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MicroRNAs (miRs) are tightly regulated in the immune system, and aberrant expression of miRs often results in
hematopoietic malignancies and autoimmune diseases. Previously, it was suggested that elevated levels of miR-27 in T
cells isolated from patients with multiple sclerosis facilitate disease progression by inhibiting Th2 immunity and promoting
pathogenic Th1 responses. Here we have demonstrated that, although mice with T cell–specific overexpression of miR-
27 harbor dysregulated Th1 responses and develop autoimmune pathology, these disease phenotypes are not driven by
miR-27 in effector T cells in a cell-autonomous manner. Rather, dysregulation of Th1 responses and autoimmunity
resulted from a perturbed Treg compartment. Excessive miR-27 expression in murine T cells severely impaired Treg
differentiation. Moreover, Tregs with exaggerated miR-27–mediated gene regulation exhibited diminished homeostasis
and suppressor function in vivo. Mechanistically, we determined that miR-27 represses several known as well as
previously uncharacterized targets that play critical roles in controlling multiple aspects of Treg biology. Collectively, our
data show that miR-27 functions as a key regulator in Treg development and function and suggest that proper regulation
of miR-27 is pivotal to safeguarding Treg-mediated immunological tolerance.
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Introduction
MicroRNA-mediated (miR-mediated) gene regulation plays cru-
cial roles in the development and function of the immune system 
(1, 2). The onset of many human hematopoietic malignancies can 
be directly attributed to the deletion or amplification of genom-
ic regions where miRs are encoded (3–5). Similarly, abnormal 
expression of miRs in immune cells was also found to be highly 
correlated with the pathogenesis of a wide range of autoimmune 
disorders (2, 6). Accumulating experimental evidence has further 
demonstrated that certain miRs promote disease progression, 
whereas others function as negative regulators to limit immune 
activation and resultant pathologies (7–10). The identification of 
such a causative role of miRs in autoimmune disease pathogenesis 
suggests that miRs can serve as biomarkers and potential thera-
peutic targets for treating immunological disorders. Nevertheless, 
the precise molecular and cellular mechanisms by which miRs 
regulate autoimmunity require further investigation before miR-
based immunotherapy is possible.

Previously, miR-27, a member of the miR-23~27~24 family, was 
found to be highly upregulated in T cells isolated from patients with 
multiple sclerosis (MS) (11). It was shown that through repressing 
BMI1, a molecule that stabilizes GATA3, miR-27 inhibits Th2 dif-
ferentiation and promotes proinflammatory Th1 autoimmune 
responses. Consistent with this study, we have also recently found 

that GATA3 itself can be directly targeted by miR-27, substantiat-
ing the idea that miR-27 is a negative regulator of Th2 immunity 
(12). Moreover, our recent finding of elevated IFN-γ responses and 
lympho-hyperactivated phenotypes in mice harboring T cells with 
miR-27 overexpression further supported the conclusion drawn by 
the aforementioned study in patients with MS (11, 12). Surprising-
ly, the role of miR-27 in driving IFN-γ–mediated Th1 autoimmune 
responses implicated by these 2 reports seems to be at odds with pre-
vious studies, in which miR-27 was shown to be a potent repressor 
of IFN-γ and T cell receptor–mediated (TCR-mediated) activation 
(13, 14). The fact that overexpression of miR-27 in T cells resulted in 
impaired Th1 differentiation further suggested that miR-27–medi-
ated gene regulation limits, rather than promotes, Th1 responses 
(12). Such contradictory results warrant a more careful examination 
of the exact role of miR-27 in controlling T cell immunity.

In the current study, we show that miR-27 plays a cell-intrin-
sic role in negatively regulating effector T cell (Teff) homeostasis, 
activation, and cytokine production. Our results suggest that the 
dysregulated T cell responses and autoimmune phenotypes in 
mice with T cell–specific miR-27 overexpression are, on the other 
hand, likely due to a perturbed Treg compartment. A global tran-
scription study, combined with high-throughput sequencing of 
RNAs isolated by cross-linking immunoprecipitation (HITS-CLIP) 
analysis, revealed that many genes previously associated with Treg 
differentiation and suppressor function are directly targeted by 
miR-27. In particular, we found that forced expression of miR-27 
during thymocyte development severely impaired Treg generation 
by repressing c-Rel, a member of the NF-κB transcription factor 
family that is known for its indispensable role in initiating FOXP3 
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material available online with this article; https://doi.org/10.1172/
JCI88415DS1). Five months after birth, these mice started to devel-
op autoimmune disorders that manifested in runting, failure to 
thrive, lymphadenopathy and splenomegaly, and lymphocytic tis-
sue infiltration that was particularly severe in the lung, colon, and 
stomach (Supplemental Figure 1B and data not shown). Interest-
ingly, regardless of the absence or presence of increased IFN-γ+ T 
cell frequencies in younger or older CD4-Cre R27Tg mice, respec-
tively (Figure 1, A and B), we could consistently detect reduced 
IFN-γ production by miR-27–overexpressing T cells on a per-cell 
basis (Figure 1C), supporting the previous notion that miR-27 func-
tions as a potent repressor of IFN-γ in T cells (13, 14).

Enforced expression of miR-27 in T cells results in reduced Treg 
numbers. The observation of dysregulated IFN-γ responses in 
CD4-Cre R27Tg mice that harbored T cells with a diminished 
capacity to produce IFN-γ raised the question as to whether the 
autoimmune pathology developed from a defect in the Treg com-
partment. After all, miR-27 was also overexpressed in Tregs in 
mice in which the Mir27 Tg was expressed in all T cells. To exam-
ine this possibility, we analyzed young CD4-Cre R27Tg mice (<3 
months of age) to avoid the potential confounding effects from the 
aforementioned late-developing lympho-hyperactivation pheno-
types. Indeed, while young mice did not show any clear alteration 
in total thymic or splenic cellularity compared with their WT litter-
mates, we could easily detect a significant reduction in both thy-
mic and splenic Treg populations (Figure 2, A–G). The observed 
Treg phenotype in CD4-Cre R27Tg mice was mostly consistent 
with our previous findings in mice with T cell–specific overexpres-
sion of the entire miR-23~27~24 family (12), with an even great-
er percentage of the former showing decreased peripheral Treg 
frequencies (Figure 2H). In contrast, some mice with T cell–spe-
cific overexpression of miR-24 (CD4-Cre R24Tg mice) actually 
harbored increased numbers of thymic Tregs, while no change in 
thymic or peripheral Treg frequencies could be detected in mice 
containing miR-23–overexpressing T cells (CD4-Cre R23Tg mice) 
(Figure 2H). Given that overexpression of miR-27 was also pre-
viously shown to strongly impair TGF-β–mediated induced Treg 
(iTreg) differentiation (12, 19), these results suggested that miR-27 
is the major member of the miR-23~27~24 family that negatively 
regulates the Treg population.

miR-27 inhibits Teff homeostasis and function in a cell-autonomous 
manner. While insufficient numbers of Tregs probably contributed 
to the lympho-hyperactivation phenotypes observed in CD4-Cre 
R27Tg mice, the possibility that overexpression of miR-27 might lead 
to dysregulated T cell responses in a conventional T cell–intrinsic 
(Tconv-intrinsic) manner still cannot be fully excluded. To directly 
address this issue, we performed BM chimera studies by transfer-
ring BM cells from CD4-Cre R27Tg mice or WT littermates mixed 

transcription (15–18). Exaggerated miR-27–mediated regulation of 
other Treg-suppressor molecules such as IL-10 and granzyme B 
(GZMB) further contributes to the functional defects in peripheral 
Treg populations, as miR-27–overexpressing Tregs failed to pre-
vent autoimmune pathologies in the adoptive transfer colitis model 
as well as in mice with normal thymic Treg development. Together, 
our data provide new cellular and molecular insights into miR-27–
driven T cell autoimmunity and suggest that optimal expression of 
miR-27 is crucial for maintaining immunological tolerance through 
the regulation of multiple aspects of Treg biology.

Results
Mice harboring T cells with miR-27 overexpression had dysregulated  
IFN-γ responses despite diminished IFN-γ production by T cells on a 
per-cell basis. As previously reported, T cells in peripheral blood 
mononuclear cells (PBMCs) isolated from patients with MS had 
very high levels (up to ~30-fold induction) of miR-27 compared 
with those from healthy donors (11). To determine the precise 
role of miR-27 in regulating IFN-γ–dependent Th1 responses, we 
sought to further characterize mice harboring T cells that selective-
ly overexpress miR-27 in CD4 cells (CD4-Cre R27Tg mice) at ele-
vated levels similar to T cell levels found in MS patients (12). Pre-
viously, we showed that the spontaneous lympho-hyperactivation 
diseases that developed in mice with T cell–specific overexpression 
of the miR-23~27~24 family (CD4-Cre R23cTg) could be mostly 
recapitulated when miR-27 alone was overexpressed (12). Further 
analysis of mice of different ages revealed that the T cell–activation 
phenotypes could already be observed in approximately 3-month-
old CD4-Cre R27Tg mice (Supplemental Figure 1A; supplemental 

Figure 1. Diminished IFN-γ production by miR-27–overexpressing T cells 
in CD4-Cre R27Tg mice. (A) FACS analysis of IFN-γ+ cells in FOXP3–CD4+ 
Tconvs from mice of different ages (>14 wk vs. ~5 wk). (B) Frequencies and 
(C) mean fluorescence intensity (MFI) of IFN-γ in R27Tg Tconvs compared 
with WT Tconvs from mice older than 14 weeks. Data represent the mean 
± SD and are representative of 3 independent experiments. Each symbol 
represents an individual mouse, and the bar represents the mean.  
*P < 0.05. P values are determined by an unpaired, 2-tailed Student’s t test.
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reduced Ki67 staining (Supplemental Figure 3), indicating a cell- 
intrinsic role of miR-27 in controlling Treg homeostasis. On the oth-
er hand, contrary to what has been shown in CD4-Cre R27Tg mice, 
we observed reduced R27Tg CD4+ T cell frequencies in the periph-
ery, with diminished proliferation, reduced activation, and impaired 
cytokine production compared with their WT counterparts (Figure 
3, C–E and Supplemental Figure 2B). These results implied that the 
cell-autonomous role of miR-27 in Teffs is that of inhibiting rather 
than promoting homeostasis and effector function and strongly sug-
gested that a perturbed Treg compartment in CD4-Cre R27Tg mice 
is responsible for the observed autoimmune pathology.

with BM cells from Ly5.1+ B6 mice at a 1:1 ratio into irradiated Rag1- 
deficient mice, as described previously (20) (Figure 3A). Unlike 
CD4-Cre R27Tg mice, the CD4-Cre R27Tg Ly5.1+ B6 chimeric mice 
were healthy and showed no sign of autoimmunity and no clear 
alterations in different thymocyte subsets (Supplemental Figure 2A). 
Nevertheless, consistent with our observation in unmanipulated 
CD4-Cre R27Tg mice, we could easily detect marked reductions in 
the frequencies of R27Tg Tregs within both the thymic and peripher-
al CD4+ T cell populations as compared with the corresponding WT 
cell subsets in the control mixed chimeras (Figure 3B). Moreover, 
R27Tg Tregs also had a reduced proliferative capacity as shown by 

Figure 2. CD4-Cre R27Tg mice harbor reduced Treg numbers. FACS analysis of (A) thymus and (B) spleen of 6- to 12-week-old CD4-Cre R27Tg mice and 
their WT littermates. (C–G) Cellularity of the thymus and spleen and the proportions and absolute numbers of thymic and splenic total CD4+ T cells and 
FOXP3+CD4+ Tregs in CD4-Cre R27Tg mice and their control littermates. (H) Percentage of mice with overexpression of the whole miR-23 cluster, or individ-
ual members, showed increased or decreased Treg frequencies in thymus and spleen compared with their corresponding WT littermates. Data represent 
the mean ± SD and are representative of 3 independent experiments (n = 6–17). *P < 0.05, **P < 0.01, and ***P < 0.001. P values are determined by an 
unpaired, 2-tailed Student’s t test.
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miR-27 inhibits only Treg homeostasis similarly to how it regulates 
the Teffs described above. To address this, we generated hetero-
zygous Foxp3Cre/+ R27Tg female mice, which harbor a Treg popula-
tion with miR-27 overexpression driven by FOXP3 and a WT Treg 
population caused by X chromosome inactivation (21). Moreover, 
as Cre recombinase is fused to a yellow fluorescent protein (YFP), 
Tregs subjected to Cre-mediated Tg expression can be detected on 
the basis of the expression of YFP (22). Like the mixed BM chime-
ras, Foxp3Cre/+ R27Tg mice did not develop any detectable immune 
phenotype, probably because of the presence of WT Tregs. Inter-
estingly, when expression of the Mir27 Tg was induced strictly after 
thymic Tregs were differentiated (i.e., expression of FOXP3), we 
could only detect reduced proportions of FOXP3-driven YFP-Cre+ 
miR-27–overexpressing Tregs in the spleen and peripheral tissues, 

Excessive miR-27 expression impairs both thymic Treg development 
and peripheral Treg homeostasis. Given our observation of reduced 
thymic Treg numbers in CD4-Cre R27Tg mice, we hypothesized 
that the expression of miR-27 needs to be tightly regulated and that 
downregulation of miR-27 prior to FOXP3 expression is required 
to ensure normal Treg development. Indeed, among all thymo-
cyte populations, we found that miR-27a (and miR-27b to a lesser 
degree) was expressed at the lowest level in the FOXP3– CD4SP 
subset (Figure 4A). On the other hand, the expression level of miR-
24, another member of the miR-23~27~24 family that seemed to 
promote rather than inhibit thymic Treg development upon over-
expression (Figure 2C), did not change during the transition from 
double-positive (DP) to CD4 single-positive (CD4SP) cell stages 
(Supplemental Figure 4). Nonetheless, it remains possible that 

Figure 3. Excessive miR-27 expression impairs Teff activation and function. (A) Schematic of the generation of mixed BM chimeric mice. (B) FACS analy-
sis and ratios of the frequencies of Ly5.1–FOXP3+ and Ly5.1+FOXP3+ cells within each donor-derived total CD4+ T cell population from both thymus (Thy) and 
spleen (Spl). FACS analysis and ratios of the frequencies of (C) Ly5.1–Ki67+ and Ly5.1+Ki67+, (D) Ly5.1–CD44hi and Ly5.1+CD44hi and Ly5.1–CD62Llo and Ly5.1+ 

CD62Llo, as well as (E) Ly5.1–IFN-γ+ and Ly5.1+IFN-γ+ and Ly5.1–IL-2+ and Ly5.1+IL-2+ splenic Tconvs. FACS data represent 3 independent experiments. Each 
symbol represents an individual mouse, and the bar represents the mean. *P < 0.05, **P < 0.01, and ***P < 0.001. P values are determined by an unpaired, 
2-tailed Student’s t test.
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miR-27 targets c-Rel, a member of the NF-κB transcription factors 
crucial for Treg differentiation and homeostasis. While most research 
efforts to date on miR-27 have been primarily focused on its role 
in tumorigenesis and embryonic stem cell differentiation (23–26), 
many miR-27 targets identified in those studies such as FOXO1, 
runt-related transcription factor 1 (RUNX1), and SMAD2/3 were 
known to regulate Treg biology as well (27–32). We found that, 
while FOXO1 did not seem to be repressed by miR-27 in T cells, 
markedly diminished SMAD2/3 and RUNX1 protein levels were 
detected in T cells that overexpressed miR-27 (Supplemental Fig-
ure 6). Impaired TGF-β signaling resulting from miR-27–mediated 
repression of SMADs probably contributed to the impaired iTreg 
differentiation phenotype described in our previous study (12). 
On the other hand, despite a well-established role of the RUNX1- 
CBFβ complex in maintaining FOXP3 expression (30, 33), exces-

whereas the frequencies of thymic Tregs were comparable, regard-
less of the miR-27 expression levels (Figure 4B), suggesting that 
excessive miR-27 expression prior to FOXP3 induction perturbs 
Treg development in the thymus. Moreover, continued miR-27 
overexpression after FOXP3 induction would further impair the 
peripheral Treg homeostasis that was observable in the aforemen-
tioned proliferation defects and impaired survival (Figure 4C). On 
the other hand, miR-27 seemed to play only a minimal role in con-
trolling Treg tissue trafficking, as the frequencies of miR-27–over-
expressing Tregs compared with those of their WT counterparts 
were similarly reduced across different tissues (Supplemental 
Figure 5A). Consistent with this finding, except for lower CD103 
expression, we detected no reduction in expression of the corre-
sponding chemokine receptors in Tregs with excessive miR-27 
expression (Supplemental Figure 5, B and C).

Figure 4. Optimal miR-27 expression is required to maintain normal Treg development and homeostasis. (A) qPCR analysis of miR-27a/b expression in 
different thymocyte subsets. Data represent the mean ± SD and are representative of 3 independent experiments (n = 3–6). (B) FACS analysis and ratios 
of YFP-Cre+ and YFP-Cre– cells within the FOXP3+CD4+ T cell population from FOXP3Cre/+ R27Tg mice and FOXP3Cre/+ control females. FACS data represent 
4 independent experiments. (C) Viability of YFP-Cre+ Tregs from the indicated mice was measured by Live/Dead staining after in vitro stimulation with 
plate-bound anti-CD3 and anti-CD28 for 6 hours. FACS data represent 3 independent experiments. Each symbol represents an individual mouse, and the 
bar represents the mean. *P < 0.05 and ***P < 0.001. P values are determined by an unpaired, 2-tailed Student’s t test.
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sive miR-27 expression only led to a marginal reduction in FOXP3 
expression in the peripheral Tregs (Supplemental Figure 7), sug-
gesting that the remaining RUNX1 protein level was sufficient to 
maintain FOXP3 expression in Tregs.

Neither SMAD2/3 nor RUNX1 has been clearly shown to regu-
late thymic Treg development or peripheral Treg homeostasis (34, 
35). To gain further molecular insights into the mechanistic aspect 
of how miR-27 controls Treg differentiation and homeostasis, we 
first reanalyzed the recently reported RNA-sequencing (RNA-
seq) data on R27Tg T cells (12). Gene ontology (GO) enrichment 
analysis demonstrated that excessive miR-27 expression result-
ed in substantial changes in genes related to immune responses 
and hemocyte differentiation (Figure 5A). Additional screening of 
genes associated with Treg differentiation further revealed that 
Rel (the gene that encodes c-Rel), Nr4a1-3, and Foxo3, as well as 
the aforementioned miR-27 target genes Smad2 and Smad3, were 
downregulated in T cells with miR-27 overexpression (Figure 5B). 
c-Rel, NR4A proteins, and FOXO3 have all been shown to play 
crucial roles in regulating thymic Treg development (15–18, 27, 
36, 37). Moreover, even though miR-27 generally does not seem to 
repress Treg-related genes at the mRNA level, as demonstrated by 

our cumulative distribution frequency (CDF) plot analysis (Figure 
5C), further analysis of the previously established high-through-
put sequencing of RNAs isolated by HITS-CLIP results has identi-
fied c-Rel as a potential miR-27 target (Figure 5D) (38). Supporting 
this notion, our luciferase reporter studies confirmed that miR-27 
can directly repress c-Rel (Figure 5E), and R27Tg T cells expressed 
significantly reduced amounts of c-Rel protein (Figure 5F). Con-
sistently, many previously identified c-Rel targets were also down-
regulated in T cells with miR-27 overexpression (39) (Figure 5G). 
These findings strongly suggested that excessive expression of 
miR-27 could negatively impact FOXP3 induction and Treg devel-
opment in the thymus through targeting of c-Rel (16). Moreover, 
compromised c-Rel–dependent gene regulation could further 
contribute to the impaired peripheral Treg homeostasis observed 
in mice harboring miR-27–overexpressing Tregs (15).

miR-27–overexpressing Tregs fail to control effector T cell activation 
and function. Given the reduction in Treg numbers, we next sought 
to examine whether excessive miR-27 expression would also lead 
to impaired Treg function. Despite displaying a comparable in 
vitro suppression capacity (Supplemental Figure 8) and unlike WT 
Tregs, we found that cotransferred R27Tg Tregs failed to protect 

Figure 5. miR-27 targets c-Rel and controls other genes important for Treg differentiation and homeostasis. (A) Annotated GO biological processes were 
assigned to genes differentially expressed in naive T cells with or without miR-27 overexpression, as determined by RNA-seq. (B) Heatmap of representa-
tive genes associated with Treg differentiation that were differentially expressed in the presence of excessive miR-27 expression. (C) Cumulative distribu-
tion frequency plots depict the effect of overexpression of miR-27 on mRNA expression of Treg-associated genes. mRNA levels of Treg-associated genes 
bearing HITS-CLIP–identified miR-27 sites (red line) were compared with mRNA levels of Treg-associated genes (black line). (D) HITS-CLIP analysis of the 
putative miR-27 site in the 3′-UTR of c-Rel. (E) Ratios of repressed luciferase activity of cells in the presence of the c-Rel 3′-UTR with or without mutations 
(Mut) in the seed sequences in the presence of miR-27 compared with cells transfected with control miR. (F) Immunoblot analysis of c-Rel expression in 
T cells with or without miR-27 overexpression. Densitometric c-Rel expression values were normalized to β-actin expression values and n-fold increase 
on the basis of each corresponding WT sample. (G) Heatmap of representative c-Rel–targeted genes differentially expressed in the presence of excessive 
miR-27. Data represent the mean ± SD and are representative of 3 independent experiments (n = 3–6). **P < 0.01. P values are determined by an unpaired, 
2-tailed Student’s t test.
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Figure 6. Tregs with miR-27 overexpression 
fail to maintain immunological tolerance. (A) 
Percentage of BW change of Rag1–/– recipient mice 
after adoptive transfer of 4 × 105 WT (CD4+ 

CD45RBhiCD25–) T cells with or without 2 × 105 
WT or R27Tg Tregs (CD4+CD25hi). PBS injection 
only was used as the no–T cell transfer control. 
(B) Eight weeks after adoptive transfer, colon 
sections from the mice were stained with H&E for 
microscopic imaging. Scale bar: 50 μm. (C) qPCR 
and (D) ELISA of IFN-γ mRNA and protein levels 
in colonic tissues harvested from the indicated 
mice. (E) FACS analysis and frequencies of FOXP3+ 
cells in total CD4+ T cells isolated from LP. FACS 
analysis and frequencies of (F) FOXP3+ cells in 
total CD4+ T cells, (G) CD44hiCD62Llo cells, and (H) 
IFN-γ+ and IL-2+ cells in Tconvs from spleens of 
6-week-old Foxp3Cre R27Tg mice or WT controls. 
Data represent the mean ± SD and are represen-
tative of 3 independent experiments. Each symbol 
represents an individual mouse, and the bar 
represents the mean. *P < 0.05, **P < 0.01, and  
***P < 0.001. P values in (C) are determined by 
one-way ANOVA and by an unpaired, 2-tailed Stu-
dent’s t test in all others. co-trans, cotransfer.
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Cre R27Tg mice that would develop autoimmunity over time, we 
performed another transcriptomic analyses of miR-27–overex-
pressing Tregs isolated from the aforementioned heterozygous 
Foxp3Cre/+ R27Tg female mice. To this end, GO enrichment analysis 
identified genes related to immune system processes that were 
mostly affected by excessive miR-27 expression in Tregs (Sup-
plemental Figure 11). Among them, many genes that are critical 
for Treg-suppressor function were shown to be downregulated 
in Tregs upon miR-27 overexpression (Figure 7C), providing the 
molecular basis for the autoimmune phenotypes observed in mice 
harboring miR-27–overexpressing Tregs.

Next, by cross-analyzing our RNA-seq data and previous 
HITS-CLIP results, we sought to identify miR-27 target(s) that 
could contribute to the impaired suppressor function detected in 
Tregs with exaggerated miR-27–mediated regulation. Although 
miR-27 in Tregs, on the whole, does not seem to regulate its targets 
at the mRNA level (Figure 7D), HITS-CLIP analysis nevertheless 
revealed that IL-10 and GZMB, 2 well-established Treg-suppres-
sor molecules (22, 41, 42), could be directly inhibited by miR-27 
(Figure 7, E and F). It has previously been reported that miR-27 
can regulate macrophage-mediated inflammatory responses 
through targeting of IL-10 (43). Our luciferase reporter results 
further demonstrated that, like IL-10, GZMB can also be directly 
repressed by miR-27 (Figure 7G). Consistent with these findings, 
reduced frequencies of IL-10– and GZMB-expressing Tregs with 
diminished IL-10 and GZMB protein production on a per-cell 
basis could be easily detected in the miR-27–overexpressing Tregs 
compared with the WT counterpart Tregs in the same Foxp3Cre/+ 
R27Tg mice and their WT littermates (Figure 7, H and I). We also 
obtained similar results when TGF-β–dependent iTregs were 
examined (Supplemental Figure 12). Together, our study identi-
fied known (i.e., IL-10) as well as previously uncharacterized (i.e., 
GZMB) miR-27 targets that could play critical roles in the miR-27–
mediated regulation of Treg-suppressor function.

Discussion
Aberrant expression of miRs has been linked to a broad range of 
human diseases including both solid and liquid cancers, as well 
as metabolic, neurological, and various immunological disorders 
(6, 44–48). However, while distinct miR expression patterns serve 
as valuable biomarkers for disease diagnosis and prognosis, miR-
based therapy is still in its infancy. In addition to overcoming the 
major challenge of effective delivery of miR or anti-miR constructs 
as potential therapeutic agents, understanding the precise role of a 
particular miR under a given disease setting is equally important 
to ensuring a successful therapeutic outcome. To this end, it was 
recently reported that T cells from patients with MS exhibited high 
levels of miR-27 expression and that exaggerated miR-2–mediat-
ed gene regulation promoted proinflammatory IFN-γ responses 
through repression of BMI1-dependent Th2 differentiation (11). 
In this study, by taking advantage of a mouse model in which T 
cells express elevated levels of miR-27 similar to the levels identi-
fied in patients, we have provided direct experimental evidence to 
reconcile the seeming discrepancy in early studies regarding the 
impact of miR-27 on IFN-γ–mediated Th1 responses and further 
identified a previously unappreciated role of miR-27 in regulating 
multifaceted Treg biology.

mice from weight loss and colonic pathology in the CD4+CD45Rbhi 
transfer model of colitis (40) (Figure 6, A and B). Moreover, we 
detected significantly higher IFN-γ mRNA and protein levels in 
colons harvested from mice cotransferred with miR-27–overex-
pressing Tregs compared with mice that received WT Tregs (Fig-
ure 6, C and D). By contrast, transfer of R27Tg Tconvs alone did 
not result in weight loss or colitis (Supplemental Figure 9 and data 
not shown). These results not only confirmed the aforementioned 
negative role of miR-27 in Teff homeostasis and function, but also 
demonstrated that excessive miR-27 expression impaired Treg- 
mediated regulation of Teff-driven intestinal autoimmunity. None-
theless, it should be noted that mice receiving miR-27–overex-
pressing Tregs also had a significantly lower proportion of FOXP3+ 
cells at 8 weeks after cotransfer, probably because of the afore-
mentioned homeostatic defect (Figure 6E). Therefore, it remained 
unclear whether the uncontrolled intestinal pathology in mice 
cotransferred with miR-27–overexpressing Tregs was simply due 
to a lack of sufficient Treg numbers or the combination of reduced 
numbers and impaired suppressor function. To address this ques-
tion, we used hemizygous Foxp3Cre R27Tg male mice. At a young age, 
Foxp3Cre R27Tg mice harbored Treg numbers similar to numbers 
detected in their WT littermates (Figure 6F), allowing us to directly 
examine the impact of miR-27 overexpression on Treg-suppressor 
function in an in vivo setting. To this end, we could easily detect 
enhanced activation of splenic Teffs with an increased CD44hi 

CD62Llo cell subset and elevated production of IFN-γ and IL-2 in 
Foxp3Cre R27Tg mice compared with their WT control littermates 
(Figure 6, G and H). Likewise, while it is difficult to distinguish 
the difference in T cell activation in lamina propria (LP) between  
Foxp3Cre R27Tg mice and their WT littermates, as almost all LP T 
cells were already highly activated, elevated proliferation and 
increased production of inflammatory cytokines (e.g., IL-17) in T 
cells from LP could be easily detected, despite normal Treg num-
bers (Supplemental Figure 10). These results strongly suggested 
that excessive expression of miR-27 is detrimental to the suppres-
sive capacity of Tregs to control Teff activation and function.

Exaggerated miR-27–mediated regulation inhibits Treg function 
through repression of both known and novel targets. To explore the 
potential molecular mechanisms underlying miR-27–mediated 
regulation of Treg-suppressor function, we first performed an 
unbiased transcriptomic analysis of Tregs that overexpressed 
miR-27 as well as other miR-23 family members. Similar to what 
was reported in Tconvs (12), miR-27–overexpressing Tregs again 
exhibited the most distinct global gene expression profile com-
pared with other Tg Treg populations (Figure 7A). Moreover, while 
it is not unexpected that miR-27 could mediate its effects in a 
cell-type–specific manner similar to that observed in other miRs 
(20), there was actually a strong positive correlation (r = 0.6383) 
in genes that were differentially expressed in Tregs versus those 
expressed in Tconvs in the presence or absence of miR-27 over-
expression (Figure 7B), suggesting that miR-27 could target many 
gene pathways shared by Tregs and Tconvs. The fact that exces-
sive miR-27 expression negatively impacted the homeostasis of 
both Tregs and Tconvs, as demonstrated by our mixed BM chime-
ras study, further supported this notion. Nevertheless, to directly 
assess the cell-intrinsic impact of excessive miR-27 expression on 
Tregs without the potential environmental influences in CD4-
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resulted in autoimmunity (56). It was suggested that different 
genes regulated by miR-146a were responsible for the seemingly 
contradictory phenotypes observed in Tg and KO mice. Thus, it 
is not surprising that miR-27 would also need to be properly con-
trolled and that expression of miR-27 at either sub- or supraopti-
mal levels in Tregs could perturb their function. Indeed, while we 
were not able to delete only miR-27 in Tregs due to its genomic 
proximity to the other members in the miR-23~27~24 family, Tregs 
devoid of this miR family also showed impaired suppressor func-
tion. Consequently, mice with Treg-specific ablation of the miR-
23~27~24 family developed dysregulated IFN-γ responses that 
were similar to what was observed in mice harboring Tregs with 
excessive miR-27 expression, further supporting the aforemen-
tioned scenario (C.J. Wu and L.F. Lu, unpublished results).

Our findings of impaired thymic Treg development in mice 
with T cell–specific miR-27 overexpression suggest that optimal 
miR-27 expression is not only required to safeguard Treg function 
in the periphery, but is also pivotal to maintaining normal Treg dif-
ferentiation in the thymus. The fact that a marked drop in miR-27 
levels occurs in FOXP3– CD4SP cells compared with DP thymocytes 
further supports the notion that miR-27 expressed at diminished 
levels immediately before Treg differentiation might be critical for 
the development of these Tregs in the thymus. Interestingly, among 
different members of the miR-23~27~24 family, only miR-27 plays 
a negative role in regulating thymic Treg development. While miR-
23 does not appear to be involved in this biological process, miR-24 
might even promote Treg differentiation. Coincidently, unlike miR-
27, we detected no significant change in the expression of miR-24 
in DP or FOXP3– CD4SP thymocytes. Therefore, while the entire 
miR-23~27~24 family is upregulated in FOXP3+ thymic Tregs, as 
was observed in the peripheral Tregs described previously (12), our 
results suggested that the expression of each miR-23~27~24 family 
member can be differentially regulated prior to FOXP3 induction to 
ensure proper Treg differentiation in the thymus.

Previously, it has been shown that miR-27 could attenuate T 
cell responses through direct targeting of IFN-γ (13, 14). There-
fore, it was initially puzzling to find dysregulated IFN-γ responses 
in both patients with MS and mice harboring T cells with excessive 
miR-27 expression (11, 12). In addition to the negative impacts of 
miR-27 on TGF-β–mediated iTreg differentiation, as previous-
ly shown by us and others (12, 19), we demonstrated here that 
without directly impacting FOXP3 expression, exaggerated miR-
27–mediated gene regulation severely impaired Treg-mediated 
immunological tolerance and promoted T cell–mediated auto-
immunity, even when Teffs themselves were impeded by miR-27 
overexpression. Moreover, our experiments offer mechanistic 
insights into miR-27–mediated regulation of multifaceted Treg 
biology. We believe that our findings will facilitate the develop-
ment of appropriate therapeutic strategies for the treatment of 
human immunological diseases.

Methods
Mice. CD4-Cre R23Tg, CD4-Cre R24Tg, CD4-Cre R27Tg, and CD4-Cre  
R23cTg mice (12) as well as Foxp3Thy1.1 reporter mice (57) were described 
previously. R27Tg mice were bred with Foxp3Cre mice (22) to obtain 
mice with Treg-specific overexpression of miR-27. Unless otherwise 
indicated, 6- to 12-week-old mice of both sexes were used. Neverthe-

Although miRs can certainly exert their biological function 
though the regulation of a single target (20), the effects of a giv-
en miR are usually subtle, and it is generally believed that miRs 
increase their impact by targeting a set of genes that are in a shared 
biological pathway (49). To this end, many known miR-27 targets 
such as FOXO1, RUNX1, SMAD2/3, and IL-10 have already been 
shown to play key roles in controlling different aspects of Treg 
biology. Even GATA3, a miR-27 target that contributes to miR-27–
dependent regulation of Th2 immunity (12), is also known for its 
role in maintaining Treg-suppressor function and identity  (50–52). 
In the current study, we have further demonstrated that miR-27 
can directly repress c-Rel and GZMB, 2 molecules that are import-
ant for Treg development, homeostasis, and suppressor function, 
respectively. While it is conceivable that there are more Treg-asso-
ciated genes that can be regulated by miR-27 either directly or indi-
rectly, we believe that these findings unequivocally identify miR-27 
as one of the key molecular regulators in controlling Treg biology.

Considering the detrimental effects of excessive miR-27 
expression on Treg homeostasis and function, it seemed counter-
intuitive that a miR normally expressed at higher levels in Tregs 
compared with their Tconv counterparts would play a negative role 
in controlling many aspects of the biology of these Tregs (12). How-
ever, this is actually not the first molecule prevalently expressed in 
Tregs that has been shown to be detrimental to the very same cell 
population when it is overexpressed. For example, while elevated 
T-bet expression is required for Tregs to limit Th1 inflammation 
(53), under extreme Th1-polarized conditions during Toxoplasma 
gondii infection or in the absence of cell-intrinsic negative regu-
lators of the Th1 cytokine–signaling pathway, Tregs that acquired 
“supraoptimal” T-bet expression were shown to promote, rather 
than suppress, Th1 responses (54, 55). Moreover, this phenome-
non is not only restricted to transcription factors in Tregs, but was 
also reported with miRs in other immune cell types. To this end, 
while miR-146a is generally considered an antiinflammatory miR, 
as mice with miR-146a ablation developed spontaneous autoim-
mune disorders (10), forced expression of miR-146a in mice also 

Figure 7. Multiple Treg-suppressor molecules including IL-10 and GZMB 
are regulated by miR-27. (A) Clustering of RNA-seq results from R23Tg, 
R24Tg,R27Tg, and WT CD4+CD25hi Tregs based on total gene expression. 
(B) Scatter plot depicting the log2 fold changes of gene expression in naive 
R27Tg Tconvs over WT Tconvs versus R27Tg Tregs over WT Tregs. (C) Heat-
map of the representative genes associated with Treg-suppressor function 
differentially expressed in YFP-Cre+ Tregs isolated from either Foxp3Cre/+ 
R27Tg or Foxp3Cre/+ control mice. (D) CDF plots depicting the effect of over-
expression of miR-27 on mRNA expression of Treg-associated or all genes. 
mRNA levels of Treg-associated or all genes bearing HITS-CLIP–identified 
miR-27 sites (red line) were compared with mRNA levels of total Treg- 
associated or all genes (black line). HITS-CLIP analysis of the putative miR-
27 site in the 3′-UTR of (E) IL-10 and (F) GZMB. Graph in G shows the ratios 
of repressed luciferase activity of cells in the presence of the GZMB 3′-UTR 
with or without mutations in the seed sequences in the presence of miR-
27 compared with cells transfected with control miR. FACS analysis, ratio 
of frequencies, and MFI of (H) IL-10 and (I) GZMB in LP FOXP3+ Tregs with 
(YFP-Cre+) or without (YFP-Cre–) miR-27 overexpression. Tregs were from 
Foxp3Cre/+ R27Tg and Foxp3Cre/+ control mice. Data represent the mean ± SD 
and are representative of 3 independent experiments. Each symbol rep-
resents an individual mouse, and the bar represents the mean. *P < 0.05, 
**P < 0.01, and ***P < 0.001. P values are determined by an unpaired,  
2-tailed Student’s t test.
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FOXPp3Thy1.1–CD4SP, and FOXP3Thy1.1+CD4SP cells from Foxp3Thy1.1 
reporter mice were sorted on a FACSAria II cell sorter (BD Bioscienc-
es) with a purity of greater than 95%, followed by RNA isolation using 
a miRNeasy Kit (QIAGEN). Next, a TaqMan MicroRNA Assay (Ther-
mo Fisher Scientific) was performed as described previously (12). To 
detect IFN-γ levels in the colon, colonic tissues were harvested and 
RNA was isolated using a TRIzol RNA Kit (Thermo Fisher Scientific). 
Extracted RNA was converted to cDNA with an iScript cDNA Synthe-
sis Kit (Bio-Rad), followed by qPCR reactions using SYBR Select Mas-
ter Mix (Thermo Fisher Scientific). All real-time reactions were run on 
a 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific).

Immunoblotting. FACS-purified naive CD4 T cells were subjected 
to lysis with RIPA buffer supplemented with 1 mM PMSF for 20 min-
utes. Cell debris was removed by centrifugation at 18, 000 g for 15 
minutes at 4°C, and the supernatants were transferred into fresh tubes. 
Cell lysates were separated by SDS-PAGE, followed by PVDF mem-
brane (Bio-Rad Laboratories) transfer. Antibodies against β-actin (cat-
alog AC-74; Sigma-Aldrich); SMAD2/3 (catalog ab3862; Chemicon); 
FOXO1 (catalog 2880; Cell Signaling Technology); c-Rel (catalog 
14-6111; eBioscience); and RUNX1 (catalog 255019; R&D Systems) 
were used to visualize the corresponding proteins. Quantification of 
proteins was calculated with ImageJ software (NIH).

Luciferase reporter assay. The 3′-UTR region of Rel or Gzmb was 
cloned into psiCheck2 (Promega). Plasmids containing mutated miR-
27–binding sites located on the 3′-UTR of Rel or Gzmb were generated 
by site-directed mutagenesis (Agilent Technologies). WT or mutat-
ed psiCHECK2 constructs were transfected along with control miR 
(miR-155) or miR-27–expressing pMDH-PGK-EGFP plasmid using 
FuGENE 6 Transfection Reagent (catalog E2691; Promega) into 293T 
cells (ATCC). Twenty-four hours after transfection, luciferase activity 
was detected with a Dual-Luciferase Reporter Assay System (catalog 
E1960; Promega) as described previously (12).

Gene expression–profiling analysis. CD4+CD25hi or CD4+FOXP3–YFP+ 
Tregs from 6-week-old CD4-Cre–driven Tg lines or heterozygous 
Foxp3Cre/+ R27Tg female mice, respectively, were FACS sorted. Poly-A 
RNA-seq was performed using 3 biological replicates for each cell pop-
ulation, similar to what was described previously (12). Upregulated or 
downregulated genes were identified with a 1.5 log2 fold change in Tg 
naive T cells (Gene Expression Omnibus [GEO] GSE75909) or Tregs 
relative to WT using the median expression across 3 replicates in each 
condition. Gene expression clustering was performed using Cluster 3.0 
and visualized using Java TreeView. GO biological processes associat-
ed with each set of up- or downregulated genes were queried, and the 
top 5 GO categories with the greatest significance were selected. Signif-
icance of the GO gene enrichment was calculated by first using a Fish-
er’s exact test to analyze enrichment, and then corrected P values using 
the Benjamini-Hochberg FDR (58). Scatter plot analysis was performed 
to measured the differences between Tconvs and Tregs in the presence 
or absence of miR-27 overexpression. The Pearson correlation coef-
ficient was calculated to determine how the log2 ratios of Tconv Tg/
WT and Treg Tg/WT were related with each other. CDF plot analysis 
was performed as described previously (12). Briefly, target sites were 
restricted to perfect seed complementarity between positions 2 and 7 
of the corresponding miRs with positive Argonaute-binding peaks in 
the HITS-CLIP database (38). Empirical cumulative distributions were 
computed using MATLAB (R2014b) to display the log2(miR Tg/WT) 
against the cumulative frequency of all genes or Treg-associated genes 

less, only WT littermates of the same sex served as controls in each 
individual experiment.

Flow cytometry. Single-cell suspensions of thymus, spleen as well 
as isolated LP lymphocytes were prepared as described previously (12). 
Cells were stained with Ghost Dye Red 780 (catalog 13-0865-T100; Ton-
bo Biosciences), followed by surface and intracellular antibody staining 
for CD4 (catalog 45-0042); CD8 (catalog 48-0081); CD44 (catalog 
25-0441); CD62L (catalog 12-0621); CD103 (catalog 48-1031); CCR7 
(catalog12-1971); CCR9 (catalog 25-1991); FOXP3 (catalog 53-5773); 
and Ki67 (catalog 51-5698) (all from eBioscience) at the manufacturer’s 
recommended concentrations. Fixation and permeabilization of cells 
were performed with reagents from the Tonbo Biosciences FOXP3/
Transcription Factor Staining Kit (catalog TNB-0607). To detect IFN-γ 
(catalog 17-7311); IL-17 (catalog 48-7177); and IL-2 (catalog 25-7021) 
(all from eBioscience) cytokine production, cells were stimulated in a 
96-well plate with 50 ng/ml PMA, 0.5 mg/ml ionomycin, and 1 mg/ml  
brefeldin A (all from Sigma-Aldrich) in complete 5% RPMI media for 
4 hours at 37°C before staining. To detect GZMB (catalog 50-8898; 
eBioscience) and IL-10 (catalog 12-7101; eBioscience) production, total 
splenocytes were stimulated with plate-bound αCD3 (catalog BE0001; 
Bio X Cell) and αCD28 (catalog BE0015; Bio X Cell), both at 1 μg/ml, 
plus TGF-β (5 ng/ml) and IL-2 (100 U/ml) for 72 hours at 37°C. Upon 
harvesting, cells were restimulated for 4 hours with PMA, ionomycin, 
and brefeldin A, as described above, before staining. To measure in vitro 
cell survival, total splenocytes from Foxp3Cre/+ R27Tg mice or Foxp3Cre/+ 
control females were stimulated with plate-bound αCD3 and αCD28 
(both at 1 μg/ml) for 6 hours at 37°C, followed by staining with Ghost 
Dye Red 710 (Tonbo Biosciences) as well as antibodies against CD4, 
FOXP3, and YFP/GFP (catalog 50-6498; eBioscience). An LSRFortes-
sa or LSRFortessa 20× cell analyzer (BD Biosciences) was used for data 
collection, and Flowjo software (Tree Star) was used for data analysis.

Generation of mixed BM chimeras. T cell–depleted BM cells isolated 
from femurs and tibiae of Ly5.1– CD4-Cre R27Tg mice or their WT lit-
termates were mixed at a 1:1 ratio with T cell–depleted BM cells taken 
from Ly5.1+ WT mice (2.5 × 106 each) and i.v. injected into irradiated 
(950 cGy) Rag1−/− mice. Mice were kept on antibiotic water for 4 weeks 
and harvested for experiments 8 weeks after injection.

Adoptive T cell transfer colitis. To induce colitis, 4 × 105 CD4+CD25− 

CD45RBhi T cells from either CD4-Cre R27Tg mice or their WT lit-
termates were i.p. injected into Rag1−/− recipients as described previ-
ously (40). To examine Treg-mediated protection from colitis, 4 × 105 
CD4+CD25−CD45RBhi T cells from WT mice were mixed with 2 × 105 
CD4+CD25hi Tregs from CD4-Cre R27Tg mice or their WT littermates 
and i.p. injected into Rag1−/− recipients. Mice were sacrificed at the 
indicated time points or before reaching less than 80% of the their 
original BW. The colon was flushed with PBS, and the concentration 
of IFN-γ in the colonic supernatant was measured with an ELISA kit 
(catalog 43081; BioLegend) according to the manufacturer’s instruc-
tions. Colonic tissue was saved for histology as well for RNA isolation 
and quantitative PCR (qPCR). Colonic cells were isolated for flow 
cytometric analysis as described above.

Histology. To assess immunopathology, different tissues were 
harvested and immediately fixed in 10% formalin solution. Paraffin- 
embedded sections were cut (5 mm thickness) and stained with H&E 
as described previously (12).

qPCR analysis. For quantification of miR-23~27~24 expression 
in different thymocyte subsets, double-negative (DN), DP, CD8SP, 
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