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Dysfunction in the suppressive function of regulatory T cells
(Tregs) has been related to the pathogenesis of psoriasis. Accu-
mulating evidence has demonstrated the importance of circular
RNAs (circRNAs) in regulating various biological process, such
as cell proliferation, apoptosis, etc. However, the role of circR-
NAs in modulating the suppressive functions of psoriatic Tregs
and the underlying mechanisms have not been investigated.
Here, by using circRNA microarray analysis, we discovered
four upregulated and four downregulated circRNAs in psori-
atic Tregs. Quantitative real-time PCR further confirmed a sig-
nificant increase of circ_0003738 in psoriatic Tregs. Impor-
tantly, knockdown of circ_0003738 by lentivirus in psoriatic
Tregs could restore their suppressive functions via inhibiting
the secretion of proinflammatory cytokines interleukin-17A
(IL-17A) and interferon (IFN)-g. Moreover, we found that
circ_0003738 could bind to miR-562 to release the inhibition
of target gene IL-17RA (IL-17 receptor A), thus promoting
IL-17A signaling in psoriatic Tregs. In parallel, circ_0003738
acted also as a sponge for miR-490-5p and relieved inhibition
for the target gene IFNGR2, which promoted IFN-g signaling
in psoriatic Tregs. Our study demonstrated that upregulated
circ_0003738 decreased the suppressive function of psoriatic
Tregs via the miR-562/IL17RA and miR-490-5p/IFNGR2
(IFN-g receptor 2) axis, which indicated the involvement of
circRNAs in the pathogenesis of dysfunctional Tregs. These
findings will provide new therapeutic targets for the treatment
of psoriasis.

INTRODUCTION
Psoriasis is a chronic inflammatory skin disease characterized by ker-
atinocyte hyperproliferation and infiltration of immune cells in the
dermis. The crosstalk among different cells, such as T cells, keratino-
cytes, neutrophils, macrophages, and dendritic cells, has long been
considered to be involved in the pathogenesis of psoriasis. Even
though the etiology of psoriasis remains unclarified, it is believed to
be a multifactorial disease with key components, including genetic
factors and environmental factors. For example, immunological ab-
normalities, including inflammatory cytokines and aberrant activa-
tion of signaling pathways, gene susceptibility loci such as the 13 iden-
tified psoriasis susceptibility locus (PSORS), and environmental
Molecular Therapy
This is an open access article under th
factors, including stress, smoking, and infections, have all contributed
to the development of psoriasis. Besides, dysregulation in the epige-
netic network, especially the role of non-coding RNAs (ncRNAs),
has offered pivotal pathogenic insights regarding psoriasis
pathogenesis.

Circular RNAs (circRNAs), a novel member of ncRNAs, are charac-
terized by the covalent circular structure formed by the 50 end of one
exon with the 30 end of another.1 circRNAs are abundant in mammals
and are identified to be cell and tissue specific.2,3 Increasing evidence
has suggested that circRNAs function by acting as a sponge for micro-
RNAs (miRNAs) and RNA binding proteins (RBPs), which regulate
the gene expression at the transcriptional or post-transcriptional
level.4 Recently, due to the development of technology in bioinfor-
matics, circRNAs illuminate critical functions in regulating cell cycle,
inflammation, cell proliferation, and metabolic process.5 Moreover,
accumulating evidence has revealed the involvement of circRNAs
in the pathology of autoimmune diseases,6 cancers,7 cardiovascular
diseases,8,9 and neurological diseases.10 However, only limited studies
have been conducted for clarifying the role of circRNAs in psoriasis.
One study indicated that hsa_circ_0061012 was upregulated in psori-
atic lesions.11 Nevertheless, the precise molecular mechanism by
which circRNAs might participate in the etiology of psoriasis war-
rants further elucidation.

Regulatory T cells (Tregs) are a subset of immunosuppressive CD4+

T cells that have dominant roles in mediating immune tolerance
and maintaining immune homeostasis.12 Deficiencies in both the
number and suppressive function of Tregs are related to the patho-
genesis of various autoimmune diseases, represented by psoriasis,
multiple sclerosis, and systemic lupus erythematosus.13–16 In psoriasis
patients, the impaired suppressive function of Tregs led to the
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Figure 1. circ_0003738 Was Upregulated in Psoriatic Tregs

(A) Boxplots were applied to visualize the distributions of circRNAs from the six samples. (B) Heatmap showed differentially expressed circRNAs between the two groups. Red

spot stands for upregulation, and green spot stands for downregulation. (C) Scatterplot showed the variations of circRNA expressions in psoriatic Tregs (y axis) and normal

Tregs (x axis). The values are the averaged normalized signal values of each group (log2 scaled). (D) Volcano plot of differentially expressed circRNAs. (E) Quantitative real-time

PCR analysis of circRNAs expression in Tregs from psoriatic patients (n = 8) and normal controls (n = 6). Data are representative of means ± SEMs. *p < 0.05.
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uncontrolled proliferation of effector T cells (Teffs), which disturbs
the immune homeostasis and contributes to the development of pso-
riasis. The mechanisms underlying the dysfunctional Tregs in psori-
asis are multiple and encompass the aberrant activation of transcrip-
tional factors, the high level of proinflammatory cytokines, and other
mediators, such as miRNAs. Previously, we have found that aberrant
activation of the STAT3 pathway because of the stimulation with
interleukin (IL)-6, IL-21, and IL-23 could reverse the suppressive
function of psoriatic Tregs.17 In addition, dysregulation of protein ki-
nase B (PKB), which induced the nuclear exclusion of Foxo1 and
decreased its transcriptional activity, represented another novel
mechanism for the impaired suppressive function of Tregs in psoria-
sis.18 miRNAs, an important epigenetic modification, were recently
uncovered to be involved in dysfunctional Tregs in psoriasis. miR-
210, which is upregulated in psoriatic Tregs, could target and inhibit
the expression of Foxp3 and impair the immunosuppressive func-
tions of Tregs. However, whether circRNAs, which have gained great
interest in autoimmunity because of their multi-functions, are associ-
ated with the reduced suppressive function of Tregs in psoriasis still
needs further investigation.

In this study, we analyzed the expression profile of circRNAs in pso-
riatic Tregs in comparison with normal Tregs and identified
circ_0003738 to be upregulated in psoriatic Tregs. Knockdown of
circ_0003738 in psoriatic Tregs could partially restore their suppres-
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sive function through inhibiting the production of IL-17A and inter-
feron (IFN)-g. Moreover, we found the targets of circ_0003738 to be
miR-562 and miR-490-5p, which targeted IL-17 receptor A (IL-
17RA) and IFN-g receptor 2 (IFNGR2), respectively. Our findings
established a novel role of circRNAs in the regulation of Treg suppres-
sive function in psoriasis. circ_0003738 might be a potential thera-
peutic target in the treatment of psoriasis.

RESULTS
circ_0003738 Expression Is Significantly Upregulated in

Psoriatic Tregs

To study the expression pattern of circRNAs in normal Tregs and
Tregs from psoriatic patients, we performed a circular microarray
analysis. The boxplot illustrated the location and variation changes
among the six samples. After log2 normalization, no abnormal
dispersion of the data was observed (Figure 1A). Hierarchical clus-
tering analysis revealed the differential expression patterns of
circRNAs between the psoriatic Tregs and normal Tregs (Figure 1B).
The corresponding scatterplot analysis showed important changes in
the patterns of circRNAs expressed in normal and psoriatic Tregs
(Figure 1C). In addition, a volcano plot identified both the upregu-
lated and downregulated circRNAs at different p values and fold
changes (FCs) between the two groups (Figure 1D). Notably, four up-
regulated circRNAs and four downregulated circRNAs were identi-
fied in psoriatic Tregs (p < 0.05; FCR 2) (Tables S1 and S2). To verify



Figure 2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

(A) Top 10 GO enriched biological process, cellular component, and molecular function terms for upregulated circRNA host genes. (B) Top 10 GO enriched biological

process, cellular component, and molecular function terms for downregulated circRNA host genes. (C) Enrichment scores of upregulated (left) and downregulated (right)

circRNA host genes according to pathway analysis. The dot plot shows the top 10 enrichment scores [�log10(p value)] of the significantly enriched pathways.
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the relative expression of these differentially expressed genes, we per-
formed quantitative real-time PCR in six samples from normal
Tregs and eight samples from psoriatic Tregs. Interestingly, the top
upregulated circRNA circ_0003738 with a FC of 4.66 showed a
significant increase in psoriatic Tregs (Figure 1E). Thus, the role of
circ_0003738 in regulating the function of psoriatic Tregs was further
investigated in our study.

GO and KEGG Pathway Analysis of the Differentially Expressed

circRNA Host Genes

Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were applied to
predict the potential factors and signaling pathway of the altered
parental genes in psoriatic Tregs. The top GO terms for the upregu-
lated circRNA host genes were “system development” in biological
process (BP), “intracellular organelle” in cellular component (CC),
and “protein binding” in molecular function (MF) (Figure 2A). Addi-
tionally, GO enrichment analysis for the downregulated circRNA host
genes was “spermatid development” in BP, “sperm flagellum” in CC,
and “transporter activity” for MF (Figure 2B). KEGG pathway
analysis of the targeted mRNAs revealed that these upregulated circR-
NAsmight be involved in inflammatory-related pathways, such as the
phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway, AMPK
pathway, and ubiquitin-mediated proteolysis (Figure 2C).

Knockdown of circ_0003738 Restored the Suppressive Function

of Tregs in Psoriatic Patients

We previously demonstrated that psoriatic Tregs exhibited decreased
suppressive functions, which led to uncontrolled proliferation of Teffs
and development of psoriasis.17 To analyze whether circ_0003738
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Figure 3. Knockdown of circ_0003738 Restored the Suppressive Function of Psoriatic Tregs

(A) Immunofluorescence image of psoriatic Tregs after transfection with sh-circ_0003738-1 or sh-circ_0003738-2 for 96 h. (B) Quantitative real-time PCR analysis of

circ_0003738 after transfection with sh-circ_0003738. (C) Representative image showing proliferation of psoriatic Teffs cocultured with autoreactive Tregs transfected with

sh-circ_0003738 for 5 days. (D) Analysis of Teff proliferation in different groups. Data are representative of means ± SEMs. *p < 0.05; **p < 0.01.
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might be involved in the mechanism accounting for dysfunctional
Tregs, we first knocked down the expression of cir_0003738 by
lentivirus. Due to the challenge of transfection in suspended cells,
we tested the transfection efficiency with sh-circ_0003738-1 and sh-
circ_0003738-2 in psoriatic Tregs. Immunofluorescence showed that
most of the cells could be transfected with either sh-circ_0003738-1
or sh-circ_0003738-2 (Figure 3A). Quantitative real-time PCR
showed that knockdown of circ_0003738 with the two lentiviruses
could reduce the expression of circ_0003738 compared with the con-
trol group (Figure 3B). More importantly, knockdown of
circ_0003738 in psoriatic Tregs could significantly decrease the prolif-
eration of Teffs, which restored the suppressive function of Tregs in
psoriatic patients (Figures 3C and 3D). The above data demonstrated
the promotive effect of circ_0003738 on the decreased suppressive
function of Tregs in psoriasis. Knockdown of circ_0003738 could
partially restore the suppressive function of psoriatic Tregs.

circ_0003738 Contributes to the Secretion of Proinflammatory

Cytokine IFN-g and IL-17A in Psoriatic Tregs

Our recent studies indicated that the dysregulation of the Th1 and
Th17 program in psoriatic Tregs might be a critical factor in leading
to the dysfunction of Tregs, which is evidenced by increased secretion
1114 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
of IFN-g and IL-17A.17,18 Given the evidence that circ_0003738 ex-
erted a positive role resulting in the dysfunctional Tregs in psoriasis,
we thus hypothesized that circ_0003738 might increase the secretion
of these aforementioned proinflammatory cytokines in psoriatic
Tregs. Flow cytometry and quantitative real-time PCR confirmed
the increased expression of Th17-related cytokine IL-17A and Th1-
related cytokine IFN-g in psoriatic Tregs compared with Tregs
from normal controls (Figures 4A–4C). Moreover, the transcription
factor for Th17 cell differentiation named receptor-related orphan
nuclear receptor gt (RORgT) was consistently upregulated in psori-
atic Tregs (Figure 4C). Expectedly, the proportion of IL-17A in pso-
riatic CD4+CD25+Foxp3+ Tregs was reduced from 7.71% ± 2.77% to
2.05% ± 1.42% after knockdown with sh-circ_0003738-1 (Figures 4D
and 4F). Consistently, the proportion of IFN-g in psoriatic
CD4+CD25+Foxp3+ Tregs decreased from 7.13% ± 0.71% to
3.72% ± 0.75% and 1.80% ± 1.78% after knockdown with sh-
circ_0003738-1 or sh-circ_0003738-2 individually (Figures 4E and
4F). Moreover, quantitative real-time PCR supported the aforemen-
tioned results (Figure 4G). Thus, the above results suggest that aber-
rant upregulation of circ_0003738 decreased the suppressive function
of psoriatic Tregs by promoting the secretion of Th1- and Th17-
related proinflammatory cytokines IL-17A and IFN-g.



Figure 4. Knockdown of circ_0003738 in Psoriatic Tregs Suppressed the Secretion of IL-17A and IFN-g

(A and B) Flow cytometry analysis of IL-17A (A) and IFN-g (B) in normal Tregs and psoriatic Tregs. (C) Quantitative real-time PCR analysis of IL-17A, RORgT, and IFN-gmRNA

expression in normal and psoriatic Tregs. (D and E) Representative image of flow cytometric analysis of IL-17A (D) and IFN-g (E) expressions after transfection with shNC or sh-

circ_0003738. (F) Mean percentage of IFN-g- (n = 4) and IL-17A-producing (n = 5) Tregs after transfection with sh-circ_0003738. (G) Quantitative real-time PCR analysis of

IL-17A and IFN-gmRNA expressions after transfection with sh-circ_0003738 in psoriatic Tregs. Data are representative of means ± SEMs. *p < 0.05; **p < 0.01; ***p < 0.001.
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circ_0003738 Binds to miR-562 and miR-490-5p

The most important role of circRNAs is to act as the sponge to
sequester miRNAs. To further explore the underlying mechanism by
which circ_0003738 influenced the suppressive function in psoriatic
Tregs, we performed prediction analysis based on database TargetScan
andmiRanda. Prediction results indicated that miR-562 and miR-490-
5p might be the target of circ_0003738 in Tregs. The potential miRNA
binding sites (miRNA response elements [MREs]) located in
circ_0003738 were displayed in Figure 5A. Fluorescence in situ hybrid-
ization (FISH) was utilized to verify the binding between circ_0003738
and miR-562 and miR-490-5p, which showed that circ_0003738 colo-
calized with miR-562 and miR-490-5p in the cytoplasm, respectively
(Figure 5B). Taken together, these results suggested that miR-562
and miR-490-5p were potential targets of circ_0003738.

circ_0003738/miR-562 Axis Upregulates IL-17A Signaling and

circ_0003738/miR-490-5p Axis Upregulates IFN-g Signaling

To clarify whether circ_0003738 could upregulate the expression of
IL-17 and IFN-g through the miR-562 and miR-490-5p axis, we
determined the downstream targets of these two miRNAs by
TargetScan version 6.0. After a primary selection for genes implicated
in IL-17A and IFN-g signaling, one binding site was found for miR-
562 in the 30 UTR of IL-17RA, the receptor through which IL-17A
and other IL-17 family cytokines signal to exert inflammatory func-
tions (Figure 5C). By comparison with the control group, quantitative
real-time PCR showed that IL-17RA and IL-17A expressions were
significantly increased by transfection with miR-562 inhibitor,
whereas the expressions of IL-17RA and IL-17A were decreased after
transfection with miR-562 mimics, revealing a negative modulation
of miR-562 on IL-17RA and IL-17A (Figure 5D). To verify the direct
binding between miR-562 and IL-17RA, we performed FISH. A co-
localization between IL-17RA and miR-562 was identified mainly
in the cytoplasm of Jurkat cells, showing the binding between
IL-17RA and miR-562 (Figure 5E). What is more, one binding site
was identified for miR-490-5p in the 30 UTR of IFNGR2, which binds
to IFNGR1 for the signaling of IFN-g. The results from quantitative
real-time PCR elucidated an increased expression of IFNGR2 and
IFN-g after miR-490-5p silencing, which was decreased after
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1115
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Figure 5. Identification of circ_0003738/miR-562/IL-

17RA and circ_0003738/miR-490-5p/IFNGR2

Signaling

(A) TargetScan and miRanda showed that miR-562

and miR-490-5p might be the potential targets of

circ_0003738. (B) FISH indicated the colocalization be-

tween circ_0003738 (red) and miR-562 (green) and miR-

490-5p (green) in the cytoplasm of Jurkat cells. (C) Tar-

getScan showing miR-562 and miR-490-5p binding sites

in 30 UTR of IL-17RA and IFNGR2. (D) Quantitative real-

time PCR analysis of IL-17RA and IL-17A expression after

transfection with miR-562mimics or inhibitor. Quantitative

real-time PCR analysis of IFNGR2 and IFN-g expression

after transfection with miR-490-5p inhibitor or mimics. (E)

FISH showed the colocalization between miR-562 and

IL-17RA, and colocalization between miR-490-5p and

IFNGR2 in the cytoplasm of Jurkat cells. Data are repre-

sentative of means ± SEMs. *p < 0.05; **p < 0.01.
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transfection with miR-490-5p mimics (Figure 5D). FISH further
confirmed the colocalization between IFNGR2 and IFN-g in the cyto-
plasm of Jurkat cells (Figure 5E). In summary, these results indicated
that IL-17RA is a direct target of miR-562, and IFNGR2 is a direct
target of miR-490-5p. circ_0003738 could positively regulate IL-
17A production and IL-17 signaling through competitively binding
to miR-562 and regulate IFN-g production and IFN-g signaling
through competitively binding to miR-490-5p.

DISCUSSION
circRNAs have been linked to the pathogenesis of various diseases.
However, the role of circRNAs in the etiology of psoriasis remains
largely unclarified. Two studies profiled circRNA expression in psori-
atic lesional skin. In one study, nearly 5,000 differentially expressed
circRNAs were identified in psoriatic lesional skin compared with
normal skin tissues. By further quantitative real-time PCR analysis,
1116 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
upregulated circ_0061012 in psoriatic lesional
skin was sorted to be the candidate biomarker.11

In the other study, which used RNA sequencing,
a substantial downregulation of circRNAs was
characterized in psoriatic lesional skin
compared with non-lesional skin (128 versus
285).19 The other two studies focused on the
role of circRNAs in mesenchymal stem cells
(MSCs) in psoriatic lesions.20,21 Different from
other investigations, we are the first to identify
the role of circRNAs in Tregs in the pathogen-
esis of psoriasis. In this study, we revealed that
upregulated expression of has_circ_0003738 in
psoriatic Tregs could impair their suppressive
functions. We also found that circ_0003738
acted as the sponge for miR-562 and miR-490-
5p, which released the miR-562-mediated sup-
pression of IL-17A signaling and miR-490-5p-
mediated suppression of IFN-g signaling.
Thus, the circ_0003738/miR-562 and miR-490-5p axis favors the
conversion of Tregs to Th1-like and Th17-like Tregs, which might ac-
count for the decreased suppressive function of Tregs in psoriasis.

Dysfunction in the suppressive function of Tregs is critical in contribu-
tion to T cell immune imbalance and the development of psoriasis.
However, the ability to characterize the mechanism accounting for
dysfunctional Tregs is hindered by the limited number of Tregs in pso-
riasis. Proinflammatory cytokines, transcription factors, and epigenetic
factors, such as miRNAs, have been pointed out to be involved. Apart
from IL-6,22 we found that other cytokines, such as IL-21 and IL-23,
drove a significant activation of STAT3 signaling in psoriatic Tregs,
which dampened the Treg/Teff activity.17 We further focused on the
role of transcriptional factors in regulating the function of Tregs.
This led us to find that PKB induced nuclear export of Foxo1, and
the subsequent loss of Foxo1 transcription activity enabled the Teff
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escape from Treg-mediated suppression.18 Besides, a critical role for
miRNAs in Tregs has been discovered. For example, miR-155 could
target suppressor of cytokine signaling 1 (SOCS1) to regulate Foxp3
expression and stability, which influenced Treg differentiation and
development.23,24 Other miRNAs, such as miR-146, miR-210, and
miR-15a-16, have distinct roles in regulating Treg suppressive func-
tion, development, differentiation, and homeostasis via modulating
the expression of different target genes.25 In an effort to better under-
stand other epigenetic factors involved in the mechanism underlying
impaired function of Tregs in psoriasis, we focused on the novel mem-
ber of ncRNAs, circRNAs. Despite the difficulty in transfection effi-
ciency in T cells, we succeeded by using the lentivirus targeting circR-
NAs. Although numerous functions have elucidated the multi-
functions of circRNAs in different diseases, no study has investigated
the role of circRNA in Tregs. Of note, we found that upregulated
expression of circ_0003738 might be another mechanism accounting
for decreased suppressive function of Tregs in psoriasis. However,
future studies are needed to clarify the role of other circRNAs in regu-
lating the Treg function in disease pathogenesis.

In this study, we expand on the observation that a fraction of periph-
eral Tregs could convert into Th1-like and Th17-like Tregs. Not only
did these cells express IL-17A, RORgT, which is the master transcrip-
tion of Th17 cells, was also upregulated in psoriatic Tregs. Interest-
ingly, this differentiation paradigm is not unique to psoriasis; other
reports have pointed out this mechanism in autoimmune diseases,
such as diabetes and inflammatory bowel diseases. In type 2 diabetes,
the frequency of IL-17-expressing Tregs was significantly upregulated.
Moreover, this type of Th17-like Treg could not express transforming
growth factor b (TGF-b) and IL-10, which displayed a decreased
suppressive function of Tregs.26 In inflammatory bowel diseases, the
IL-17-producing Tregs were also characterized in inflamed mucosa,
which imply Th17-like Tregs are at a crossroads between Tregs and
Th17 cells upon different microenvironment.27 In asthma, the IL-4R
variant directs the reprogramming of inducible Tregs (iTregs) to
Th17-like cells in an IL-6-dependent manner.28 Moreover, IL-
17A+Foxp3+ Tregs were previously described in lesions of severe pso-
riatic patients.29 The inflammatory microenvironment, especially the
presence of cytokines, is responsible for this programmed conversion
of Tregs. Evidence is presented by recent studies that emphasize the
role of IL-6, IL-23, and IL-1b.30,31 These proinflammatory cytokines
might enhance the expression of transcription regulator Id2, which re-
duces the expression of Foxp3 and enhances Treg plasticity. However,
our work expands our current knowledge on the stimulators that drive
the differentiation mode of Th1-like and Th17-like Tregs. In addition
to the previously reported cytokines, such as IL-23, circ_0003738 was
capable of driving the secretion of IL-17A and IFN-g in psoriatic Tregs,
which promoted the inflammatory process and disturbs the T cell
homeostasis. One possibility might be that has_ circ_0003738 could
promote the differentiation of Th1 and Th17 cells, resulting in
the increased expression of IFN-g and IL-17A. On the one side,
TargetScan predicted transcription factors and cofactors that affect
the differentiation of Th17 cells, including RORa, Runx1, and Mina,
to be the target genes of miR-562. On the other side, Ets-1, a cofactor
of the transcription factor of Th1 cells, T-bet, is predicted to be the po-
tential target gene of miR-490-5p. Another possible mechanism is that
miR-490-5p or miR-562, two targets of has_circ_0003738, might bind
directly to the 30 UTR of IFN-g or IL-17A to repress their translations.
This said, circRNAs, such as circ_0003738, might function through
stimulating the conversion of Tregs to Th1-like and Th17-like Tregs
to restrain the suppressive function of Tregs. Taken together, our
work puts forward the possibility by intervention with these molecules
to reduce the plasticity of these Tregs.32

Taken together, the findings in our paper suggest another novel
mechanism by which circRNAs could regulate the impaired function
of Tregs in psoriasis. This opens a new field of research for elucidation
of circRNAs in the pathogenesis of dysfunctional Tregs in different
autoimmune diseases. Moreover, circ_0003738, which is overex-
pressed in psoriatic Tregs, might be a potential therapeutic target
for psoriasis treatment in future use.

MATERIALS AND METHODS
Patients and Samples

Peripheral blood was collected from three patients with moderate-to-
severe psoriasis. All psoriatic patients were at progressive stage and
did not receive any systemic treatment for at least 4 weeks prior to
the procedures, including immunosuppressive agents or photother-
apy. Blood samples from healthy controls were collected from healthy
volunteers with the matched age and sex. Peripheral blood mononu-
clear cells (PBMCs) were prepared by Ficoll density gradient by add-
ing lymphocyte separation media (Dakewe, Shenzhen, China). This
study was approved by the Ethics Committee of Xijing Hospital.
Informed consent was obtained from all individual participants
included in this study.

Treg Preparation

PBMCs from healthy controls and psoriasis patients were stained
with anti-CD4-phycoerythrin (PE)/Cy7 (BioLegend, CA, USA),
anti-CD25-PE/Cy5 (BD Biosciences, CA, USA), and anti-CD127-al-
lophycocyanin (APC) (BioLegend, CA, USA). CD4+CD25+CD127low

Tregs and CD4+CD25� Teffs were sorted by flow cytometry (Beck-
man Coulter, CA, USA).

circRNA Microarray Analysis

Total RNAs of sorted Tregs from three psoriatic patients and three
healthy controls were extracted using RNeasy mini kit (QIAGEN,
Hilden, Germany). The purity and concentration of total RNA sam-
ples were determined with NanoDrop ND-1000 (NanoDrop, DE,
USA). Total RNA from each sample was treated with RNase R to
enrich circRNA. The enriched circRNA was then amplified and tran-
scribed into fluorescent cRNA utilizing random primer according to
Arraystar Super RNA Labeling protocol (Arraystar, MD, USA). The
labeled cRNAs were hybridized onto the Arraystar Human circRNA
Arrays (8x15K; Arraystar) and incubated for 17 h at 65�C in an Agi-
lent Hybridization Oven. After washing, slides were scanned with the
Agilent Scanner G2505C (Agilent Technologies, CA, USA). Raw data
were extracted, and subsequent data analysis was performed using the
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1117
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R software package (provided by Kangcheng Biotechnology,
Shanghai, China) (GEO: GSE154818).
Treg Suppression Assay

5-(and 6)-Carboxyfluorescein diacetate succinimidyl ester (Invitro-
gen, CA, USA)-stained CD4+CD25� Teffs (5� 104 cells) were cocul-
tured with CD4+CD25+CD127low Tregs (5� 104 cells) at a ratio of 1:1
in RPMI 1640 medium supplemented with 15% fetal bovine serum
(FBS). Cells were cocultured in 96 U-bottom multiwell plates for
5 days. Teff proliferation was analyzed by flow cytometry based on
the CFSE signal (FACSCalibur, BD, NJ, USA).
Quantitative Real-Time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, CA,
USA). Quantitative real-time PCR was performed on a Chromo 4
continuous fluorescence detector with a PTC-200 DNA Engine
Cycler (Bio-Rad, CA, USA). Primers are listed in Table S3.
Cell Transfection

Jurkat cells were cultured in 1640 medium supplemented with 15%
FBS. Transfection with short hairpin RNA (shRNA) targeting
circ_0003738 was carried out by lentiviral vectors (GenePharma,
Shanghai, China). Mimics and inhibitors for miR-562 and miR-
490-5p (synthesized by Ribobio Biotechnologies, Guangzhou, China)
were transfected into Jurkat cells by Lipofectamine 3000 (Invitrogen,
CA, USA).
FISH

Probes for circ_0003738, miR-562, miR-490-5p, IL-17RA, and
IFNGR2 were synthesized by Servicebio Biotechnology (Wuhan,
China). Jurkat cells were seeded into slides. The slides were baked
at 62�C for 2–3 h. FISH was performed according to the manufac-
turer’s instructions (Bosterbio, USA).
Statistical Analysis

Data between two groups were determined using Student’s t tests.
Comparisons of multiple groups were determined by one-way
ANOVA. A p value <0.05 was considered statistically significant.
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