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Coordinated repression of gene expression by evolutionarily conserved microRNA (miRNA) clusters and paralogs ensures that
miRNAs efficiently exert their biological impact. Combining both loss- and gain-of-function genetic approaches, we show that
the miR-23~27~24 clusters regulate multiple aspects of T cell biology, particularly helper T (Th) 2 immunity. Low expression
of this miRNA family confers proper effector T cell function at both physiological and pathological settings. Further studies in
T cells with exaggerated regulation by individual members of the miR-23~27~24 clusters revealed that miR-24 and miR-27
collaboratively limit Th2 responses through targeting IL-4 and GATA3 in both direct and indirect manners. Intriguingly, al-
though overexpression of the entire miR-23 cluster also negatively impacts other Th lineages, enforced expression of miR-24,
in contrast to miR-23 and miR-27, actually promotes the differentiation of Th1, Th17, and induced regulatory T cells, implying
that under certain conditions, miRNA families can fine tune the biological effects of their regulation by having individual
members antagonize rather than cooperate with each other. Together, our results identify a miRNA family with important
immunological roles and suggest that tight regulation of miR-23~27~24 clusters in T cells is required to maintain optimal
effector function and to prevent aberrant immune responses.
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Upon microbial insult, T cells differentiate into effector T
helper (Th) cells to generate protective immune responses.
Recently, a class of short regulatory noncoding RINAs, the
so-called microRNAs (miRNAs), known for their role in tis-
sue development, cellular differentiation, and function, have
been demonstrated to be pivotal in regulating immune re-
sponses (O’Connell et al., 2010; Lee et al., 2014). Selective
expression of a defined set of miRNAs in each T cell lineage
suggested miRNAs play distinct roles in controlling different
aspects of T cell immunity (Kuchen et al., 2010). However, an
emerging view purports that miRINAs, rather than enacting
drastic gene changes, primarily reinforce preexisting tran-
scriptional programs or buffer against stochastic fluctuations
in gene expression (Ebert and Sharp, 2012). Indeed, despite
complex biological phenotypes observed in mice with total
T cell- or regulatory T (T reg) cell-specific inactivation of
the entire miRNA pathway (Cobb et al., 2006; Chong et al.,
2008; Liston et al., 2008; Zhou et al., 2008), the analysis of
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individual miRINA contribution to specific T cell responses
has been largely restricted to a select few whose deficiency
resulted in pronounced perturbation of immune cell function
(Kroesen et al., 2015).

Many known miRNAs exist in clusters and paralogs
with high degrees of evolutionary conservation, suggesting
a means for increasing miRNA's impact on gene regulation
and resultant biology. The miR-17~92 cluster, for example,
controls immune responses through several cluster members
that either target the same gene or different components of
common biological pathways (Ventura et al., 2008; Baumjo-
hann et al., 2013; Kang et al., 2013; Simpson et al., 2014). Like
the miR-17~92 family, the miR-23~27~24 family contains
multiple members and two paralogs: miR-23a~27a~24-2
(miR-23a cluster) on chromosome (chr) 8 (chr 19 in human)
and miR-23b~27b~24-1 (miR-23b cluster) on chr 13 (chr 9
in human). Mature sequences of miR-23a and miR-27a dif-
fer by just one nucleotide in comparison to their correspond-
ing paralogs miR-23b and miR-27b, whereas miR-24-1 and
miR-24-2 share the same mature sequences. However, de-
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spite their distinct expression patterns in T cells, studies of’
the miR-23 clusters have primarily focused on their role in
tumorigenesis (Mertens-Talcott et al., 2007; Chintharlapa-
1li et al., 2009; Guttilla and White, 2009; Zhang et al., 2011;
Majid et al., 2012; Wang et al., 2013). Even when in silico
target analysis of the individual miRINAs within the miR-
23 clusters has suggested an important role for this miRINA
family in controlling T cell responses (Chhabra et al., 2010),
direct experimental evidence in this direction remains lim-
ited (Guerau-de-Arellano et al., 2011; Chandran et al,,
2014; Lin et al., 2014).

In this study, by using both gain- and loss-of-function
genetic approaches, we investigated the roles of the miR-23
clusters, as well as each miRINA member within this miRINA
family in T cell biology. Enforced expression of this miRINA
family in T cells resulted in dysregulated T cell activation and
autoimmune inflammation, whereas its ablation in T cells led
to reduced proliferation and activation even in response to
immune challenges. Moreover, in addition to having a general
impact on T cell activation, the miR-23 clusters play a cen-
tral role in T cell differentiation. In particular, different mem-
bers of the miR-23 family cooperate to potently control Th2
immunity by targeting IL-4 and GATA3 in both direct and
indirect manners. Mice harboring T cells devoid of miR-23
clusters developed exacerbated airway eosinophilic inflam-
mation and mucus hypersecretion upon allergen sensitization
and challenge. Interestingly, in modulating the differentiation
of other Th lineages, we also found that different members of
this miRNA family could antagonize rather than cooperate
with each other. Together, our data identify a new immune
regulatory miRNA family that plays a diverse role in con-
trolling T cell immunity.

RESULTS

Enforced expression of the miR-23 cluster in T cells leads
to spontaneous lymphohyperactivation phenotypes

To determine the role of the miR-23 clusters in T cell immu-
nity, we first confirmed the expression levels of both miR-23
clusters in T cells by comparative miRINA expression pro-
filing (Table S1). Consistent with previous studies (Cobb et
al., 2006; Jeker et al., 2012), higher levels of miR-23 family
members were detected in T reg cells compared with conven-
tional T (T conv) cells, regardless of activation status (Fig. 1).
A recent work has shown that down-regulation of miR-23a
promotes effector CD8T cell differentiation and cytotoxicity
(Lin et al., 2014). Moreover, it was previously demonstrated
that global miRINA down-regulation in T cells resulted in
the de-repression of genes critical for T cell differentiation
and effector functions (Bronevetsky et al., 2013). Therefore, it
is possible that the miR-23 clusters are expressed at necessar-
ily diminished levels to confer normal effector function to T
conv cells. To determine the impact of exaggerated miR-23
cluster regulation onT cell immunity, we generated mice that
selectively overexpress the whole miR-23a cluster (R23CTg)
or individual members (R23Tg, R24Tg, or R27Tg) inT cells
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Figure 1. Distinct expression patterns of miR-23 clusters in T reg
versus T conv cells. miRNA array (A) and qPCR analysis (B) of the expres-
sion of individual miRNA members in miR-23 clusters in T reg cells versus
T conv cells under different culture conditions. Data are representative of
two independent experiments. n = 6-15.

(Fig. S1).As shown in Fig. 2 (A—E), significantly reduced thy-
mic T reg cell numbers were detected in R23CTg mice at
6—8 wk of age, whereas no significant alteration in peripheral
T reg cell frequencies nor in total thymic or splenic cellular-
ities could be observed. These results suggested that although
the miR-23 clusters are highly expressed in T reg cells, en-
forced expression of this miRINA family before T reg cell
differentiation might impair their development in the thymus.

Interestingly, R23CTg mice exhibited unrestrained acti-
vation of effector T cells with greater Ki67 staining, increased
CD44MCD62L" cell subset, and elevated IFN-y production

miR-23 clusters in T cell immunity | Cho et al.
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Figure 2. Enforced expression of the miR-23 family in T cells resulted in dysregulated T cell activation and cytokine production in mice. (A-E)
Cellularity of the thymus and spleen and the proportions and absolute numbers of thymic and splenic total CD4* T cells and Foxp3*CD4" T reg cells in
R23CTg mice and control littermates are shown. FACS analysis of CD44"CD62L"° subset (F), Ki67* (G), and IFN-y-secreting cells (H) in Foxp3~CD4* effector
T cells in spleen from 6-8-wk-old R23CTg mice and control littermates were shown. Data are representative of four independent experiments. n = 6-10.
* P <0.05;* P <001 (I) Treg cells (Tg) isolated from R23CTg or WT control littermates were subjected to in vitro suppression analysis at indicated ratios
of responder T cells (Tg). Data are representative of three independent experiments. n = 6. (J) Percentages of mice (~5 mo of age) with overexpression of
the whole cluster or individual members harboring effector T cells displaying increased activation, proliferative activity, and production of IFN-y. n = 4-17.

(Fig. 2, F-H), despite harboring normal numbers of periph- of miR-23 clusters at a particular reduced level is required
eral T reg cells with comparable suppressor function (Fig. 21).  to maintain proper effector T cell activation and function.
These results support our initial hypothesis that expression  Finally, as mice aged, the T cell activation phenotypes in
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Figure 3. miR-23 family controls the differentiation
of multiple T cell lineages. Naive T cells isolated from
R23CTg mice and WT littermates were cultured in vitro
under Th1/Th2-polarizing (A) and Th17/iTreg differenti-
ation (B) conditions, respectively. IFN-y, IL-4, IL-17, and
Foxp3 staining were assessed by FACS analysis. Percent-
ages of cytokine-specific intracellular staining of the T
cells isolated from mice with overexpression of the whole
miR-23 cluster, as well as individual members under (C)
Th1-, (D) Th2-, (E) iTreg-, and (F) Th17-polarizing condi-
tions. Data are representative of three independent ex-
periments. n = 3-6. %, P < 0.05; ™, P < 0.01; **, P < 0.001.
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R23CTg mice could be mostly recapitulated when miR-27
alone and, to a lesser degree, when miR-24 alone were over-
expressed, whereas effector T cell responses in R23Tg mice
were largely unaltered (Fig. 2 J).

miR-23 family controls the differentiation of

multiple Th cell lineages

Having observed miR-23 cluster-dependent impairment
inT cell immunity under steady state, we examined the ef-
fects of overexpression of the miR-23 clusters on effector
T cell differentiation. Interestingly, despite T cell hyper-
activation in R23CTg mice, overexpression of the miR-
23 cluster negatively impacted the differentiation of every
Th lineage tested (Fig. 3, A and B). Cluster overexpres-
sion also compromised the generation of TGFp-induced T
reg (iT reg) cells, just as it did thymic T reg development
(Fig. 2, D and E). Further studies demonstrated that miR -
27 controls the generation of all Th lineages in the same
manner as the whole miR-23 cluster (Fig. 3, C—F). How-
ever, overexpression of miR-23 only led to impaired iTreg
and Th17 cell induction without any significant effect on
Th1/Th2 polarization. Finally, overexpression of miR-24

238

R23CTg R23Tg R24Tg R27Tg

reduced Th2 but promoted Th1, Th17, and iT reg differ-
entiation (Fig. 3, C—F). Collectively, our studies suggested
that although individual miR-23 family members can co-
operatively regulate the same biological processes, they can
also antagonize each other under certain conditions to fine
tune the biological effects resulting from the regulation of
the entire miRINA family.

miR-24 and miR-27 regulate Th2 differentiation and
function through targeting IL-4 and GATA3

Given that only Th2 cells were not controlled contrast-
ingly by individual members of the miR-23 family, we
decided to further investigate the molecular mechanisms
underlying miR-23 cluster-dependent regulation of Th2
immunity. The fact that overexpression of the miR-23
cluster in T cells reduced not only the frequency of IL-4—
secreting cells but also the amount of IL-4 being produced
on a per cell basis suggested that IL-4 itself might be a di-
rect target of this miRNA family (Fig. 4, A and B). Anal-
ysis of previous results from high-throughput sequencing
of RNAs isolated by cross-linking immunoprecipitation
(HITS-CLIP) showed a miR-24-binding site on the rel-

miR-23 clusters in T cell immunity | Cho et al.
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atively short 3 UTR of the IL-4 transcript (Loeb et al.,
2012; Fig. 4 C). More interestingly, this putative binding
site is located just 1 nt after the stop codon, strongly
suggesting the 3’ end of miR-24 would interact with se-
quences in the coding region of IL-4 mRNA (Fig. 4 D).
Although most of the miRNA studies to date have been
focused on the regulatory effect of miRNAs in the 3’
UTR of the target genes, it was well documented that
miRNAs could also inhibit their target protein translation
potentially through interfering with ribosome movement
(Hausser et al., 2013; Briitmmer and Hausser, 2014). Our
luciferase reporter results confirmed that IL-4 is indeed
a direct target of miR-24. Co-transfection of miR-24
with the IL-4 3" UTR alone or extending partly into
the IL-4 coding region resulted in appreciable repression
of reporter activity, whereas mutation of the miR-24—
binding site abolished this repression (Fig. 4 E). Moreover,
the consistent increase in repression by miR-24 detected
when the construct included part of the IL-4 coding
region (C2) compared with the one without (C1) fur-
ther suggested that interaction between miR-24 and the
IL-4 coding region positively contributed to miR-24—
mediated gene regulation (Fig. 4 E). Consistent with these
findings, R24Tg T cells produced diminished amounts of
IL-4 similar to what was observed in R23CTg T cells
(Fig. 4, F and G).Yet negative regulation of IL-4 by miR -
24 could not explain the reduced IL-4 production and
impaired Th2 responses observed in T cells that overex-
pressed miR-27 alone. Further analysis of HITS-CLIP
results revealed that GATA3, a central transcription factor
required for Th2 differentiation and cytokine production,
is a potential target of miR-27.The 3" UTR of GATA3
contains three putative binding sites for miR-27, as well
as one for miR-24 (Fig. 4 H). Consistent with this find-
ing, compared with WT, GATA3 protein levels were sig-
nificantly reduced in CD4" T cells from R23CTg and
R27Tg mice, and to a lesser extent from R24Tg mice,
but not from R23Tg mice (Fig. 4 I). Interestingly, lucif-
erase reporter assay demonstrated that GATA3 is directly
repressed by miR-27 but not miR-24, and that only the
first out of three putative miR-27 binding sites in the
GATA3 3’ UTR is functional (Fig. 4,] and K). It is likely
the reduced GATA3 expression detected in R24TgT cells
is the consequence of reduced autocrine IL-4 signaling
(Scheinman and Avni, 2009). These findings also show
that not all binding sites revealed by HITS-CLIP are bi-
ologically relevant. Finally, we were able to significantly
restore the ability of miR-27—overexpressing T cells to
produce IL-4 under Th2-polarizing condition by over-
expressing GATA3 (Fig. 4, L-N). Together, these results
demonstrated that the miR-23 clusters could suppress
Th2 responses by directly repressing IL-4 production, as
well as by inhibiting the GATA3-dependent Th2 differ-
entiation program in miR-24— and miR-27-dependent
manners.

JEM Vol. 213, No. 2

miR-24 and miR-27 collaboratively modulate Th2

gene network, but predominantly repress their

targets at the protein level

To gain further molecular insights into miR-23 cluster-
dependent regulation of Th2 immunity, we performed tran-
scriptome analysis of T cells with overexpression of individual
miR-23 family members. CD25~CD44°CD62L" naive CD4*
T cells were FACS sorted for RNA sequencing to minimize
the secondary effects from miR-24— and miR-27—dependent
IL-4 and GATA3 repression in differentiated Th2 cells. Con-
sistent with our ex vivo observations in the aforementioned
different miR -23 family Tg mouse lines (Fig. 2 J), whereas the
global gene expression profile of R23Tg T cells was largely
comparable to that of WT, it was most distinct in R27Tg T
cells, with R24Tg T cells exhibiting an intermediate pattern
(Fig. 5 A). Additional screening of genes associated with Th2
immune responses (Stubbington et al., 2015; and Gene On-
tology Consortium annotation 0045064) further revealed that
a substantial proportion (~30%; 39/132) of Th2-related genes
was already down-regulated in nonpolarized T cells overex-
pressing miR-24 or miR-27 (Fig. 5 B). Next, we performed
String analysis to identify potential physical and/or functional
interactions between genes that were modulated by miR-24
and/or miR-27 (Fig. 5 C).To this end, many Th2 genes that
were down-regulated in R24TgT cells and/or R27TgT cells
were shown to be highly connected to IL-4 and GATA3. In-
terestingly, GATA3 and IL-4, as well as Bmil, a known miR-
27 target that could stabilize GATA3 (Guerau-de-Arellano
et al., 2011), were in fact not down-regulated in the corre-
sponding Tg T cells. Among genes that were down-regulated,
only two, Rap1b and Nfatc2, were predicted to be miR-24
and miR-27 targets, respectively, by HITS-CLIP analysis
(Fig. 5 C).Whereas the functional connection between Rap1b
and Th2 cells has not been established, apart from its elevated
expression in Th2 cells (Stubbington et al., 2015), the role of
Nfatc2 in promoting IL-4 production and Th2 differentiation
has long been recognized (Diehl et al., 2002; Rengarajan et
al., 2002). Therefore, it is plausible that miR-27-mediated
Nfatc2 repression could also play an important role in restrict-
ing Th2 differentiation and effector function. Nevertheless,
the fact that we could only identify one additional miR-23
cluster target that could contribute to the observed Th2 bi-
ology by our RNA-seq study and the HITS-CLIP analysis
suggested that genes associated with Th2 immune responses
are typically not regulated by miR-24 or miR-27 at the
mRNA level. In agreement with this hypothesis, cumulative
distribution frequency (CDF) plot analysis revealed that there
was no detectable difference in the expression of Th2-related
genes regardless the presence or the absence of HITS-CLIP—
identified miR-24— or miR-27-binding sites in the respec-
tive TgT cell populations compared with control WT T cells
(Fig. 5 D). Surprisingly, when all genes were subjected to CDF
plot analysis, the ones with HITS-CLIP—identified sites were
down-regulated when the corresponding miRNA was over-
expressed (Fig. 5 E). These results demonstrated that although
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Figure 4. miR-24 and miR-27 target IL-4 and GATA3, respectively. FACS analysis (A) and ratios of mean fluorescence intensity (MFI; B) of IL-4 from
R23CTg CD4" T cells compared with WT CD4* T cells under Th2-polarizing condition. HITS-CLIP analysis (C) and sequence alignment (D) of the putative site of
miR-24 in IL4. (E) Ratios of repressed luciferase activity of cells with IL-4 3" UTR only (C1) or 3" UTR plus partial coding region containing miR-24-interacting
sequences (C2) with or without mutations in the seed sequences in the presence of miR-24 compared with cells transfected with empty vector were shown.
FACS analysis (F) and ratios (G) of MFI of IL-4 from R24Tg CD4* T cells compared with WT CD4* T cells under Th2-polarizing condition. (H) HITS-CLIP analysis
and sequence alignment of putative sites of miR-27 and miR-24 in the 3" UTR of GATA3. (I) Immunoblot analysis of GATA3 expression in T cells cultured for 4 d
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miR-23 family might, in general, control their targets at the
mRNA level, they predominantly repress genes associated
with Th2 responses at the protein level.

Enhanced Th2 differentiation, albeit reduced activation in
T cells devoid of miR-23 clusters, led to Th2-associated
immunopathology during airway allergic reaction
Thus far, we have shown that exaggerated regulation by the
miR-23 clusters in T cells led to impaired Th2 responses.
However, it is unclear as to whether elimination of miR-23
cluster-mediated gene regulation would result in enhanced
Th2 immunity. To directly address this question and to further
study the biological role of the miR-23 clusters, we generated
mice harboring either a conditional allele of the miR-23a
(miR-23aC"% or the miR-23b cluster (miR-23bC"; Fig. S2).
Despite a lack of aberrant phenotype in mice with T cell-
specific ablation of both miR-23 clusters (T-DKO) at steady
state (Fig. 6), unbiased transcriptome analysis revealed ~94%
of genes displaying contrasting expression patterns between T
cells 1solated from T-DKO versus R23CTg mice (Fig. 7 A).
Moreover, when T-DKO T cells were subject to Th2 polar-
ization, significantly more IL-4—producing cells, with in-
creased expression of IL-4 and GATA3 on a per cell basis,
were detected compared with WT (Fig. 7, B-D), in agree-
ment with our gain-of-function studies. Finally, although
IL-4 and GATA3 were not down-regulated in any of our
naive Tg T cells by RNA-seq analysis, we could clearly de-
tect increased mRNA levels of IL-4 and GATA3 in T-DKO
T cells and decreased mRNA levels of IL-4 and GATA3 in
both R24Tg- and R27Tg-differentiated T cells upon Th2
polarization (Fig. 7, E and F). Nevertheless, these observed
changes in the mRINA levels of IL-4 and GATA3 might be
influenced by not only themselves and each other during Th2
differentiation, but also potentially many other genes targeted
by miR-24 or miR-27 in T cells.

Next, we sought to test whether mice harboring miR-
23 cluster-deficient T cells would exhibit dysregulated Th2
immunity in vivo when challenged to mount a Th2 response.
To this end, we first used a model of OVA-induced airway
allergic asthma in which the role of Th2 cells in driving lung
inflammation, airway hyperresponsiveness, and obstruction
has been well established (Wakashin et al., 2008). As shown in
Fig. 8 A, we could detect increased expression of every mem-
ber of the miR-23 family in T cells upon OVA challenges.
These results suggested that miR-23 family—mediated gene
regulation in T cells might serves as a mechanism of nega-
tive-feedback regulation of Th2 responses during allergic re-

action. Indeed, 1 d after the last OVA challenge, compared
with WT littermates, T-DKO mice exhibited significantly
higher pulmonary resistance (Fig. 8 B). Selective increases
in the percentage and the absolute number of eosinophils in
bronchoalveolar lavage (BAL) fluid were also easily detected
(Fig. 8, C and D). Histopathological analyses showed much
greater goblet cell hyperplasia in the bronchioles and more se-
vere eosinophilia in the perivascular and peribronchial regions
of lungs from T-DKO mice than from WT controls (Fig. 8,
E and F; and not depicted). Exacerbated lung pathology was
accompanied by further elevated production of serum total
and OVA-specific IgE, a major feature of allergic asthma, in
sensitized T-DKO mice (Fig. 8 G). It should be noted that
the observed phenotypes in T-DKO mice were not caused by
unrestrained T cell activation. In fact, lung-infiltrating T cells
exhibited diminished proliferation and reduced activation in
OVA-challenged T-DKO mice compared with those in con-
trol animals (Fig. 8 H), complementing our previous observa-
tions of enhanced proliferation and activation of T cells with
miR-23 cluster overexpression. Though fewer cells were acti-
vated, the lung-infiltrating T cells still produced increased IL-4
and reduced IFN-y (Fig. 8 I), which is consistent with our
in vitro polarization studies. Similarly, higher IL-4 and lower
IFN-y expression levels were also detected in lung tissues har-
vested from OVA-challenged T-DKO mice (Fig. 8 J). Finally,
similar to our findings in mice with OVA challenges, we could
also detect elevated total IgE levels in the serum and increased
eosinophils in BAL fluid when T-DKO mice were challenged
with a real allergen, house dust mite (HDM; Fig. 8, K and L).
There was also more (albeit not statistically significant) IL-4 in
lung tissues of T-DKO mice (Fig. 8 M). However, unlike the
OVA model, we did not detect any decrease in IFN-y produc-
tion in T-DKO mice, likely because of the complex nature of
whole HDM extracts compared with a single purified protein
used in the OVA study. Altogether, these results confirmed that
the miR-23 clusters in T cells play a key role in restraining
Th2 responses and associated immune pathology particularly
in the setting of allergic airway inflammation.

DISCUSSION

There is little doubt that miRNAs function as important
gene regulators in controlling almost every aspect of biology.
However, because many miRNAs can be deleted without re-
sulting in any apparent phenotype, there is also a growing
consensus that most miRNAs do not play an indispensable
role in dictating the outcomes of biological responses (Miska
et al., 2007). Nonetheless, there are exceptions to the cur-

under Th2-polarizing condition. Densitometric GATA3 expression values were normalized to p-actin expression values and n-fold increase on the basis of each
corresponding WT. Ratios of repressed luciferase activity of cells in the presence of WT GATA3 3 UTR transfected with indicated miRNA (J) or WT or mutated
GATA3 3’ UTR with miR-27 compared with cells transfected with empty vector (K). Imnmunoblot analysis of GATA3 expression (L) and FACS analysis of IL-4
production (M) in GFP* R27Tg CD4* T cells transduced with GATA3-expressing or control vector with a GFP reporter under Th2-polarizing condition. (N) n-fold
increase (on the basis of corresponding WT controls) of IL-4" cells in GFP* R27Tg CD4" T cells. All data are representative of three independent experiments.

n=3-6.%P<005;™ P<001;™, P <0001
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Figure 5. Overexpression of miR-24 or miR-27 negatively impacts Th2 gene network. (A) Clustering of RNA-seq results from R23Tg, R24Tg,
R27Tg, and WT naive CD4" T cells based on total gene expression. (B) Th2-associated genes that were down-regulated in R24Tg T cells only, R27Tg
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rent idea of miRNAs as mere fine-tuners of biology, partic-
ularly among those miRINAs that target genes involved in
positive-feedback regulatory circuits. Self-reinforcing loops
can amplify even the subtlest changes in gene expression in-
troduced by miRNAs, leading to greater physiological con-
sequences. Moreover, miRINAs can increase their biological
impact through binding multiple sites on a gene target or re-
pressing a set of genes that are in a shared pathway or protein
complex (Ebert and Sharp, 2012). The aforementioned sce-
narios can be further exploited by the existence of evolution-
arily conserved miRNA clusters where members of a given
miRNA cluster often target the same gene or different com-
ponents of a common biological process (Liang et al., 2014).
Additionally, duplication of such miRINA clusters in paralogs
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ensures rigid control of their targets. In this study, we have
provided direct genetic evidence to demonstrate how miR-
23 clusters and paralogs can exert their regulatory effects on
important biology, particularly in controlling T cell immu-
nity. Specifically, we have shown that miR-24 and miR-27
collaboratively control Th2 immunity through targeting IL-4
and GATA3, respectively.

Interestingly, whereas HITS-CLIP analysis revealed pu-
tative binding of both miRNAs to the 3" UTR of GATA3,
only miR-27 but not miR-24 seems to be functionally active
in directly repressing GATA3. To this end, as IL-4 itself is a
direct target of miR -24, exaggerated miR -24 regulation likely
contributes to impaired IL-4 production and a further disrup-
tion of GATA3-dependent Th2 cell differentiation program

miR-23 clusters in T cell immunity | Cho et al.
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Figure 6. No detectable immune phenotypes in mice with T cell-specific deletion of both miR-23 clusters at steady state. (A-E) Cellularity of
the thymus and spleen and the proportions and absolute numbers of thymic and splenic total CD4* T cells and Foxp3*CD4" T reg cells in T-DKO and control
littermates are shown. FACS analysis of Ki67* (F) and IFN-y-secreting (G) cells in splenic CD4" T cells isolated from indicated mice are shown. Data are

representative of four independent experiments. n = 10.

considering the role of autocrine IL-4 signaling in potentiating
GATAS3 expression (Scheinman and Avni, 2009). However, it
should be noted that the miR -24-binding site in mice is not
conserved in humans, raising questions about the biological
relevance of miR-24—mediated IL-4 repression beyond mouse
studies. Nevertheless, miR -24 has been previously shown to be
able to control multiple genes with no canonical target seed se-
quences (Lal et al.,2009). Similar observations in seedless genes
targeted by miR -146a and miR-155 were also previously re-
ported (Lu et al., 2010; Loeb et al., 2012). It was shown that
the complimentary sequences outside the seed region could
contribute to the noncanonical miRINA-mediated repression,
albeit at relatively moderate levels compared with the canon-
ical targeting (Loeb et al., 2012). The fact that the 3’ end of
miR-24 could interact with more conserved sequences in the
IL-4 coding region, as this putative binding site is located just
1 nt after the stop codon of mouse IL-4 gene, suggested that it
might be possible that miR-24 could also control human IL-4
expression, even in the absence of canonical seed sequences.
Our findings of increased repression in the luciferase reporter
assay with the construct containing the extended sequences
from the IL-4 coding region where miR-24 could interact

JEM Vol. 213, No. 2

further supported this scenario. Alternatively, miR-24 could
negatively impact human IL-4 expression in an indirect man-
ner similar to what was reported in miR -27-mediated GATA3
regulation in humans through targeting Bmil, a molecule
that stabilizes GATA3 by blocking its proteasome-dependent
degradation (Guerau-de-Arellano et al., 2011). Indeed, our
RNA-seq study revealed that many Th2-associated genes were
already down-regulated in naive T cells upon overexpression of’
miR-24 or miR-27. Although it is uncertain as to how many
of them were directly controlled by miR-24 or miR-27 be-
cause these two miRNAs predominantly repress their respec-
tive targets related to Th2 responses at the protein rather than
the mRNA level, nevertheless, our results demonstrated that
the miR-23 clusters, particularly miR -24 and miR -27, are able
to efficiently restrain Th2 differentiation and effector function
through directly and indirectly targeting multiple components
within the Th2-associated gene network.

Such coordinated repression by miR-23 clusters is not
likely to be limited to Th2 regulation. Given that almost
every facet of T cell immunity is controlled by this miRNA
family, one would imagine that a similar regulatory mecha-
nism could be used by the miR-23 clusters to confer proper
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Deletion of both miR-23 clusters in T cells resulted in increased Th2 differentiation and IL-4 expression. (A) Clustering of RNA-seq

results from T-DKO, R23CTg, and WT naive CD4* T cells based on total gene expression. FACS analysis (B), frequencies (C), and MFI of IL-4 in CD4* T cells iso-
lated from T-DKO mice or WT littermates cultured under Th2-polarizing conditions. (D) FACS analysis and MFI of GATA3 from T-DKO CD4* T cells compared
with WT CD4* T cells. qPCR analysis of IL-4 and GATA3 expression in T cells isolated from T-DKO mice (E) and R24Tg or R27Tg mice (F) upon Th2 polarization.
All data are representative of two independent experiments. n = 3-6., P < 0.05; ™, P < 0.01; ™*, P < 0.001.

immune function to other T cell lineages. For example, we
have shown that both miR-23 and miR-27 limit the dif-
ferentiation of Th17 and iTreg cell populations. As TGF
signaling plays an integral part in the induction of both T
cell lineages, it is probably not a coincidence that several key
molecules downstream of TGFf signaling have been shown
to be repressed by these two miRNAs (Rogler et al., 2009).
Alternatively, we have found that contrary to miR-23 and
miR-27, miR-24 promoted iTreg and Th17 responses. This
surprising finding was interesting, but not completely un-
expected, as HITS-CLIP analysis has identified miR-24 as
the only miR-23 family member that could target Smad7, a
negative regulator of TGFf signaling, suggesting that miR-
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24 could exert an effect on 1Treg and Th17 cells opposite
to the other cluster members through augmenting TGFf
signaling (Loeb et al., 2012). Nevertheless, the fact that dif-
ferent members of the same miRINA cluster can antagonize
each other in controlling a specific biological process seems
to be counterintuitive and raises a question as to how such
an unproductive feature in miRNA-mediated gene regula-
tion could be retained evolutionarily. One possibility is that
in some situations, one member of the miRNA cluster could
exert an opposite function to fine tune the regulatory effects
of the entire miRNA family. Another probable clue for this
puzzle was provided by a previous study in which Bmp2, a
member of TGFP superfamily, was shown to promote adi-
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Figure 8. Exacerbated eosinophilic airway inflammation in mice with T cell-specific ablation of both miR-23 clusters. (A) gPCR analysis of different miRNA
expression in lung-infiltrating T cells harvested from OVA-challenged mice. miR-155, but not miR-150, has been shown to be up-regulated during OVA challenges
and were used as positive and negative controls, respectively (Malmhill et al,, 2014). (B) Pulmonary function test was determined 24 h after last challenge in response
to increasing doses of methacholine (0, 3, and 48 mg/ml). Airway resistance of T-DKO mice and WT control littermates. (C) Frequencies and (D) absolute cell numbers
of different cell populations in BAL Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils. (E) PAS staining of lung sections from sensitized con-
trol and T-DKO mice are shown (bar, 200 um), and (F) percentages of PAS™ mucus-secreting cells in per bronchiole were quantified. (G) Serum levels of total IgE and
OVA-specific IgF levels were determined by ELISA. (H) FACS analysis and frequencies of CD44"CD62L°-activated T cells and Ki67* T cells from lung in OVA-challenged
T-DKO mice and WT control littermates are shown. (I) Frequencies and the ratios of IL-4 and IFN-y-secreting cells in lung-infiltrating CD4* T cells isolated from
indicated mice were shown. (J) gPCR analysis of IL-4 and IFN-y mRNA expression in lung tissues harvested from OVA-challenged T-DKO mice or control littermates.
Data are represented of three independent experiments. n = 10-14. 24 d after HDM intranasal challenges, serum levels of total IgE levels were determined by ELISA
(K) and frequencies cell numbers of different cell populations in BAL were shown (L). (M) gPCR analysis of IL-4 and IFN-y mRNA expression in lung tissues harvested
from HDM-challenged T-DKO mice or control littermates. Data are representative of two independent experiments. n=8-10.% P < 0.05; ™, P < 0.01; **, P < 0.001.
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pocytic differentiation from mesenchymal stem cells by spe-
cifically up-regulating miR-24 but not miR-23 or miR-27
(Sun et al., 2009). It is intriguing to speculate that, whereas
in most cases individual members of miR-23 family would
function cooperatively to maximize their impact, under cer-
tain circumstances, a given miR-23 family member could
be differentially expressed to control a specific type of T cell
response. Finally, beyond regulating T cell immunity, it has
been previously documented that miR-23a cluster promotes
the differentiation of myeloid cells from hematopoietic pro-
genitors while inhibiting B cell development (Kong et al.,
2010). In dendritic cells, up-regulation of either miR-23b or
miR-27a was shown to confer tolerogenic activities, allowing
them to induce more T reg cells (Min et al., 2012; Zheng et
al., 2012). Future studies will continue to unravel the role of
this miRINA family not only in T cell immunity but also in
regulating other aspects of the immune system.

MATERIALS AND METHODS

Mice. Foxp3“** (Fontenot et al., 2005) and Foxp3“*° mice
(Gavin et al., 2007) were described previously. The targeting
constructs for miR-23bFB", miR-23aC", and miR-23bC"
were generated using recombineering. For detailed
information see the National Cancer Institute recombineering
website (http://redrecombineering.ncifcrf.gov/). Mice on a
B6 genetic background with the germ-line transmission were
bred to Flp deleter mice to remove the neomycin resistance
cassette. T cell-specific deletion of both miR23 clusters were
achieved by breeding miR 23 a/bC"" mice to CD4-cre mice,
respectively. The targeting constructs for R23CTg, R23Tg,
R24Tg, and R27Tg were generated similar to what was
described previously (Xiao et al., 2007). Mice with T cell-
specific overexpression of the entire miR-23 family and
individual members were obtained by breeding the
aforementioned mice to CD4-cre mice. 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.

miRNA expression profiling and quantitative PCR analysis.
Foxp3GFP" T reg cells and naive CD62L" Foxp3GFP™ T
conv cells from Foxp3“™ mice were sorted on FACSAria
(Becton Dickinson), followed by 1 d culture with 100 U/ml
IL-2 with or without plate-bound 1 pg/ml aCD3 and/or
1 pg/ml aCD28. Isolated RNA from harvested cells (dupli-
cates of each sample) was subject to miRINA expression
profiling analysis using miR CURY LNA microRNA Arrays
(Exiqon). For confirming the expression levels of miR-23
clusters by qPCR, TagMan (Thermo Fisher Scientific)
stem-loop real-time RT-PCR was performed as demon-
strated previously (Lu et al., 2010).

For detecting cytokine levels in sensitized lungs, total
RNA of lung was extracted by using miRNeasy kit (QIA-
GEN), ¢cDNAs were generated by iScript cDNA synthesis
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kit (Bio-Rad Laboratories), and real-time PCR was per-
formed using SYBR Green PCR kits (Applied Biosystems).
Primers are as follows: IL-4,5'-TTGAACGAGGTCACAG-
GAGA-3' (F) and 5'-AAATATGCGAAGCACCTTGG-3’
(R); IFN-y, 5 -GCGTCATTGAATCACACCTG-3’
(F) and 5'-GAGCTCATTGAATGCTTGGC-3" (R);
Gapdh, 5'-CGTCCCGTAGACAAAATGGT-3" (F) and
5'-TCAATGAAGGGGTCGTTGAT-3" (R).

Ex vivo phenotyping and flow cytometry. Single-cell suspen-
sions of thymus and spleen were prepared by slide mechanical
grind. To isolate lymphocytes in lung and lamina propria, tis-
sues were cut and washed in plain RPMI-1640, and epithelial
cells were removed (5 mM EDTA and 1 mM DTT, lamina
propria only), followed by enzymatic digestion (0.16 U/ml
Liberase TL; Roche) and centrifugation with 47% Percoll
gradient to enrich lymphocytes. Cell were stained in FACS
buffer (5% FBS in PBS) containing Fixable Viability Dye
eFluor 780 or 450 (eBioscience) with the following antibod-
ies for surface staining: CD4, CD8, CD44, and CD62L (eBio-
science). To detect cytokine production, cells were stimulated
in a 96-well plate with 50 ng/ml PMA, 0.5 pg/ml ionomycin,
and 1 pg/ml Brefeldin A (all from Sigma-Aldrich) solution
for 4 hat 37°C before staining. Intracellular staining of Ki67,
Foxp3,1L-4,1L-17A, and IFN-y was performed after fixation
and permeabilization according to the manufacturer’s in-
structions. Data were analyzed with Flow]Jo software (Tree Star).

In vitro Th differentiation. CD62L"CD25™ naive T cells in
spleen were sorted by FACSAria flow cytometers (BD) from
6—8-wk-old mice, and were stimulated for 4 d with 1 pg/ml
anti-CD3 and mitomycin C (Sigma-Aldrich)—treated APC,
and 50 U/ml recombinant human IL-2 under Th1-, Th2-,
iTreg-, or Th17-polarizing conditions. Th cell polarization
mediums were supplemented as follows: for Th1 differentia-
tion, 2 U/ml IL-12 and 10 pg/ml alL-4; for Th2 differenti-
ation, 20 ng/ml IL-4 (in T-DKO study, 10 ng/ml was used),
10 pg/ml alL-12, and 10 pg/ml alFN-y; for iTreg differen-
tiation, 1 ng/ml human TGF-f;and for TH17 differentiation,
2 ng/ml hTGF-P and 20 ng/ml IL-6. All cytokines were
obtained from PeproTech and all blocking Abs were obtained
from Bio-XCell. Surface and intracellular cytokines were
stained and analyzed as previously described.

In vitro suppression assay. FACS purified 4 X 10* naive
CD4'CD25"CD62L" T cells and CD4"CD25" T reg cells
isolated from R23CTg mice or WT control littermates were
mixed at the indicated ratios and stimulated with 1 pg/ml
aCD3 antibody in the presence of irradiated (2,000 rads)
splenocytes. T cell proliferation was assessed by with 3H-
TdR incorporation (cpm) in triplicate cultures during
the last 8 h of culture.

Luciferase reporter assay. The 3’ UTR region of GATA3 or
IL-4, as well as the 3' UTR plus partial sequences in the cod-
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ing region of IL-4, were cloned into psiCheck2 (Promega).
miR-23a, miR-24, and miR-27a sequences were respectively
cloned into pMDH-PGK-EGFP, similar to what was de-
scribed previously (Lu et al., 2009). To generate GATA3 or
IL-4 3" UTR mutants, site-directed mutagenesis was per-
formed (Agilent). 1 d before transfection, HEK293T cells
were plated at 6.5 x 10" cells per well on a 24-well plate.
PsiCheck2 bearing WT 3" UTR or corresponding mutant 3’
UTR were transfected to HEK293T cells with control vector
or miRNA expressing plasmid using Fugene 6 (Promega).
Luciferase activities were assessed at 24 h after transfection
using Dual-Luciferase Reporter assay system (Promega) ac-
cording to the manufacturer’s protocol.

Immunoblotting. Naive CD4 T cells (1 X 10° cells/ml) were
cultured in the 24-well plate coated with 2 pg/ml of aCD3
and aCD28 under the Th2-polarizing condition. Cells were
harvested 4 d later and subjected to lysis with RIPA buffer
supplemented with 1 mM PMSF for 20 min. Cell lysates
were separated by SDS-PAGE and transferred to PVDF
membrane (Bio-Rad Laboratories). Antibodies against
GATAS3 (BioLegend) and pB-Actin (Sigma-Aldrich) were used
to visualize the corresponding proteins. The proteins were
quantified with Image] (National Institutes of Health).

Retrovirus transduction. pMIG-mGATA3, a gift from Z.
Werb (University of California, San Francisco, La Jolla, CA;
Addgene plasmid 21629; Kouros-Mehr et al., 2008), was used
as a template to subclone into pMIR-R1.To generate retrovi-
rus, pMIR-R 1 or pMIR-R1-GATA3 (without 3’ UTR) was
transfected with pCL-Eco into HEK293T cell using Fugene
6 (Promega). Retroviral supernatants were collected at 48 h
after transfection. Naive CD4 T cells (1 X 10° cells/ml) were
stimulated with 2 pg/ml of ®CD3 and 2 pg/ml of «CD28 for
24 h, followed by spin infection for 90 min at 2,000 rpm in
the presence of 8 pg/ml of polybrene (Millipore). Cells were
cultured in the Th2-polarizing condition and harvested at 4 d
after retrovirus transduction.

Gene expression profiling analysis. CD25"CD44°CD62L™
naive CD4" T cells were FACS sorted from 6 wk WT,R23Tg,
R24Tg, R27Tg, R23CTg, and T-DKO mice, and poly-A
RNA-sequencing was performed using three biological rep-
licates for each cell population. Approximately 30 million
uniquely alignable reads per sample reads per sample were
generated. Reads were aligned to the mouse genome (mm9,
NCBI37) using STAR (Dobin et al., 2013). RNA-seq exper-
iments were normalized and gene expression values were
generating for RefSeq annotated transcripts using HOMER
(Heinz et al., 2010). Gene expression clustering was per-
formed using Cluster 3.0 and visualized using Java TreeView.
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 dataset (Loeb et
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al., 2012). Empirical cumulative distributions were computed
using Matlab (R2014b) to display the log,(miRNA Tg/WT)
against the cumulative frequency of Th2-associated (Stub-
bington et al., 2015; Gene Ontology Consortium annotation
0045064) or all genes. String analysis was performed to iden-
tify potential physical and/or functional interactions between
Th2 genes that were proven miR-24 or miR-27 targets or
down-regulated by miR-24 and miR-27 as shown in the
RNA-seq results. The interaction map was reconstructed
manually with additional information obtained from the
HITS-CLP data analysis. RNA-seq data are available from
NCBI under accession no. GSE75909.

In vivo allergic airway inflammation models. Mice were sen-
sitized by two intraperitoneal injections of 50 pg of OVA
(Worthington) that had been emulsified with 0.8 mg of alu-
minum hydroxide (Thermo Fisher Scientific) in 200 pl PBS
on days 0 and 12. Mice were then challenged on days 24, 26,
and 28 by intranasal injection of 20 pg (or 10 pg as low-dose
group) of OVA. 1 d after the last OVA challenge, mice were
anesthetized with 100 mg/kg ketamine and 10 mg/kg xyla-
zine via intraperitoneal injection. Airway reactivity to metha-
choline was measured in intubated and ventilated mice
(flexiVent ventilator; Scireq). Mice were exposed to nebulized
PBS and, subsequently, to increasing concentrations (3 and 48
mg/ml) of nebulized methacholine (Sigma-Aldrich) in PBS.
The dynamic airway resistance was determined by using
Scireq software. After pulmonary function test, the lungs of
the mice were lavaged with 0.7 ml of normal saline. The BAL
cells were centrifuged onto slides at 1,000 rpm for 3 min in a
Shandon Cytospin (Thermo Fisher Scientific). The cells were
then stained with Wright-Giemsa stain (Protocol) for 3 min.
200 cells per slide were counted under a microscope, and
those with different morphology were noted. In some exper-
iments, HDM extract (Dermatophagoides pteronyssinus;
Greer Laboratories) was used instead of OVA. In brief, mice
were exposed intranasally to 100 pg in 50 pl PBS on days 0,
7,14,and 21, and were sacrificed on day 24 for further assess-
ment similar to the work described in the OVA study.

Histology. To assess immunopathology, different tissues
were removed and immediately fixed in 10% formalin
solution for hematoxylin and eosin staining of sections
embedded in paraffin. Inflammation was examined and
scored blindly by a UCSD pathologist. For additional as-
sessment of lung pathology during airway allergic reaction,
periodic acid-Schift (PAS) stain was performed to detect
goblet cell hyperplasia. To quantitate the level of goblet cell
hyperplasia in the airway, the percentage of PAS" epithelial
cells in individual bronchioles was counted, and at least 10
bronchioles were determined.

ELISA. The concentrations of total and OVA-specific IgE in

serum were evaluated with ELISA kits (BioLegend) accord-
ing to the manufacturer’ instructions.
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Statistical analyses. Unpaired Student’s ¢ test was performed
using Prism software (GraphPad). *, P < 0.05; ** P < 0.01;
and *** P < (0.001 in all data.

Online supplemental material. Fig. S1 shows conditional
overexpression of miR-23a cluster in T cells. Fig. S2 shows
generation of mice with conditional alleles of miR-23a cluster
or miR-23b cluster. Table S1 shows miRNA expression
profiling analysis in T reg versus effector T cells under different
culture conditions. Online supplemental material is available at
http://www.jem.org/cgi/content/full/jem.20150990/DC1.
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