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Immune imbalance of T lymphocyte subsets is a hallmark of psoriasis, but the molecular mechanisms underlying this
aspect of psoriasis pathology are poorly understood. Here, we report that microRNA-210 (miR-210), a miR that is highly
expressed in both psoriasis patients and mouse models, induces helper T (Th) 17 and Th1 cell differentiation but inhibits
Th2 differentiation through repressing STAT6 and LYN expression, contributing to several aspects of the immune
imbalance in psoriasis. Both miR-210 ablation in mice and inhibition of miR-210 by intradermal injection of antagomir-210
blocked the immune imbalance and the development of psoriasis-like inflammation in an imiquimod-induced or IL-23–
induced psoriasis-like mouse model. We further showed that TGF-β and IL-23 enhance miR-210 expression by inducing
HIF-1α, which recruits P300 and promotes histone H3 acetylation in the miR-210 promoter region. Our results reveal a
crucial role for miR-210 in the immune imbalance of T lymphocyte subsets in psoriasis and suggest a potential
therapeutic avenue.
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Introduction
Psoriasis is a T cell–mediated inflammatory cutaneous disease 
(1). Immune imbalance of T cells is believed to play a key role 
in psoriasis pathogenesis (2). When genetically susceptible indi-
viduals are exposed to various environmental factors, such as 
microorganism infection and physical trauma, the inflammatory 
cascade in psoriatic plaques is triggered through plasmacytoid 
dendritic cells (pDCs) (3). The activated DCs then produce IL-23, 
IL-12, IL-6, and TNF-α, which activate and polarize autoaggres-
sive helper T (Th) cells toward Th17, Th1, and Th22 cell subsets 
defined by the production of IFN-γ, IL-17A, IL-17F, and IL-22, 
respectively (4–6). In turn, these proinflammatory cytokines act 
on keratinocytes and endothelial cells, leading to the activation, 
proliferation, and production of chemokines, adhesion mole-
cules, and antimicrobial peptides; these changes result in further 
recruitment of leukocytes and amplify the immune response in 
psoriatic plaques (7–9). Based on the underlying pathogenesis, 
several therapies targeting these cells and cytokines, such as 
etanercept (10), ustekinumab (11), and secukinumab (12), have 
been developed. Although these monoclonal antibodies (Abs) 
have resulted in strong improvements in patients with psoriasis, 
there are remaining issues: the single effect, exorbitant price, and 
uncertainty of long-term antagonism of just one cytokine. Thus, 
further elucidation of T lymphocyte subset dysfunction and the 
molecular mechanisms in psoriasis, as well as identification of 

efficient new targets with multiple effects are the subject of con-
siderable debate and ongoing investigation.

MicroRNAs (miRs) are small endogenous noncoding RNA mol-
ecules composed of approximately 22 nucleotides that negatively 
regulate gene expression at the posttranscriptional level by promot-
ing target mRNA degradation and/or translational repression (13). 
Hundreds of miRs are expressed in keratinocytes and immune cells 
and play essential roles in regulating their development and func-
tion (14–17). Expression profiling studies have revealed that many 
miRs, such as miR-203 (18), miR-31 (16), and miR-138 (19), are 
dysregulated in keratinocytes and lymphocytes from patients with 
psoriasis. In our previous studies, we found that miR-210, a signa-
ture miR of hypoxia, was significantly upregulated in the periph-
eral blood mononuclear cells (PBMCs) and CD4+ T cells of psoriasis 
patients compared with healthy controls (20). Overexpression of 
miR-210 contributed to aberrant inflammatory cytokine expression 
in CD4+ T cells (20). Nevertheless, the role of miR-210 overexpres-
sion, the regulatory mechanisms, and in vivo physiological signifi-
cance in the development of psoriasis remain poorly understood.

In this study, we report that increased expression of miR-210 
enhanced Th1 and Th17 cells in peripheral blood and skin lesions 
of psoriasis patients and psoriasis-like mouse models by inhibiting 
its targets STAT6 and LYN, which aggravated skin lesions of pso-
riasis. Either genetic knockout of miR-210 or silencing of miR-210 
by intradermal injection of the miR-210 inhibitor antagomir-210 
prevented the development of psoriasis-like inflammation in the 
imiquimod-induced (IMQ-induced) or IL-23–induced psoriasis- 
like mouse model, indicating a potential therapeutic target for 
psoriasis. Furthermore, we also revealed that the increased 
expression of HIF-1α induced by the inflammatory cytokines, such 
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the IMQ-treated mice using a miR-210–specific locked nucleic 
acid–modified (LNA) probe. The results showed that miR-210 
expression was elevated in the dermis, as well as in the epider-
mis (Figure 1G), which was consistent with the reverse transcrip-
tion quantitative PCR (RT-qPCR) analysis of the epidermis and 
dermis of skin lesions (Figure 1H). Furthermore, we sorted CD4+ 
T cells from dermal single-cell suspensions of IMQ-induced  
psoriasis-like skin lesions and confirmed that miR-210 was  
specifically elevated in dermal CD4+ T cells and not in dermal 
CD4– T cells (Figure 1, I and J, and Supplemental Figure 5). These 
data demonstrated that the elevated miR-210 expression may be 
functionally involved in the CD4+ T cell–mediated immune dys-
function in peripheral and skin lesions of psoriasis.

miR-210 skews the CD4+ Th cell–mediated immune balance in pso-
riasis. The imbalance of Th cells, such as Th1/Th2 and Th17/Treg, 
was shown to play an important role in psoriasis pathogenesis (23). 
To determine whether the upregulation of miR-210 contributes to 
the immune imbalance of psoriasis, we first investigated miR-210 
expression in different T cell subsets. We activated human naive 
CD4+ T cells under different polarizing conditions in vitro (Sup-
plemental Figure 6) and found significantly increased miR-210 
expression in Th17 cells and slightly increased miR-210 expres-
sion in Th1 cells compared with Th0 cells (Figure 2A), suggesting 
that miR-210 might have priority to regulate Th17 and Th1 cell 
differentiation. Agomirs or antagomirs are modified oligonucle-
otides with improved stability and delivery that induce miR over-
expression or silencing, respectively (24–26). To directly assess 
whether miR-210 regulates Th cell differentiation, we transfected 
naive human CD4+ T cells with agomir-210 or negative control 
agomir (agomir-NC) and then cultured the cells under Th1-, Th2-, 
Th17-, and inducible Treg–polarizing (iTreg-polarizing) condi-
tions in vitro. The results showed that the increased miR-210 
expression promoted Th17 and Th1 differentiation but inhibited 
Th2 differentiation (Figure 2, B and C). By contrast, in vitro dif-
ferentiation of Th17 and Th1 was significantly suppressed and Th2 
differentiation was increased by transfection with antagomir-210, 
which downregulated miR-210 expression in T cells (Figure 2, B 
and D). miR-210 expression changes had no effect on the differ-
entiation of iTreg cells (Figure 2, C and D). We observed a similar 
effect of miR-210 on T cell differentiation of naive mouse CD4+ 
T cells following transfection of the cells with agomir-210 and 
antagomir-210 (Supplemental Figure 7).

Our studies also found that psoriatic CD4+ T cells and skin 
showed preferential expression of Th1- and Th17-related cyto-
kines (Supplemental Figure 8). To investigate the effect of miR-
210 on cytokine secretion of Th cells, we transfected human 
psoriatic CD4+ T cells and normal human CD4+ T cells with 
antagomir-210 or agomir-210. We found that the production 
of IL-17A, IL-17F, and IFN-γ in the supernatants was increased 
in normal CD4+ T cells when transfected with agomir-210 but 
significantly decreased in psoriatic CD4+ T cells transfected 
with antagomir-210 (Figure 2, E and F). By contrast, the IL-4 
protein level in the supernatant of CD4+ T cells was decreased 
by transfection with agomir-210 and elevated by transfection 
with antagomir-210 (Figure 2, E and F). Similar changes were 
observed in the mRNA expression of cytokine genes (Figure 2, 
G and H). Together, these data indicated that miR-210 promotes 

as TGF-β and IL-23, enhanced miR-210 expression in CD4+ T cells 
and skin lesions of psoriasis through epigenetic mechanisms.

Results
miR-210 expression is elevated in psoriatic CD4+ T cells and skin 
lesions. We measured miR-210 expression in peripheral blood 
CD4+ T cells and skin lesions from psoriasis patients and found 
that it is upregulated in both CD4+ T cells and skin lesions from 
psoriasis patients compared with healthy controls (Figure 1, A 
and B). Notably, we observed no significant increase in miR-210 
expression in CD4+ T cells of a fraction of psoriasis patients with 
low clinical scores, which is consistent with the positive correla-
tion between the miR-210 expression levels in CD4+ T cells or 
lesional skins and the psoriasis area and severity index (PASI) 
scores of psoriasis patients (Figure 1, C and D). In addition, we 
established IMQ- and IL-23–induced psoriasis-like mouse mod-
els, which closely resemble the human disease phenotype accord-
ing to previously published studies (16, 21, 22). As expected, the 
IMQ- or IL-23–treated mice developed typical psoriasis-like 
lesions with evident clinical and pathological changes (Supple-
mental Figures 1–3; supplemental material available online with 
this article; https://doi.org/10.1172/JCI97426DS1). Consistent 
with the results of human samples, mice exposed to IMQ or IL-23 
expressed significantly higher levels of miR-210 in splenic CD4+ 
T cells and lesional skins compared with matrix-exposed mice 
(Figure 1, E and F). Similar to the psoriasis-like mouse model, 
an experimental autoimmune encephalomyelitis (EAE) mouse 
model (a Th1 cell– and Th17 cell–mediated ideal mouse model for 
human multiple sclerosis) also exhibited significantly increased 
miR-210 expression (Supplemental Figure 4).

To determine whether miR-210 was increased in infiltrating 
CD4+ T cells from the psoriatic skin lesions, we performed in situ 
hybridization on skin cryosections from psoriasis patients and 

Figure 1. miR-210 expression is elevated in psoriatic CD4+ T cells and skin 
lesions. (A and B) Expression of miR-210 in CD4+ T cells (A, n = 30) and skin 
samples (B, n = 10) derived from psoriasis patients and healthy controls. (C 
and D) Correlation of human miR-210 expression in psoriatic CD4+ T cells 
(C, n = 30) or skin (D, n = 10) with PASI scores. (E) Expression of miR-210 
in splenic CD4+ T cells (left panel) and skin samples (right panel) from 
untreated mice (n = 6) and IMQ-induced mice (n = 6). (F) Expression of  
miR-210 in skin lesions from normal ears (n = 5) and IL-23–treated ears  
(n = 5) of mice. (G) In situ hybridization was performed on mouse skin 
treated with vehicle (Ctr, n = 5) or IMQ (IMQ, n = 5) as well as human skin 
from healthy controls (NC, n = 6) and psoriasis patients (Pso, n = 5) using 
miR-210–specific LNA probes. Dark blue color indicates miR-210 expression. 
e, epidermis; d, dermis. Scale bars: 100 μm (lower magnification) and 50 μm 
(higher magnification). Red arrows indicate dermis-infiltrating inflamma-
tory cells. (H) Expression of miR-210 in the epidermis and dermis of skin 
samples from untreated controls (n = 6) or IMQ-treated mice (n = 6). (I) 
miR-210 levels in CD4+ T cells derived from untreated mouse spleen (n = 6), 
IMQ-treated mouse spleen (n = 6), and IMQ-treated mouse lesional dermis 
(n = 6). (J) Expression of miR-210 in dermal CD4– T cells of skin samples 
from untreated controls (n = 6) or IMQ-treated mice (n = 6). Data are pooled 
from 2 independent experiments (A–D) or are representative of 3 indepen-
dent experiments (E–J) in BALB/c mice (E and G–J) and in C57BL/6J mice (F). 
Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Two-
tailed Mann-Whitney U test (A and B), 2-tailed unpaired Student’s t test 
(E, F, and J), Spearman’s r test (C and D), or 1-way ANOVA with Bonferroni’s 
post hoc test (H and I) was used.
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psoriasis-like dermatitis with regard to both clinical manifesta-
tions and pathological changes (Figure 4B). In addition, the spleno-
megaly of KO mice was not obvious in IMQ-treated mice (Figure 
4C). Strikingly, according to histological analysis of skin treated 
with IMQ, the acanthosis and inflammatory cell infiltration in the 
dermis were significantly improved in KO mice compared with 
that in WT mice (Figure 4D). Furthermore, we observed that the 
immune imbalance in splenic CD4+ T cells was less pronounced in 
KO mice compared with WT mice following treatment with IMQ 
(Figure 4E). We then stimulated naive CD4+ T cells of WT and 
KO mice under different polarizing conditions in vitro and found 
that naive CD4+ T cell differentiation toward Th1 and Th17 cells 
in KO mice was dramatically limited compared with that in WT 
mice. By contrast, the proportion of Th2 cells was significantly  
increased (Supplemental Figure 10). We also established an 
IL-23–induced psoriasis-like mouse model in miR-210–KO mice 
and WT mice. As expected, the WT mice developed more serious 
psoriasis-like dermatitis compared with KO mice based on both 
clinical manifestations and pathological changes (Supplemental 
Figure 11). These data indicated that miR-210 deletion prevents 
psoriasis by regulating T cell differentiation.

As we know, both activated immune cells and keratinocytes 
together contribute to the psoriatic skin lesion. To investigate the 
critical role of miR-210 deletion in immune cells or keratinocytes 
in the development of psoriatic lesion, we first generated bone 
marrow (BM) chimeric mice using miR-210–KO mice and WT 
mice. Lethally irradiated miR-210–KO or WT mice were adop-
tively transferred with BM from WT mice. The recipients of both 
genotypes (WT BM-KO and WT BM-WT) developed comparable 
levels of severity of psoriasis-like lesion after treatment with IMQ 
(Supplemental Figure 12, A–D). However, following the application 
of IMQ, the WT recipient mice, which were reconstituted with the 
BM from miR-210–KO mice (KO BM-WT), showed significantly 
alleviated skin lesions compared with WT BM-KO or WT BM-WT 
mice (Supplemental Figure 12, A–D). Furthermore, to demonstrate 
that the deletion of miR-210 in CD4+ T cells plays an important role 
in the pathogenesis of psoriasis, we transferred naive CD4+ T cells 
from miR-210–KO or WT mice to Rag2–/– mice. As expected, Rag2–/– 
mice could not develop typical psoriasis-like dermatitis induced by 
IMQ (Supplemental Figure 12, E–H). More importantly, Rag2–/– mice 
transferred with naive CD4+ T cells with miR-210 deletion displayed 
notably improved IMQ-induced skin lesions compared with mice 
transferred with naive CD4+ T cells from WT mice (Supplemental 
Figure 12, E–H). Together, these findings indicated that the aberrant 
activation and differentiation of CD4+ T cells induced by miR-210 
overexpression play a much more important role in the pathogen-
esis of psoriasis and miR-210 deletion in T cells is the major cause of 
notable improvement of skin lesion induced by IMQ.

Intradermal administration of antagomir-210 ameliorates the 
pathological phenotype of IMQ-induced psoriasis-like mice. Our find-
ings indicated the important role of miR-210 in psoriasis pathogen-
esis. Therefore, we sought to evaluate the efficacy and potential 
application of a miR-210–based therapy for psoriasis. We injected 
antagomir-210 or antagomir-NC intradermally 4 times from the 
beginning to the third day to test the inhibitory effect on disease 
development in the IMQ-induced psoriasis-like mouse model 
(Figure 5A). As expected, miR-210 expression in both splenic CD4+ 

the differentiation and functions of Th17 and Th1 cells but has 
the opposite effect on Th2 subsets.

miR-210 accelerates the development of psoriasis. To investigate 
the functional relevance of miR-210 upregulation in the develop-
ment of psoriasis, we injected agomir-210 or agomir-NC intra-
dermally once per day for 4 consecutive days in the IMQ-induced  
psoriasis-like mouse model, and the mice were sacrificed at 4, 7, 10, 
and 14 days (Figure 3A). Compared with the agomir-NC group, the 
agomir-210 group showed accelerated psoriasis-like pathological 
progression and increased disease severity (Figure 3B). Over the 
course of the experiment, we found that the miR-210 levels were 
much higher on day 4 and day 7 in the agomir-210 group than the 
agomir-NC group, along with more severe clinical and pathologi-
cal changes (Figure 3C). On day 7, the peak of psoriasis-like chang-
es, we observed that the splenomegaly of mice in the agomir-210 
group was more obvious than that in the agomir-NC group (Figure 
3D). In addition, elevation of miR-210 by agomir-210 significantly 
increased the disease severity, acanthosis, and dermal inflam-
matory cell infiltration (Figure 3, E–G). To confirm the increased 
inflammatory cell infiltration in dermis from the agomir-210 
group, we obtained dermal single-cell suspensions and analyzed 
the percentages of Th1 and Th17 cells. We found that the percent-
ages of both Th1 and Th17 cells that infiltrated the dermis from 
agomir-210–treated mice were increased significantly compared 
with the agomir-NC group (Supplemental Figure 9). Moreover, 
enhanced Il17a, Il17f, and Ifng mRNA expression accompanied by 
decreased Il4 mRNA expression was observed in splenic CD4+ T 
cells of the agomir-210 group (Figure 3H). These results demon-
strated that miR-210 upregulation promotes and aggravates the 
development of psoriasis.

miR-210 deletion blocks psoriasis development. To further clarify 
the role of miR-210 in psoriasis development, we generated miR-
210–knockout (miR-210–KO) mice. The miR-210–KO mice were 
born normally and did not show any abnormality in body size and 
weight or in lymphocyte populations compared with age-matched 
wild-type (WT) mice. RT-qPCR analysis confirmed the miR-210 
ablation in both splenic CD4+ T cells and skin of KO mice (Fig-
ure 4A). We then applied IMQ to both KO mice and WT mice 
and found that miR-210–KO mice were unable to develop typical  

Figure 2. miR-210 contributes to the altered balance between pathogenic 
Th1/Th17 cells and Th2 cells in psoriasis. (A) miR-210 expression in naive 
CD4+ T, Th0, Th1, Th2, Th17, and iTreg cells (n = 5). (B) miR-210 expression in 
CD4+ T cells transfected with agomir-210 (n = 3) or antagomir-210 (n = 3). (C 
and D) Human naive CD4+ T cells were transfected with agomir-210 (C, 
 n = 3), antagomir-210 (D, n = 3), or their corresponding controls and then 
were differentiated into Th1, Th2, Th17, and iTreg cells. The percentage of 
Th1, Th2, Th17, and iTreg cells was detected by flow cytometry. Statistical 
analysis data are shown in the lower panel. (E and F) The protein levels of 
IL-17A, IL-17F, IFN-γ, and IL-4 in cultured supernatants from normal human 
CD4+ T cells transfected with agomir-210 or agomir-NC (E, n = 6) and psori-
atic CD4+ T cells transfected with antagomir-210 or antagomir-NC (F, n = 6). 
(G and H) The mRNA levels of IL17A, IL17F, IFNG, and IL4 in normal human 
CD4+ T cells transfected with agomir-210 or agomir-NC (G, n = 6) and psori-
atic CD4+ T cells transfected with antagomir-210 or antagomir-NC (H,  
n = 6). All experiments were performed in triplicate. Data represent the 
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. One-
way ANOVA with Dunnett’s post hoc test (A) or 2-tailed unpaired Student’s 
t test (B–H) was used.
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T cells and skin lesions was dramatically reduced (Figure 5B), and 
there was a significant improvement in both clinical and patho-
logical characteristics on day 7 following antagomir-210 treatment 
(Figure 5C), along with alleviated disease severity (Figure 5D) and 
splenomegaly (Figure 5E). In addition, the acanthosis and dermal 

inflammatory cell infiltration were significantly decreased after 
antagomir-210 administration (Figure 5F).

We also obtained splenic CD4+ T cells to assess the in vivo 
effect of antagomir-210 on the immune imbalance of Th cell sub-
sets in psoriasis-like mouse models. Notably, silencing miR-210 

Figure 3. miR-210 accelerates the development of psoriasis. (A) Schematic diagram of intradermal administration of agomir-NC (5 nmol) or agomir-210 
(5 nmol) on days 0, 1, 2, and 3 during the application of IMQ in mice (BALB/c). Three mice in each group were sacrificed on days 4, 7, 10, and 14 to conduct 
experiments. (B) Phenotypic presentation and H&E staining of lesional skin from mice injected with agomir-NC and agomir-210. Scale bars: 100 μm. 
(C) The miR-210 expression in splenic CD4+ T cells from agomir-NC–treated (n = 6) or agomir-210–treated mice (n = 6). (D) The size of spleens of mice 
in A. (E) PASI scores of mice in A (n = 6). (F and G) Acanthosis and dermal cellular infiltrates were quantified for mice treated with agomir-NC (n = 6) 
or agomir-210 (n = 6). For all measurements in G, the median number of specifically stained dermal nucleated cells was counted in 3 high-power fields 
per section. (H) The mRNA levels of Il17a, Il17f, Ifng, and Il4 in splenic CD4+ T cells from agomir-NC–treated (n = 3) or agomir-210–treated mice (n = 3). 
Data (D–H) were obtained from agomir-NC– or agomir-210–treated mice on the seventh day. Data (B–H) are representative of at least 3 independent 
experiments with 3 to 6 samples per group in each. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. Two-tailed 
unpaired Student’s t test (C and E–H) was used.
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by antagomir-210 markedly increased the percentage of Th2 cells 
and decreased the percentage of Th1 and Th17 cells in splenic 
cells of IMQ-treated mice (Figure 5G). In addition, IMQ-treated 
mice injected with antagomir-210 expressed lower levels of Il17a, 
Il17f, and Ifng but higher levels of Il4 mRNA in both skin lesions 

and splenic CD4+ T cells (Figure 5H). Taken together, these results 
indicated that the inhibition of miR-210 expression in vivo can 
prevent the immunopathological changes in psoriasis and can 
effectively ameliorate disease severity, suggesting a novel treat-
ment strategy for psoriasis.

Figure 4. miR-210 deletion blocks psoriasis development. (A) miR-210 expression in splenic CD4+ T cells (upper panel) or skin (lower panel) from KO (n = 5) and 
WT mice (n = 5). (B) Phenotypic presentation and H&E staining of mouse back skin for WT or KO mice treated with IMQ or vehicle for 7 days. Scale bars: 100 μm. 
(C and D) Splenomegaly (C), acanthosis (D, left panel), and dermal cellular infiltration (D, right panel) in WT or KO mice treated with IMQ (n = 5) or vehicle (n = 5) 
for 7 days. (E) Representative flow cytometric analysis of Th1, Th2, Th17, and Treg cells in splenic CD4+ T cells from WT (n = 5) or KO (n = 5) mice treated with IMQ 
for 7 days. Statistical data are shown in the right panel. All data are obtained from miR-210 KO or WT mice with C57BL/6J background and are representative of 
at least 3 independent experiments with 5 samples per group in each. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant. 
Two-tailed Mann-Whitney U test (A), 1-way ANOVA with Bonferroni’s post hoc test (D), or 2-tailed unpaired Student’s t test (E) was used.
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transfection with antagomir-210 compared with their correspond-
ing controls (Figure 6C and Supplemental Figure 14, A and B). Strik-
ingly, the protein and mRNA levels of the 2 targets were dramati-
cally increased in splenic CD4+ T cells from IMQ-treated KO mice 
compared with those from IMQ-treated WT mice (Figure 6D and 
Supplemental Figure 14, C–F). In addition, we also found that the 
2 targets of miR-210 were significantly downregulated at both the 
protein and the mRNA levels in psoriatic CD4+ T cells from patients 
and IMQ-treated mice compared with normal controls (Figure 6, 
E and F, and Supplemental Figure 15, A–E). Moreover, the mRNA 
levels of STAT6 and LYN were negatively correlated with miR-210 
expression in CD4+ T cells from psoriasis patients (Supplemental 
Figure 15F). Consistent with their expression in CD4+ T cells, STAT6 
and LYN protein and mRNA levels were also significantly decreased 
in lesional skins from both psoriasis patients and IMQ-treated mice 
(Figure 6, G and H, and Supplemental Figure 16). Together, these 
data from luciferase reporter assay, RNA immunoprecipitate assay, 
and transfection experiments indicated that STAT6 and LYN are 
direct targets of miR-210.

To explore the biological role and the importance of STAT6 
and LYN in immune regulation, we performed gain- and loss-
of-function assays of normal CD4+ T cells activated by anti-CD3 
and anti-CD28 Abs via transfection with STAT6 or LYN siRNAs, 
as well as their overexpression vectors (Figure 7, A and B). The 
results from both knockdown and overexpression experiments 
indicated that STAT6 and LYN inhibited IL17A, IL17F, and IFNG 
mRNA expression and promoted IL4 expression (Figure 7, A and 
B). We next performed gene recovery experiments in CD4+ T cells 
with miR-210 overexpression. Strikingly, overexpression of either 
STAT6 or LYN partly abolished the regulatory effects of miR-210 
on cytokine expression (Figure 7, C and D). Our data indicated that 
miR-210 regulates T cell cytokine expression through repressing 
its targets STAT6 and LYN.

HIF-1α mediates TGF-β– and IL-23–induced miR-210 overexpres-
sion via epigenetic regulation. To identify the regulatory sequence 
critical for miR-210 transcription, we established 3 reporter con-
structs that included different fragments of miR-210 promoter 
regions upstream of the transcription start site (TSS) (fragment 
S1: from –1,000 bp to –501 bp; S2: from –500 bp to –1 bp; S3: from 
–1,000 bp to –1 bp) (Supplemental Figure 17A). These reporter 
constructs were transfected into HEK293T cells separately, and 
luciferase activity was measured. The results indicated that the 
S3 reporter construct had the highest luciferase activity in trans-
fected HEK293T cells, and the effects of S2 on assay activity were 
stronger than those of S1 (Supplemental Figure 17B), suggest-
ing that the core promoter region was included within –500 bp 
upstream of the TSS of miR-210. A previous study showed that 
HIF-1α regulated miR-210 expression in many tumors (28). We 
also found a potential HIF-1α binding sequence in the S2 frag-
ment (from –420 to –436 bp) (Supplemental Figure 17C), sug-
gesting that miR-210 expression is regulated by HIF-1α in CD4+ T 
cells of psoriasis. We generated reporter constructs with WT and 
mutated HIF-1α binding site in S2 (HIF-1α WT and HIF-1α MU) 
and found strikingly decreased luciferase activity in HEK293T 
cells transfected with HIF-1α MU compared with HEK293T cells 
transfected with HIF-1α WT (Supplemental Figure 17D). In con-
trast to HIF-1α MU, HIF-1α overexpression led to significantly 

STAT6 and LYN are downstream targets of miR-210. To gain 
insight into the molecular mechanisms by which miR-210 regu-
lates Th cell differentiation in psoriasis, we combined 4 bioin-
formatic tools, TargetScan, miRWalk, miRanda, and RNA22, 
to predict the putative targets of miR-210 (Supplemental Table 
3). Among them, immune-related genes were of special interest 
because our results suggested a role for miR-210 in regulating Th 
cell differentiation. Two potential target genes, STAT6 and LYN, 
which have been reported to regulate T cell function, were selected  
for this study. To validate these 2 target genes, we generated WT 
luciferase reporter constructs that included the 3′ untranslated 
region (UTR) of the STAT6 and LYN genes and mutant type (MU) 
reporter constructs, which contained mutant binding sequences  
of miR-210 (Figure 6A). Compared with the agomir-NC–trans-
fected cells, cells transfected with agomir-210 showed significantly 
decreased luciferase activity with the WT constructs, but this inhi-
bition was lost with transfection of the MU construct (Figure 6B). 
In mammalian cells, the majority of mature miRs are loaded onto 
argonaute 2 (Ago2) proteins to generate the effector complex, RNA-
induced silencing complex (RISC), through which target mRNA 
degradation or transcription inhibition is mediated (27). To fur-
ther confirm whether STAT6 and LYN are downstream targets of 
miR-210, we assayed Ago2 immunoprecipitates of CD4+ T cells 
derived from psoriasis patients and normal controls. As expected, 
the mRNA levels of miR-210, STAT6, and LYN detected in psoriatic 
CD4+ T cell immunoprecipitates were much higher than those in 
normal CD4+ T cells (Supplemental Figure 13A). Correspondingly, 
as a technique control, we found a 232.2-fold increase in U1 expres-
sion level in the SNRNP70 immunoprecipitates compared with the 
IgG control (Supplemental Figure 13B).

We next sought to evaluate whether miR-210 influences endog-
enous STAT6 and LYN protein levels. First, psoriatic CD4+ T cells 
were transfected with antagomir-210, and normal CD4+ T cells were 
transfected with agomir-210. Notably, we found that the protein 
levels of both STAT6 and LYN in CD4+ T cells were decreased by 
transfection with agomir-210 but were significantly increased after 

Figure 5. Intradermal administration of antagomir-210 ameliorates the 
pathological phenotype of IMQ-induced psoriasis-like mice. (A) Sche-
matic diagram for intradermal administration of antagomir-NC (10 nmol) 
or antagomir-210 (10 nmol) on day 0, 1, 2, and 3 during the application of 
IMQ in BALB/c mice. (B) miR-210 expression in splenic CD4+ T cells (left 
panel) or skin lesions (right panel) from antagomir-NC–treated (n = 5) or 
antagomir-210–treated mice (n = 5). (C) The clinical manifestations and 
H&E staining of the back skin derived from mice injected with antagomir-
NC or antagomir-210. Scale bars: 100 μm. (D) PASI score of mice in A  
(n = 5). (E) Splenomegaly of mice in A. (F) Acanthosis (upper panel) and 
dermal cellular infiltrates (lower panel) were quantified for control mice 
(n = 5) and IMQ-induced mice (n = 5) treated with antagomir-NC (n = 5) or 
antagomir-210 (n = 5). (G) Representative flow cytometric analysis of Th1, 
Th17, and Th2 cells in splenic CD4+ T cells from antagomir-NC–treated  
(n = 5) and antagomir-210–treated IMQ mice (n = 5). Statistical data are 
shown in the lower panel. (H) The mRNA expression of Il17a, Il17f, Ifng, and  
Il4 in splenic CD4+ T cells (upper panel) or skin lesions (lower panel) from  
mice treated with antagomir-NC (n = 5) or antagomir-210 (n = 5). All results 
are representative of at least 3 independent experiments with 3 to 5 samples 
per group in each. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. NS, not significant. Two-tailed unpaired Student’s t test (B, G, 
and H) or 1-way ANOVA with Bonferroni’s post hoc test (D and F) was used.
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indicated that HIF-1α binds to the miR-210 promoter region and 
promotes miR-210 expression.

To demonstrate the upstream mechanism of miR-210 over-
expression in CD4+ T cells and skin lesions of psoriasis patients, 
we investigated whether some inflammatory cytokines including 
IL-23, TGF-β, IL-6, and IL-1β, which are very important for Th17 
cell differentiation and are increased in psoriasis (29), induced 
miR-210 expression in CD4+ T cells. We stimulated CD4+ T cells 
with these cytokines individually and found that TGF-β or IL-23 
stimulation, but not IL-6 or IL-1β, can increase the expression of 
miR-210 significantly, among which TGF-β induced the great-
est increase of miR-210 (Figure 8A). Furthermore, we investi-
gated whether the induction of miR-210 by TGF-β and IL-23 was 
mediated by HIF-1α. We stimulated CD4+ T cells with TGF-β and 
IL-23 individually and found an increased HIF-1α protein level 
together with decreased STAT6 and LYN protein levels, which 
showed time-dependent changes (Figure 8B and Supplemental 
Figure 20). Moreover, when HIF-1α expression was inhibited by 

increased luciferase activity in HIF-1α WT–transfected HEK293T 
cells (Supplemental Figure 17E). In addition, we also performed 
chromatin immunoprecipitation (ChIP) assays and confirmed 
that HIF-1α bound to the S2 region in the miR-210 promoter 
region (Supplemental Figure 17F). To further confirm that HIF-1α 
regulates miR-210 expression in psoriasis, we determined HIF-1α  
expression in psoriatic CD4+ T cells and skin. As expected,  
HIF-1α protein levels were significantly elevated in psoriatic 
CD4+ T cells and skin lesions derived from both psoriasis patients 
and IMQ-treated mice (Supplemental Figure 18, A–D). In addi-
tion, the protein level of HIF-1α was positively related with miR-
210 expression in psoriatic CD4+ T cells (Supplemental Figure 
18E). When HIF-1α siRNA, HIF-1α overexpression plasmid, and 
their corresponding controls were transfected into psoriatic CD4+ 
T cells or normal CD4+ T cells, miR-210 expression was inhibited 
in psoriatic CD4+ T cells transfected with HIF-1α siRNA but was 
promoted in normal CD4+ T cells transfected with the HIF-1α 
overexpression plasmid (Supplemental Figure 19). These results 

Figure 6. STAT6 and LYN are downstream targets of miR-210. (A) miR-210 target sequences (in red) of the 3′-UTR of STAT6 (A, upper panel) and LYN (A, 
lower panel) mRNAs and corresponding mutant sequences, which were included in luciferase reporter vectors. (B) Luciferase activities were measured in 
HEK293T cells cotransfected with luciferase reporter vectors and agomir-210 or agomir-NC, n = 3 per group. (C) Normal CD4+ T cells were transfected with 
agomir-210 or agomir-NC, and psoriatic CD4+ T cells were transfected with antagomir-210 or antagomir-NC. STAT6 (upper panel) and LYN (lower panel) pro-
tein levels were analyzed. (D) The protein levels of STAT6 and LYN in splenic CD4+ T cells from IMQ-treated WT and KO mice. (E–H) STAT6 and LYN protein 
levels in CD4+ T cells (E and F) and skin lesions (G and H) derived from psoriasis patients and IMQ-induced psoriasis-like mouse models (BALB/c) as well as 
their healthy controls. Data (B and C) are representative of at least 3 independent experiments. Data represent the mean ± SEM. *P < 0.05, **P < 0.01. NS, 
not significant. Two-tailed unpaired Student’s t test (B) was used.
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P300 siRNA was significantly decreased, indicating that P300 has a 
similar effect to that of HIF-1α on miR-210 expression (Supplemen-
tal Figure 22). We next compared histone H3 acetylation (H3ac)  
levels on the miR-210 promoter in CD4+ T cells derived from pso-
riasis patients and normal controls. Notably, psoriatic CD4+ T cells 
exhibited increased H3ac levels on the miR-210 promoter com-
pared with normal CD4+ T cells (Supplemental Figure 23). To deter-
mine whether increased H3ac on the miR-210 promoter is medi-
ated by the HIF-1α/P300 complex, we transfected psoriatic CD4+ 
T cells with HIF-1α siRNA and normal CD4+ T cells with HIF-1α 
plasmid for ChIP assays. The results showed that the enrichment of 
HIF-1α, P300, and H3ac levels on the miR-210 promoter were sup-
pressed in psoriatic CD4+ T cells by HIF-1α siRNA, but were notably 
increased in normal CD4+ T cells by the HIF-1α plasmid (Figure 8, 
E and F). Moreover, TGF-β or IL-23 stimulation also promoted the 

RNA interference, the induction of miR-210 by TGF-β and IL-23 
was significantly weakened (Figure 8C). These data suggested 
that TGF-β– and IL-23–induced upregulation of miR-210 was 
mediated by HIF-1α.

A series of studies have demonstrated that miR expression 
is regulated by epigenetic mechanisms (30–33). P300, a histone 
acetyltransferase, was shown to act as a transcriptional coactivator 
of HIF-1α, resulting in transcriptional activation of multiple genes 
through increasing histone acetylation in gene loci (34, 35). Thus, 
we investigated whether HIF-1α regulates miR-210 expression via 
recruitment of P300. We first performed coimmunoprecipitation 
(Co-IP) experiments and confirmed that HIF-1α and P300 formed 
a protein complex, which was increased in CD4+ T cells with TGF-β 
or IL-23 stimulation (Figure 8D and Supplemental Figure 21). In 
addition, the miR-210 expression in CD4+ T cells transfected with 

Figure 7. STAT6 and LYN are required for 
miR-210–induced effects. (A and B) Normal 
human CD4+ T cells were transfected with 
STAT6 siRNAs and overexpression plasmid 
(A, n = 3) or LYN siRNAs and overexpres-
sion plasmid (B, n = 3) separately for 48 
hours. STAT6 and LYN protein levels (left 
panel), and the mRNA levels of IL17A, IL17F, 
IFNG, and IL4 (middle and right panels) 
were detected in transfected cells. (C and D) 
Normal human CD4+ T cells were transfected 
with agomir-210 or agomir-NC, and after 24 
hours, the STAT6 overexpression plasmid or 
plasmid control (C, n = 3) and LYN overex-
pression plasmid or plasmid control (D,  
n = 3) were transfected into cells. Then, cells 
were collected to detect the protein levels of 
STAT6 or LYN (left panel) and the mRNA lev-
els of IL17A, IL17F, IFNG, and IL4 (right panel) 
at 48 hours after transfection. Similar results 
were obtained from 3 independent experi-
ments. Data represent the mean ± SEM. *P 
< 0.05, **P < 0.01, ***P < 0.001. NS, not sig-
nificant. Two-tailed unpaired Student’s t test 
(A and B) or 1-way ANOVA with Bonferroni’s 
post hoc test (C and D) was used.
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Discussion
Accumulating evidence has revealed that miRs are frequently 
involved in regulating immune cell development, differentiation, 
and immune responses (36–38). Here, we showed that miR-210 

enrichment of HIF-1α, P300, and H3ac on the miR-210 promoter 
(Figure 8G and Supplemental Figure 24). These data indicated that 
TGF-β and IL-23 could induce miR-210 expression through HIF-1α/
P300–mediated epigenetic mechanisms in psoriasis.

Figure 8. HIF-1α mediates TGF-β– and IL-23–induced miR-210 overexpression via epigenetic regulation. (A and B) The expression of miR-210 in normal 
human CD4+ T cells stimulated with IL-23, TGF-β, IL-6, or IL-1β (A, n = 3 per group). The protein levels of HIF-1α, STAT6, and LYN in cells stimulated with IL-23 
or TGF-β (B). (C) The miR-210 expression levels in human CD4+ T cells transfected with HIF-1α siRNA or siRNA controls followed by stimulation with IL-23 or 
TGF-β for 24 hours (n = 3 per group). (D) CD4+ T cells were transfected with HIF-1α overexpression plasmid (upper panel) or were stimulated with TGF-β (lower 2 
panels). Co-IP and Western blot showed the interaction between HIF-1α and P300. (E–G) The enrichment of HIF-1α, P300, and H3ac on the miR-210 promoter 
in psoriatic CD4+ T cells transfected with HIF-1α siRNA or controls (E, n = 3), normal CD4+ T cells transfected with HIF-1α plasmid or controls (F, n = 3), or normal 
CD4+ T cells stimulated with TGF-β (G, n = 3). Data (B and D) are representative of at least 3 independent experiments. Data represent the mean ± SEM.  
*P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA with Dunnett’s post hoc test (A and G) or 2-tailed unpaired Student’s t test (C, E, and F) was used.
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which mediate the regulatory effects of miR-210 on Th cell differ-
entiation. STAT6 is a well-known key mediator of Th2 differentia-
tion that integrates signaling from the IL-4/IL-13 receptor complex 
(42). Stat6–/– mice exhibit strengthened Th1 and Th17 immune 
responses, expressing sufficient Tbx21 and Rorc genes (43). LYN is 
a cytoplasmic membrane-associated tyrosine kinase that regulates 
various cellular processes through phosphorylation of inhibitory 
receptors, enzymes, and adaptors (44). Lyn–/– mice can develop a 
disease reminiscent of systemic lupus erythematosus (44, 45) but 
also show simultaneous enhancement of Th2 immunity (42, 46, 
47). Interestingly, Stat6–/– Lyn–/– mice were reported to have reduced 
Th2 traits in young mice and early-onset autoimmune disease (42). 
This previous evidence supported our finding that miR-210 overex-
pression induced Th17 and Th1 differentiation and inhibited Th2 
differentiation through targeting STAT6 and LYN in psoriasis.

Proinflammatory cytokine stimulation is a key initiating fac-
tor for formation of psoriatic skin lesions. Previous studies showed 
that IL-23, TGF-β, IL-6, and IL-1β, which are essential for Th17 cell 
differentiation, are increased in serum and skin lesions of psoria-
sis (29). However, the mechanism by which these inflammatory 
cytokines promote psoriasis is still unclear. Our previous study 
suggested that aberrant epigenetic modifications were involved 
in the pathogenesis of psoriasis (48). In this study, we found that 
TGF-β and IL-23 can increase HIF-1α expression and promote 
the interaction between HIF-1α and P300 in CD4+ T cells. The 
increased HIF-1α caused hyperacetylation of histone H3 in the 
miR-210 promoter region through recruitment of P300. Histone 
H3 hyperacetylation has been confirmed to be associated with 
transcription activation of genes (49). Consistently, we also found 
that the acetylation level of the miR-210 promoter was increased 
in CD4+ T cells of psoriasis patients. Taken together, these find-
ings revealed a potentially novel upstream regulatory mecha-
nism of excessive miR-210 expression in CD4+ T cells of psoriasis 
patients, in which TGF-β– and IL-23–induced HIF-1α upregulates 

is upregulated in psoriatic CD4+ T cells and skin lesions and con-
tributes to the immune imbalance of psoriasis by promoting the 
differentiation of Th17 and Th1 cells and inhibiting Th2 cell dif-
ferentiation in vitro and in vivo. Inhibition of miR-210 prevents 
the formation of skin lesions in a psoriasis-like mouse model. In 
addition, we investigated the in vivo effect of miR-210 on Th22 
cell response, which has also been reported to be involved in the 
pathogenesis of psoriasis (6, 7, 39). We detected the expression of 
Th22-related genes including Il22, Ahr, Ccr4, Ccr6, and Ccr10 in 
mouse splenic CD4+ T cells from IMQ-induced mice injected with 
agomir-210/agomir-NC or antagomir-210/antagomir-NC. How-
ever, no significant change was observed in the expression levels of 
these genes in the agomir-210 or antagomir-210 group compared 
with the agomir-NC or antagomir-NC group (Supplemental Figure 
25). The results suggested that overexpressed miR-210 contributes 
to psoriasis through inducing Th17 and Th1 cells, but not Th22.

A miR often interacts with hundreds of target mRNAs; however, 
only a small number of key target genes mediate its function (13). 
A previous study reported that miR-210 substantially inhibited the 
differentiation of Th17 cells under reoxygenation due to a negative-
feedback mechanism by miR-210 to inhibit protein expression of 
its target HIF-1α (40). However, in psoriasis, cell proliferation and 
inflammatory responses increase oxygen consumption, and epider-
mal thickening leads to impaired oxygen supply, resulting in inten-
sified hypoxia and consequent HIF-1α activation (41). Consistent 
with these observations, our studies demonstrated that both HIF-1α 
and miR-210 expression, 2 hypoxia-induced factors, were signifi-
cantly elevated in psoriatic skins and CD4+ T cells and that miR-
210 promotes Th17 differentiation both under reoxygenation and 
normoxia (Supplemental Figure 26), suggesting that HIF-1α is not 
a downstream target of miR-210 in CD4+ T cells of psoriasis. This 
discrepancy may be due to the specific tissue microenviroment and 
complex pathogenesis of psoriasis. Actually, we identified STAT6 
and LYN as functional targets of miR-210 in the present study, 

Figure 9. Schematic illustration of TGF-β/IL-23–HIF-
1α–miR-210–STAT6/LYN pathways contributing to 
the pathogenesis of psoriasis. In psoriasis patients, 
inflammatory factors TGF-β and IL-23 stimulate 
the expression of HIF-1α, which recruits P300 to 
the miR-210 promoter region and increases the 
H3ac levels on miR-210 promoters, thus leading to 
the upregulation of miR-210 expression. miR-210 
represses STAT6 and LYN expression through bind-
ing the 3′-UTRs of STAT6 and LYN mRNA, which 
promotes Th1/Th17 cell differentiation and inhibits 
Th2 cell differentiation in psoriasis. Moreover, miR-
210 overexpression also enhances the proliferation 
and chemokine secretion of keratinocytes, which 
increases the recruitment of activated T cells in skin 
lesions. Together, the effects of the increased miR-
210 in CD4+ T cells and keratinocytes contribute to 
the formation of psoriatic skin lesions.
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hai Biomodel Organism Science & Technology Development Co. Ltd. 
In brief, Cas9 mRNA and gRNA were obtained by in vitro transcrip-
tion, and then they were injected into fertilized eggs of C57BL/6J 
mice via the microinjection technique to generate F0 generation mice. 
The F0 generation mice with the gene mutant were backcrossed to 
C57BL/6J mice to obtain heterozygous F1 mice. The miR-210–KO 
(mir-210–/–) mice were generated by self-crossing between hetero-
zygous F1 mice. We determined the genotype of the mice by PCR 
analyses of genomic DNA isolated from mouse tails using the follow-
ing primers: for F0 and F1 mice, forward, 5′-GGCGGGCGGGGC-
GTGAT-3′ and reverse, 5′-GGGCAAGACCTGGCTGAGTGATGT-3′; 
for mir-210–/– mice, forward, 5′-GGCGGGCGGGGCGTGAT-3′ and 
reverse, 5′-GGGCAAGACCTGGCTGAGTGATGT-3′. Female mice at 
6 to 8 weeks of age were used for all experiments. All mice were main-
tained in specific pathogen–free conditions.

IMQ-induced psoriasis-like mouse model. Female BALB/c or miR-
210–KO mice with C57BL/6J background (6–8 weeks of age) were 
kept under controlled conditions. The mice were treated with a daily 
topical dose of 62.5 mg of IMQ cream (5%) (Sichuan Med-shine Phar-
maceutical, H20030128) on the shaved back for 7 consecutive days. 
Control mice were treated with the same dose of vehicle cream.

IL-23–induced psoriasis-like mouse model. An IL-23–mediated 
mouse model of psoriasis was created as previously described (16, 22). 
Generally, ears of C57BL/6J mice were injected intradermally with 
1 μg rmIL-23 (R&D Systems) dissolved in 25 μl PBS into one ear and 
25 μl PBS into the contralateral ear. Injections were used persistently 
every other day for a total of 8 days (days 1, 3, 5, and 7). On the eighth 
day, ears were analyzed by histopathology and in situ hybridization.

Antagomir and agomir treatment. Female BALB/c mice (6–8 weeks 
of age) were injected intradermally with antagomir-210 (10 nmol in 
150 μl PBS) or agomir-210 (5 nmol in 150 μl PBS), as well as their cor-
responding controls, on days 0, 1, 2, and 3 during the application of IMQ. 
For antagomir administration, all mice were sacrificed on the seventh 
day. For agomir treatment, 3 to 6 mice in each group were sacrificed 
on days 4, 7, 10, and 14. Antagomir-210 and agomir-210 as well as their 
controls were synthesized by Guangzhou RiboBio Co., Ltd. The oligo-
nucleotide sequences of antagomir-210 and agomir-210 are shown as 
follows: antagomir-210, 5′-UCAGCCGCUGUGUCACACGCACAG-3′; 
agomir-210, sense 5′-CUGUGCGUGUGACAGCGGCUGA-3′ and anti-
sense 5′-UCAGCCGCUGUGUCACACGCACAG-3′. Universal negative 
controls for both agomir and antagomir are based on the sequences of 
cel-miR-67 in Caenorhabditis elegans, which has been confirmed to have 
minimal sequence identity with miRs in human, mouse, and rat.

Scoring severity of skin inflammation in psoriasis-like mouse model. 
An objective scoring system was developed to score the severity of 
back skin inflammation in the IMQ-induced psoriasis-like mouse 
model, which was based on the clinical PASI for psoriasis patients (21). 
Erythema, scaling, and thickening were scored independently on a 
scale from 0 to 4: 0, none; 1, slight; 2, moderate; 3, marked; 4, very 
marked. The total score was obtained by accumulating the 3 index 
scores (score 0–12).

In situ hybridization. In situ hybridization was performed as 
previously described (52). Briefly, 6-μm-thick frozen sections of 
IMQ-induced mouse psoriasiform specimens, psoriasis patients’ 
lesional specimens, and control specimens from healthy mice and 
humans were used for experiments. After incubation in acetyla-
tion solution (0.02 M HCl, 1.3% triethanolamine, and 0.25% acetic 

miR-210 expression, which highlights an important role for miR-
210 in the proinflammatory factor–induced immune imbalance 
and skin lesion formation in psoriasis.

In addition to immune cells, keratinocytes also play an indis-
pensable role in the pathogenesis of psoriasis. Activated by proin-
flammatory factors, keratinocytes exhibit excessive proliferation 
and secretion of chemokines, such as CCL20 and CXCL10, play-
ing a crucial role in amplifying the immune response in psoriatic 
plaques (7, 50, 51). Our studies found that miR-210 expression 
is also elevated in the epidermis from psoriatic skin of both pso-
riasis patients and IMQ-induced psoriasis-like mouse models. 
HaCaT cells stimulated with IL-23, TGF-β, IL-17A, or IFN-γ have 
significantly increased miR-210 expression (Supplemental Fig-
ure 27A). In addition, both the BM chimeric mice (KO BM-WT) 
and the Rag2–/– mice transferred with T cells with miR-210 dele-
tion displayed a slightly thickened epidermis and infiltration of 
inflammatory cells in skin lesion induced by IMQ, suggesting that 
miR-210 overexpression in keratinocytes also contributes to the 
pathogenesis of psoriasis. Furthermore, we found that miR-210 
overexpression promoted the proliferation of normal human epi-
dermal keratinocytes (NHEKs) (Supplemental Figure 27, B and 
C) as well as the secretion of chemokines by keratinocytes, such 
as CCL20, enhancing the chemotaxis of NHEKs to CD4+ T lym-
phocytes (Supplemental Figure 28, A–D). Interestingly, overex-
pression of miR-210 in NHEKs also increased the production of 
TGF-β, suggesting a potential positive feedback between miR-210 
and TGF-β in keratinocytes (Supplemental Figure 28, A and B). 
Together, these additional data suggested that miR-210 serves as 
an important regulator in the interaction between immune cells 
and keratinocytes in psoriatic skin lesions.

In conclusion, the present study provides evidence that miR-
210, as a downstream target of HIF-1α and inflammatory cyto-
kines TGF-β and IL-23, promotes Th17 and Th1 cell differentiation 
and inhibits Th2 cell differentiation through targeting STAT6 and 
LYN, thereby causing the immune imbalance and inflammatory 
response in peripheral blood and skin lesions of psoriasis. More-
over, miR-210 also enhances the proliferation and chemokine 
secretion of keratinocytes, which further promotes the formation 
of psoriatic skin lesions (Figure 9). Together, our studies show that 
miR-210 plays an important role in the formation of skin lesions 
and immune imbalance in psoriasis and provide a potential target 
for psoriasis treatment.

Methods
Human subjects. A total of 63 psoriatic patients who were diagnosed 
with psoriasis vulgaris by pathologic examination were recruited from 
outpatient clinics in the Second Xiangya Hospital of Central South 
University. Psoriasis disease activity was assessed using PASI score. 
Patient information is shown in Supplemental Table 1. A total of 80 
sex- and age-matched healthy controls were recruited from the medi-
cal staff at the Second Xiangya Hospital.

Mice. The C57BL/6J and BALB/c mice were purchased from Slack 
Company. BALB/c mice were used for establishing the IMQ-induced 
psoriasis-like model and C57BL/6J mice were used for the IL-23–
induced psoriasis-like model as well as in vitro T cell differentiation. 
Rag2–/– mice were purchased from the Shanghai Research Center For 
Model Organisms. The miR-210–KO mice were generated by Shang-
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PeproTech) and anti–IL-4 (10 μg/ml) for Th1; IL-4 (2.5 ng/ml, Pepro
Tech) and anti–IFN-γ (10 μg/ml) for Th2; TGF-β (5 ng/ml, PeproTech), 
IL-6 (10 ng/ml, PeproTech), IL-1β (10 ng/ml, PeproTech), IL-23 (20 
ng/ml, PeproTech), anti–IFN-γ (10 μg/ml) and anti–IL-4 (10 μg/ml) 
for Th17; TGF-β (5 ng/ml) and IL-2 (10 ng/ml, PeproTech) for iTreg. 
We performed cell culture in 24-well plates with a total volume of  
1 ml/well of culture medium with 1 × 106 naive CD4+ T cells. The 
medium was refreshed on day 3.

In vitro mouse T cell differentiation. Naive CD4+ T cells were puri-
fied from pooled single-cell suspensions of spleen using a mouse naive 
CD4+ T cell isolation kit II (Miltenyi Biotec); the purity of the enriched 
subset was validated by flow cytometry and was generally higher than 
95%. Purified naive CD4+ T cells were stimulated with plate-bound 
anti-CD3 (5 μg/ml, eBioscience, catalog 16-0031-85) and anti-CD28 
(2 μg/ml, eBioscience, catalog 16-0281-85) for 5 days under different 
polarizing conditions. For Th0 polarization, naive CD4+ T cells were 
activated with anti–IFN-γ (10 μg/ml, eBioscience, catalog 16-7312-
85) and anti–IL-4 (10 μg/ml, eBioscience, catalog 16-7041-85). For 
Th1 polarization, naive CD4+ T cells were activated with IL-12 (10 
ng/ml, PeproTech) in the presence of anti–IL-4 (10 μg/ml). For Th2 
polarization, naive CD4+ T cells were activated with IL-4 (20 ng/ml, 
PeproTech) in the presence of anti–IFN-γ (20 μg/ml). For Th17 cell 
differentiation, naive CD4+ T cells were stimulated with TGF-β (2 ng/
ml, PeproTech), IL-6 (30 ng/ml, PeproTech), IL-1β (10 ng/ml, Pepro-
Tech), and IL-23 (20 ng/ml, R&D Systems) in the presence of anti–
IFN-γ (10 μg/ml) and anti–IL-4 (10 μg/ml). For iTreg differentiation, 
naive CD4+ T cells were activated with TGF-β (5 ng/ml) and IL-2 (10 
ng/ml, PeproTech) in the presence of anti–IFN-γ (5 μg/ml) and anti–
IL-4 (5 μg/ml). We performed cell culture in 24-well plates with a total 
volume of 1 ml/well of culture medium with 1 × 106 naive CD4+ T cells. 
The medium was refreshed on day 3.

Flow cytometry. Cytokines, transcription factors, and surface 
markers were evaluated using a FACSCanto II (BD Biosciences). In 
brief, for cytokine detection, cells were stimulated for 4 hours with 
PMA and ionomycin with the addition of GolgiPlug (BD Biosciences). 
Then, cells were incubated with antibodies against surface mark-
ers on ice for 30 minutes in the dark. For intracellular staining, cells 
were fixed and permeabilized with a Human Foxp3 Buffer Set (BD 
Biosciences) or Cytofix/Cytoperm (BD Biosciences) and stained with 
fluorescent antibodies for an additional 30 minutes on ice in the dark. 
Events were collected and analyzed with FlowJo software (Tree Star). 
The following antibodies were used: FITC anti–human CD4 (BioLe-
gend, catalog 317408), PE anti–human IL-17A (BD Biosciences, cata-
log 560487), Alexa Fluor 647 anti–human IFN-γ (BioLegend, catalog 
502516), PE anti–human IL-4 (BioLegend, catalog 500704), Alexa 
Fluor 647 anti–human FOXP3 (BioLegend, catalog 320114), PE anti–
human CD25 (eBioscience, catalog 12-0259-42), FITC anti–mouse 
CD4 (BioLegend, catalog 100406), APC-Cy7 anti–mouse CD4 (Bio-
Legend, catalog 100414), PerCP-Cy5.5 anti–mouse IFN-γ (BD Bio-
sciences, catalog 560660), APC anti–mouse IL-4 (BD Biosciences, 
catalog 562045), PE anti–mouse IL-4 (BioLegend, catalog 504104), 
PE anti–mouse IL-17A (BioLegend, catalog 561020), Alexa Fluor 
647 anti–mouse IL-17A (BioLegend, catalog 506912), PE anti–mouse 
CD25 (BioLegend, catalog 102008), and Alexa Fluor 647 anti–mouse 
FOXP3 (BioLegend, catalog 126408).

Confocal assay. CD4+ T cells were fixed and permeabilized with a 
Human Foxp3 Buffer Set or Cytofix/Cytoperm Plus Kit based on the 

anhydride in diethyl pyrocarbonate-treated water) for 10 minutes 
at room temperature, sections were treated with proteinase K (5 μg/
ml) in PBS for 5 minutes, washed, and prehybridized for 4 hours. 
Hybridization with hsa-miR-210-3p 5′-DIG– and 3′-DIG–labeled 
miRCURY LNA detection probe (Exiqon, catalog 612239-360) was 
performed overnight at 50°C. Slides were then washed with 5× SSC 
buffer followed by incubation in 0.2× SSC buffer for 1 hour at 60°C. 
The probe binding was detected by incubating sections with alka-
line phosphatase–conjugated anti-DIG Ab (1:1,000; Roche, catalog 
11093274910) overnight at 4°C. Sections were visualized with a 
mixed solution of NBT (Roche) and BCIP (Roche), according to the 
manufacturer’s instructions.

Cell isolation and culture. PBMCs were separated from the periph-
eral blood of healthy controls and psoriasis patients by density gra-
dient centrifugation (GE Healthcare). CD4+ T cells were isolated by 
positive selection using Miltenyi beads according to the manufactur-
er’s instructions (Miltenyi Biotec) in sterile or nonsterile conditions. 
Then, the cells were cultured in RPMI 1640 medium (Gibco) with 10% 
fetal bovine serum (FBS, HyClone) at 37°C and 5% CO2 or collected 
directly for subsequent experiments. HEK293T cells were maintained 
in DMEM (Gibco) supplemented with 10% FBS (HyClone).

siRNAs, plasmids, and agomir/antagomir transfection of T cells. For 
siRNAs and plasmid transfections, CD4+ T cells were transfected  
with siRNA or plasmid using the Human T Cell Nucleofector Kit 
and Amaxa Nucleofector system (Lonza). Briefly, total CD4+ T cells 
were harvested and resuspended in 100 μl human T cell nucleofec-
tor solution, and 10 μl 20 μM siRNA or 5 μg plasmid was added. Cells 
were electrotransfected using the nucleofector program V-024 in the 
Amaxa Nucleofector apparatus (Lonza) and cultured in RPMI 1640 
complete medium (Gibco). Cell culture media were refreshed 6 hours 
after transfection. For agomir/antagomir transfections, total CD4+ T 
cells or naive CD4+ T cells were cultured in 1 ml Opti-MEM (Gibco) 
with 2 μl of 200 μM agomir-210/antagomir-210 or their corresponding 
controls. After 6 hours, 1 ml RPMI 1640 complete medium (Gibco) was 
added to the wells and cells were cultured for different time points (the 
final concentration of agomir/antagomir was 200 nM). The cells were 
harvested for subsequent experiments. The STAT6, LYN, and HIF-1α 
expression plasmids and the empty control plasmid were purchased 
from Vigene Biosciences Inc. P300, HIF-1α, STAT6, and LYN siRNAs 
and negative control siRNAs were purchased from Thermo Fisher Sci-
entific. Related siRNA sequences are listed in Supplemental Table 2.

Cytokine stimulation of CD4+ T cells. Normal human CD4+ T cells 
were stimulated with TGF-β (5 ng/ml, PeproTech), IL-23 (20 ng/ml, 
PeproTech), IL-6 (10 ng/ml, PeproTech), or IL-1β (10 ng/ml, PeproT-
ech). Cells were collected at 0, 6, 12, 24, and 48 hours to perform RT-
qPCR or Western blot.

In vitro human T cell differentiation. PBMCs were separated from 
the peripheral blood of healthy controls by density gradient centrifu-
gation (GE Healthcare). CD4+CDRA+/RO− naive T cells were isolated 
by negative selection using Miltenyi beads according to the manufac-
turer’s instructions. The purity of the enriched subset was validated 
by flow cytometry and was generally higher than 95%. Purified naive 
T cells were stimulated with plate-bound anti-CD3 (5 μg/ml, Calbio-
chem, catalog 217570) and anti-CD28 (2 μg/ml, Calbiochem, catalog 
217669) for 5 days under the following polarizing conditions: anti–
IFN-γ (10 μg/ml, eBioscience, catalog  16-7317-85) and anti–IL-4 (10 
μg/ml, eBioscience, catalog  16-7048-85) for Th0; IL-12 (10 ng/ml, 
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complete RPMI 1640 medium (Gibco). Supernatants were collected 
after 48 hours and subjected to cytokine assay. The concentrations of 
IL-17A, IL-17F, IFN-γ, and IL-4 were analyzed using a LEGENDplex 
Multi-Analyte Flow Assay Kit (BioLegend) according to the manufac-
turer’s instructions.

Luciferase assay. For 3′-UTR reporter assays, the 3′-UTRs of the 
STAT6 and LYN mRNA containing WT or MU miR-210 binding sites 
were subcloned into the psiCHECK-2 vector (Promega). Then, 1 × 
105 HEK293T cells were seeded in the wells of a 24-well plate 1 day 
before transfection, and each well was transfected with a mixture of 
10 ng 3′-UTR luciferase reporter vector (WT or MU) and agomir-210 
or agomir control using Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. Twenty-four hours after transfection, 
cells were lysed, and luciferase activity was measured on a luminom-
eter (Promega) by using the Dual-Luciferase Reporter Assay System 
(Promega). The ratio of Renilla luciferase activity to firefly luciferase 
activity was calculated for each well.

For promoter reporter assay, 3 WT fragments, including S1 (from 
–1,000 bp to –501 bp, pGL3-S1), S2 (from –500 bp to –1 bp, pGL3-S2 
or HIF-1α-WT) and S3 (from –1,000 bp to –1 bp, pGL3-S3), upstream 
of the TSS of miR-210 and fragment S2 with a mutant HIF-1α bind-
ing sequence (HIF-1α-MU) were subcloned into the pGL3-basic vector 
(Promega). Then, 1 × 105 HEK293T cells were seeded in the wells of a 
24-well plate 1 day before transfection, and each well was transfected 
with a mixture of 500 ng pGL3 luciferase vector and 100 ng pRL-TK 
Renilla vector with or without 1 μg HIF-1α expression plasmid or empty  
control plasmid. Twenty-four hours after transfection, cells were 
lysed, and luciferase activity was measured on a luminometer (Pro-
mega) using the Dual-Luciferase Reporter Assay System. The ratio of 
firefly luciferase to Renilla luciferase was calculated for each well.

Co-IP. Co-IP assays were performed with the Dynabeads Protein 
G Immunoprecipitation Kit (Invitrogen) based on the manufacturer’s 
instructions. First, we collected the treated fresh cells and extracted 
protein using RIPA lysis buffer supplemented with protease and phos-
phatase inhibitors. A capture Ab that specifically recognizes the bait 
protein was added to the lysates, forming a new Ab-bait-target com-
plex. The Ab was then used as a handle to immobilize the proteins on 
beads (Life Technologies). Proteins not immobilized on beads were 
removed by a series of washes. Finally, the bait-protein complexes 
were eluted from the beads and dissociated by boiling in SDS. The 
presence or absence of the target protein, which is the endpoint of the 
assay, was evaluated by Western blot. Rabbit anti–HIF-1α Ab (Abcam, 
catalog ab51608), mouse anti-P300 Ab (Abcam, catalog ab3164), and 
mouse anti-Flag Ab (Abcam, catalog ab45766) were used.

Histological analysis. The histological analysis was performed as 
previously described (16, 53). Human and mouse skin tissues were 
fixed in formalin and embedded in paraffin. Sections (6 μm) were 
stained with hematoxylin and eosin (H&E) and stored at room tem-
perature. Acanthosis and the number of dermis-infiltrating cells 
were assessed as histological features. Briefly, for measuring acan-
thosis, the epidermal area was outlined, and its pixel size was mea-
sured using the lasso tool in Adobe Photoshop CS4. The relative area 
of the epidermis was calculated using the following formula: area 
= pixels/(horizontal resolution × vertical resolution). For counting  
dermis-infiltrating cells, 6 areas (0.444 square inch for one) in 3 sec-
tions of each sample were randomly selected, and the number of 
infiltrating cells was calculated.

manufacturer’s instructions and intracellularly stained with rabbit 
anti-STAT6 (Abcam, catalog ab32520) or mouse anti-LYN (Abcam, 
catalog ab1890) at 4°C in the dark for 1 hour. Then the cells were incu-
bated with Alexa Fluor 594–conjugated donkey anti–rabbit IgG (H+L) 
secondary Ab (Life Technologies, catalog R37119) or Alexa Fluor 488–
conjugated goat anti–mouse IgG (H+L) secondary Ab (Life Technolo-
gies, catalog R37120) at 4°C for 30 minutes in the dark. Then, the cells 
were analyzed using a Zeiss LSM 780.

RT-qPCR. Total RNA was extracted from cells or skin samples 
using TRIzol reagent (Invitrogen) and a NanoDrop spectrophotom-
eter (ND-2000, Thermo Fisher Scientific) was used for RNA quality 
control. For epidermal RNA extraction, an overnight incubation of 
skin samples at 4°C in dispase II (2.5 U/ml) (Roche) was performed 
to separate the epidermis from the dermis. mRNA was reverse-tran-
scribed with the PrimeScript RT reagent Kit with gDNA Eraser (TaKa-
Ra Biotech Co.) and each test consumed 1 μg of total RNA according 
to the manufacturer’s instructions. miR-210 was specifically reverse- 
transcribed with the Ribobio Bulge-Loop miRNA RT-qPCR kit, along 
with U6. qPCR was carried out with the SYBR Premix Ex Taq II (Tli 
RNaseH Plus) (TaKaRa Biotech Co.) using a LightCycler 96 (Roche) 
thermocycler. The relative expression level of miR or gene was calcu
lated by 2–(CtmiR–210/gene–CtU6/GAPDH), which normalized to the internal con-
trols U6 (miR) or GAPDH (gene). The fold change of gene or miR  
expression was calculated by 2–(ΔCtexperimental group–ΔCtcontrol group), which  
normalized to the control group. Primers for miR-210 and U6 were 
purchased from RiboBio Co., and other relevant primers are shown  
in Supplemental Table 2.

Western blotting. Cells or skin samples were lysed in radio immu-
noprecipitation assay (RIPA) buffer supplemented with protease and 
phosphatase inhibitor (Beyotime). Proteins were quantified by the 
Bradford assay (HyClone-Pierce). Rabbit anti–HIF-1α Ab (1:1,000; 
Cell Signal Technology, catalog 14179), rabbit anti-STAT6 Ab (1:1,000; 
Cell Signal Technology, catalog 9362), mouse anti-LYN Ab (1:1,000; 
Abcam, catalog ab1890), mouse anti–β-actin Ab (1:2,000, Abcam, 
catalog ab6276) or goat anti-GAPDH Ab (1:2,000, Abcam, catalog 
ab9483) was used. Data were analyzed using a GE-ImageQuant LAS 
4000 mini (GE Healthcare). Quantification of HIF-1α, STAT6, and 
LYN was normalized to GAPDH by densitometry. Images have been 
cropped for presentation.

ChIP-qPCR. ChIP assays were performed with a ChIP kit (Milli-
pore). According to the protocol, CD4+ T cells were fixed in 1% formal-
dehyde and then lysed for 10 minutes on ice. Chromatin was sheared 
by sonication. After the cell lysates were precleared with protein G 
agarose beads, they were immunoprecipitated overnight at 4°C with 
anti–HIF-1α (Cell Signaling Technology, catalog 14179), anti-P300 
(Abcam, catalog ab10485), and anti–acetyl-histone H3 (Active Motif, 
catalog 39139). Then, protein G agarose beads were added, and the 
resulting mixture was rotated for 1 hour at 4°C. After washing and elu-
tion, cross-links were reversed by heating at 65°C for 12 to 16 hours. 
The eluted DNA was purified, and the samples were analyzed by qPCR 
with input DNA (total chromatin) as an endogenous control. ChIP-
qPCR primer sequences are listed in Supplemental Table 2.

Th1/Th2/Th17 cytokines multi-analyte flow assay. Human psoriatic 
CD4+ T cells and normal human CD4+ T cells were transfected with 
antagomir-210 or agomir-210 followed by stimulation using plate-
bound anti-CD3 (5 μg/ml, Calbiochem, catalog 217570) plus soluble 
anti-CD28 (2 μg/ml, Calbiochem, catalog 217669) and cultured in 
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RNA-binding protein immunoprecipitation (RIP). Immunopre-
cipitation of RNA binding protein–RNA complexes was performed 
using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit  
(Millipore, catalog 17-701) according to the manufacturer’s instruc-
tions. In brief, CD4+ T cells were isolated from psoriasis patients and 
healthy controls, and then cells were lysed by RIP lysis buffer and stored 
at –80°C. Magnetic beads were incubated with 5 μg anti-Ago2 (Abcam,  
catalog ab32381) with rotation for 30 minutes at room temperature. 
Anti-SNRNP70 (Millipore, catalog CS203216) and rabbit IgG (Milli-
pore, catalog PP64B) served as positive and negative controls, respec-
tively. After rapid thawing and centrifugation at 18,000 g for 10 min-
utes, the supernatant was incubated with a bead-Ab complex overnight 
at 4°C. Immunoprecipitated RNA was analyzed by qPCR. The primer 
sequences for STAT6 and LYN are shown in Supplemental Table 2.

Statistics. Statistical analysis was performed using GraphPad 
Prism 6.0. Data are presented as the mean ± SEM. We assessed data 
for normal distribution and similar variance between groups. Statisti-
cal significance (*P < 0.05, **P < 0.01, ***P < 0.001) was assessed using 
2-tailed unpaired Student’s t test for comparisons between 2 groups 
and 1-way analysis of variance (ANOVA) with relevant post hoc tests 
for multiple comparisons. When the data were not normally distributed 
or displayed unequal variances between 2 groups, we used the 2-tailed 
Mann-Whitney U test for statistical analysis. Correlation analysis was 
performed using Pearson’s r test or Spearman’s r test (for abnormally 
distributed data). No statistical method was used to predetermine the 
sample size. Animals were allocated at random to treatment groups.

Study approval. All human studies were approved by the ethics 
committee of the Second Xiangya Hospital of Central South Univer-
sity. Written informed consent was obtained from all subjects. All 
animal care protocols and experiments were reviewed and approved 
by the Animal Care and Use Committees of the Laboratory Animal 
Research Center at the Second Xiangya Medical School of Central 
South University.
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