n-fold changes (on the basis of
corresponding WT controls) of IFNy* or IL-17* cell frequencies were shown on the right
panel. All data are representative of at least three independent experiments (n = 3-6).
*p<0.05, **p<0.01, ***p<0.001.
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Figure 7. Enforced expression of TCF1 regardless of its capacity to interact with B-catenin in
R24Tg T cells led to further decrease in IL-4 production and GATA3 expression

FACS analysis of (A) IL-4 production and (B) GATA3 expression in GFP* R24Tg CD4* T
cells transduced with control vector or vectors expressing either L-TCF1 or S-TCF1 with a
GFP reporter under Th2- polarizing conditions. n-fold changes (on the basis of
corresponding WT controls) of IL-4* cell frequencies or GATA3 MFI in GFP* R24Tg CD4*
T cells were shown on the right panels. Data are representative of at least four independent
experiments (n = 4-6). *p<0.05.
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