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Rheumatoid arthritis (RA) is an inflammation-involved disor-
der and features the disruption of CD4* T lymphocytes. Here-
in, we describe that microRNA-10b-5p (miR-10b) promotes
RA progression by disrupting the balance between subsets
of CD4" T cells. MiR-10b-deficient mice protected against
collagen antibody-induced arthritis (CAIA) model. RNA
sequencing results indicated that disordered genes in miR-
10b ™/~ CAIA model are closely associated with CD4* T cells
differentiation. Moreover, miR-10b mimics promoted Thl/
Th17 and suppressed Th2/Treg cells differentiation, whereas
miR-10b inhibitor induced contrary effects. In addition,
GATA3 and PTEN was confirmed as two targets of miR-10b,
and GATA3 siRNA could increase Thl and reduce Th2 cells
meanwhile PTEN siRNA could increase Th17 and decrease
Treg cells. Furthermore, miR-10b inhibitor significantly
ameliorated collagen-induced arthritis (CIA) development by
attenuating the dysfunctional CD4" T cell subpopulations.
The present findings suggest that miR-10b could disrupt the
balance of CD4" T subsets, while suppressed miR-10b could
attenuate the severity of experimental arthritis, which provided
us a novel mechanistic and therapeutic insight into the RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic and immune-mediated
arthritis characterized by synovial inflammation, hyperplasia, angio-
genesis, and progressive damage in the cartilage and bone, which af-
fects approximately 1% of the population worldwide." Although the
etiology of RA remains indefinable, both T lymphocytes (T cells)
and cytokines are responsible for its development.> The uncon-
trolled infiltration of activated and inflammatory T cells cooperates
with other infiltrated and resident cells, such as B lymphocytes (B
cells), producing pro-inflammatory mediators and/or through direct
cell-to-cell interaction,” ultimately resulting in persistent inflamma-
tion and cartilage damage."

Abundant CD4" T cells infiltrate the inflammatory synovium in pa-
tients with RA and participate in the initiation and perpetuation of
RA.>® Stimulated by antigenic and cytokine signaling, naive CD4*
T cells become activated and differentiate into functionally distinct

T helper (Th) cells, such as Thl, Th2, and Thl17, and regulatory T
(Treg) cells.” Thl and Th17 cells promote synovial inflammation
and osteoclast formation, eventually leading to joint destruction,®
whereas Th2 and Treg cells ameliorate the progression of
arthritis.” ! However, the precise mechanisms resulting in CD4"
T cell differentiation into distinct phenotypes are various and need
to be studied further to better understand the crucial role of these cells
in RA.

MicroRNAs (miRNAs) negatively regulate target gene expression by
promoting mRNA cleavage or inhibiting mRNA translation."”
Mounting evidence indicates that abnormal miRNAs might be
involved in the immunological pathogenesis of autoimmune disor-
ders by regulating T cells, including RA. For example, miR-21 was re-
ported to be downregulated in peripheral blood mononuclear cells
(PBMCs) and CD4" T cells from RA patients and was verified to regu-
late Th17/Treg imbalances in RA patients by targeting STAT3."
MiR-26a, miR-146a, miR-150, and other miRNAs are overexpressed
in RA PBMCs and are significantly increased during Th17 differenti-
ation."* Increased miR-34a in RA PBMCs and CD4" T cells impairs
the Treg/Th17 balance by targeting Foxp3."” However, the specific
function and mechanisms of miRNAs in T cells of RA patients are
elusive, given that previous studies either lack a knockout mouse
model of arthritis or insufficient therapeutic evidence in vivo.

MicroRNA-10b-5p (miR-10b), one of the first identified anomalous
miRNAs in cancer, has been extensively studied in various cancer
types since its inaugural report.'®'” Recent data suggest that it partic-
ipates in inflammation-associated diseases by regulating T cells."®"”
However, the function of miR-10b in RA, and especially in CD4"
T cells, has not been investigated previously. In this research, we
described that miR-10b is overexpressed in RA patients, and that

Received 11 June 2021; accepted 15 December 2021;
https://doi.org/10.1016/j.omtn.2021.12.022.

*These authors contributed equally

Correspondence: Wei Wei, 81# Meishan Road, Shushan District, Hefei City, Anhui
Province, China.

E-mail: wwei@ahmu.edu.cn

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 © 2021 The Authors. 733
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtn.2021.12.022
mailto:wwei@ahmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.12.022&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Molecular Therapy: Nucleic Acids

|

w
1

-
1

o
1

Relative expression of miR-10b
Relative expression of miR-10b
N
1
; i
Relative expression of miR-10b
N
1
[ ]
L]

“,

C
%

C
%,
Ly
2
8,
%

2,

D DAPI miR-10b probe

HD synovium

RA synovium

7.76% | ] 5.88% |1 2.64% s 2.84% 5.04% | ; 5.51% |, 3.75% |, 5.51%

8 s B B

mimic NC m

i
!
|
l

w0

® e PR

3.78% |+ 8.46% |s]  2.85% ||  6.27%

1

‘ 9.01% 3.82%| 4| 3.63%‘»2 1.88%

miR-10b mimic

‘L-ﬂL.f—._,, w~ ool - i il s i ~ r . "
IFNy-PE-Cy7  IL-4-APC IL-17A-PE Foxp3-PE IFNy-PE-Cy7  IL4-APC IL-17A-PE Foxp3-PE

e inhibitor NC
= miR-10b inhibitor

| i

miR-10b inhibitor inhibitor NC

e mimic NC
= miR-10b mimic

ﬁ

Th

-
o
I

*

--
o
L

% Percentage of Th cells
% Percentage of Th cells
°

>

<

' ﬂﬁ nfl hF

Thi Th2 Th17 Treg

(legend on next page)

734 Molecular Therapy: Nucleic Acids Vol. 27 March 2022



www.moleculartherapy.org

these upregulated levels might lead to the initiation and development
of RA by disequilibrating Th cell subsets.

RESULTS

MiR-10b is overexpressed and disrupts the subtypes of RA CD4*
T cells

To explore the effects of miR-10b in RA, we first examined expression
levels in PBMCs of RA patients. The data showed that, compared with
those of healthy donors, miR-10b was abundantly expressed in the to-
tal PBMCs and CD4" T cells of RA patients (Figures 1A and 1B),
while miR-10b did not significantly change in B cells or monocytes
(Figure S1). As synovium hyperplasia is a main characteristic of RA
patients, the miR-10b expression was assessed in the surgically
removed RA synovium. Using fluorescence in situ hybridization
(FISH) and qPCR, we demonstrated that miR-10b had higher levels
in the RA synovium than in healthy donors (Figures 1C and 1D).
miR-10b was predominantly distributed at sites of neovascularization
of the RA synovium (Figure 1D), which was colocalized with CD4"
T cells in RA synovium (Figure S2), indicating that miR-10b might
play a pathogenic role in T cells in RA synovium. In addition, to illus-
trate the function of upregulated miR-10b in RA, and especially in the
differentiation of CD4" T cells, CD4" T cells were FACS-sorted from
human PBMCs (Figure S3). The proportion of T helper cells was de-
tected after transfecting CD4" T cells with miR-10b mimic and cor-
responding mimic negative controls. Compared with that of the
mimic NC, the overexpression miR-10b significantly elevated the per-
centage of Th1/Th17 cells but significantly decreased the percentage
of Th2/Treg cells in human CD4" T cells sorted from PBMCs (Fig-
ure 1E). In contrast, the silencing of miR-10b with its inhibitor obvi-
ously led to the opposite result in human CD4" T cells sorted from
PBMC:s (Figure 1F). In addition, miR-10b promoted subset-specific
cytokines, including TNF-a and IL-17, and transcriptional factors,
such as T-bet and RORyt in human CD4" T cells (Figure S4). On
the contrary, miR-10b also repressed subset-specific cytokines,
including IL-4 and IL-10, and subset-specific transcriptional factors,
such as GATA3 and Foxp3, in human CD4" T cells (Figure S4).
Together, these data demonstrate that miR-10b is upregulated in
RA and disrupts the proportion of different subtypes of CD4" T cells.

MiR-10b deficiency protects against CAIA in mice by
unbalancing the polarization of CD4* T cells

To further determine the pathogenic effect of miR-10b in RA, miR-
10b knockout (miR-10b /") mice were used as experimental animals
to induce the CAIA animal model (Figure 2A). Firstly, the immuno-
logical status of miR-10b™/~ mice was examined. Compared with
miR-10b*"" mice, the percentage of T cells, B cells, and monocytes
did not significantly change in miR-10b™'~ mice at steady state (Fig-

ure S5). After induction of the CAIA model, moderate arthritis was
observed on days 7-8, which peaked at approximately days 11-13
in wild-type (miR-10b"*) mice. When endogenous miR-10b was
absent (Figure S6), the paws and ankle swelling (Figure 2B), arthritis
index (Figure 2C), and swollen joint count (Figure 2D) were
obviously decreased compared with those in miR-10b*'~ and miR-
10b*"* CAIA mice. Simultaneously, histopathology results revealed
that miR-10b*'~ and miR-10b*"* CAIA mice showed more severe
signs of inflammation, a massive pannus, narrowed joint spaces,
infiltration of inflammatory cells, and damaged cartilage than miR-
10b™/~ mice (Figures 2E and 2F).

To further identify the pathogenic mechanisms of miR-10b in RA,
RNA sequencing was performed with miR-10b*"* and miR-10b~/~
CAIA mice. By analyzing all upregulated and downregulated genes
in the PBMCs and synovium, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis showed that these abnormal
genes were mainly associated with Th1/Th2 and Th17 cell differenti-
ation and inflammation-related signaling pathways in the PBMCs
and synovium (Figures 2G and 2H). As expected, in FACS-sorted
CD4" T cells from mouse spleen (Figure S3), the miR-10b mimic
significantly elevated the percentage of Th1/Th17 cells but signifi-
cantly decreased the percentage of Th2/Treg cells (Figure 2I), and
silencing of miR-10b with its inhibitor obviously led to the opposite
results (Figure 2J). Correspondingly, subset-specific cytokines and
the expression of transcription factors were also regulated by miR-
10b in mouse CD4" T cells (Figure S7). Collectively, these findings
demonstrate that knockout of the miR-10b gene significantly amelio-
rates the development of experimental arthritis by unbalancing CD4"*
T cells.

MiR-10b regulates CD4* T cells priming by directly binding to
GATA3 and PTEN

Next, open-source software (TargetScan, MiRDB, and miRWalk)
were used for predicting the target genes of miR-10b that might
be involved in T cell differentiation. GATA3 binding protein
(GATAB3), a transcription factor specific for Th2 cells, and phosphate
and tensin homolog (PTEN), were predicted as presume targets of
miR-10b (Figures 3A and 3C). To verify the predicted binding,
dual-luciferase reporter assays were then performed. As displayed
in Figures 3B and 3D, the miR-10b mimic+pmirGLO-GATA3-3'
UTR or the miR-10b mimic+pmirGLO-PTEN-3’ UTR markedly
reduced the luciferase activity, whereas the mimic NC+pmirGLO
mimic, mimic NC+pmirGLO-GATA3-3' UTR, or mimic NC+
pmirGLO-PTEN-3'UTR and miR-10b mimic+pmirGLO had no sup-
pressive effect on luciferase activity. Moreover, miR-10b mimic
reduced the protein expression of GATA3 (Figure 3E) and PTEN

Figure 1. MiR-10b is overexpressed in RA CD4" T cells and disrupts its balance

MiR-10b expression levels were determined in (A) PBMCs (n = 21), (B) in sorted CD4* T (n = 12), and (C) synovium (n = 6) from heathy donors and RA patients by gRT-PCR.
The graph displays the mean + SD. Student’s t test; **p < 0.01, ***p < 0.001. (D) RNA fluorescence in situ hybridization analysis of the expression and location of miR-10b in
synovium of healthy donors and RA patients. Scale bar, 50 um. (E and F) The percentage of Th cell subpopulations after transfection with miR-10b mimic and inhibitor in
FACS-sorted CD4* T cells from human PBMCs were analysis by flow cytometry. CD4* T cells were treated with PMA, ionomycin, and BFA before flow cytometry analysis.
Figures are presented as mean + SD from at least five independent experiments. Student’s t test; *p < 0.05, **p < 0.01.
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(Figure 3F). Besides, as shown in Figures 3G and 3H, GATA3 and
PTEN were mainly expressed near the lymphatic vessels but were
hardly expressed in other cells in the healthy donor synovium. How-
ever, unlike that in the healthy controls, the expression of GATA3 and
PTEN in RA patients was repressed in RA synovium. More impor-
tantly, GATA3 silencing with siRNA (Figure S8), which successfully
elevated Th1 but reduced Th2 cells (Figure 3I) while PTEN silencing
with siRNA (Figure S9), increasing Th17 but reducing Treg cell per-
centages in human CD4™ T cells (Figure 3]). In addition, GATA3 and
PTEN was restored in miR-10b™'~ CAIA mice when compared with
miR-10b*"* mice (Figure S10). As expected, similar results were
observed in mouse CD4" T cells (Figures 3K and 3L) by using mouse
siRNA of GATA3 and PTEN (Figures S11 and S12). Furthermore,
GATA3 and PTEN siRNA sufficiently imitated the regulatory effect
of miR-10b on CD4" T cell differentiation and expression of cytokine
and subset-specific transcription factors (Figure S13). These results
suggest that miR-10b disrupt CD4" T cell differentiation by directly
binding the 3’ UTRs of GATA3 and PTEN.

Silencing miR-10b ameliorates inflammatory phenotypes in
collagen-induced arthritis mice

To evaluate the potential of miR-10b as a therapeutic target of RA
in vivo, an miR-10b inhibitor (antagomir-10b), along with the corre-
sponding negative control (antagomir NC FAM), was injected into
the DBA1/] mouse collagen-induced arthritis (CIA) model (Fig-
ure 4A). When the mice showed swelling, they were divided randomly
into different groups and treated i.v. with antagomir NC FAM and
antagomir-10b every 3 days from days 29 to 56, while the arthritis in-
dex (AI), swollen joint count (SJC), thickness of paws, and body
weight changes were recorded. As displayed in Figures 4B and 4C,
the initiation of macroscopic redness and swelling joints appeared
on approximately day 29 after the primary injection (on day 0),
and the SJC and AI of the mice gradually increased with the course
of arthritis, reaching a peak at approximately day 38 and then grad-
ually decreased. Compared with that in normal mice, CIA mice
showed obviously swollen ankles and thick paws (Figure 4D).
qPCR data showed that miR-10b was expressed at higher levels in
the CIA group and the antagomir NC FAM group than normal group
in PBMCs (Figure 4E) and synovium (Figure 4F) of mice. However,
antagomir-10b decreased endogenous expression of miR-10b in
CIA mice PBMCs and synovium (Figures 4E and 4F). Moreover,
antagomir-10b significantly reduced the AI (Figure 4G) and SJC
(Figure 4H) of CIA mice and decreased the thickness of the front (Fig-

ure 4I) and hind paws (Figure 4]). In addition, treatment with anta-
gomir-10b increased the body weight on day 47 and restored the
body weight on day 56 compared with that in the CIA group and
the antagomir NC FAM group (Figure 4K). Collectively, antago-
mir-10b treatment could alleviate CIA progression in vivo.

miR-10b knockdown ameliorates histopathological changes of
CIA mice

The well-established CIA model is characterized by synovial hyper-
plasia, the infiltration of inflammatory cells, and a massive pannus,
as well as bone and cartilage damage, for which the initiation, devel-
opment, and pathology are similar to those of clinical RA patients.*’
As demonstrated in Figure 5A, there was a monolayer or two-layer
synovium without infiltrating inflammatory cells or damaged carti-
lage in normal mice. Synovial hyperplasia, infiltrated inflammatory
cells, massive neovascularization or a pannus, and cartilage destruc-
tion were observed in CIA and antagomir NC FAM-treated mice,
which were attenuated in miR-10b inhibitor-treated mice. Moreover,
the miR-10b inhibitor decreased scoring of the inflammation, pannus,
cell infiltration, and synovial hyperplasia, as well as bone erosion in
CIA mice (Figure 5A). Bone erosion and cartilage damage are well-
known manifestations of RA.*' Thus, we evaluated the effects of the
miR-10b inhibitor on bone and cartilage damage in CIA mice by
X-ray. Consistent with the histopathological results, the X-ray data
showed that both CIA and antagomir NC FAM-treated mice showed
accompanying osteoporosis, narrowed joint spaces, and bone damage
on day 59 after the first injection, and that the miR-10b inhibitor miti-
gated these signs and improved the crooked and misshapen phalan-
geal joints (Figure 5B).

In addition, an ultrasound biomicroscope (UBM) was used to eval-
uate the histopathological changes in CIA mice.”* Under B-mode,
the bright tendon-tibia-femur triangle, homogeneous with sharp
limits but without a hypoechogenic zone, was observed in normal
mice. However, variation in the hypoechogenic zone and an enlarged
distance between the skin and femur appeared in CIA and antagomir
NC FAM-treated mice, whereas the miR-10b inhibitor reduced the
hypoechogenic zone and decreased the UBM joint score (Figure 5C).
Neovascularization, defined as the establishment of new capillaries
from pre-existing vasculature,” is a crucial and early event in the pro-
gression of RA as it contributes to the initiation and perpetuation of
the disorder by facilitating the infiltration of inflammatory cells and
cytokines into the synovium, resulting in synovial hyperplasia and

Figure 2. MiR-10b deficiency protects against CAIA in mice by balancing CD4"* T cells

(A) The time indicates the of the CAIA induction model. Mouse monoclonal anti-collagen-Il 5-clone antibody cocktail, combined with an immunogenic boost of LPS, rapidly
induced arthritis in miR-10b™*, miR-16"/~, and miR-10b~'~ mice. (B) Representative paw photographs of CAIA mice are shown. (C) The arthritis index and the swollen joints
count (D) of CAIA mice were assessed every day after LPS stimulation. (E) Representative photomicrographs of joint histopathology by H&E (upper) and Safranin O-fast green
staining (lower) are shown on day 16 from CAIA mice. Histopathological changes, including synovial hyperplasia (black arrowhead), pannus (red arrowhead), bone erosion (yellow
arrowhead), and inflammatory cell infiltration (white arrowhead). (F) Pathological grading of joints was evaluated. Figures are presented as the mean and + SD from three in-
dependent experiments with five mice per group. Two-way ANOVA followed by multiple comparison test; *p < 0.05, **p < 0.01, **p < 0.001; ns, no significance. (G and H) KEGG
pathway analysis in the PBMCs and synovium from miR-10b** and miR-10b~"~ CAIA mice. (| and J) The percentage of Th cell subpopulations after transfected with miR-10b
mimic and inhibitor in FACS-sorted CD4™ T cells from mouse spleens were analysis by flow cytometry. CD4" T cells were treated with PMA, ionomycin, and BFA before flow
cytometry analysis. Figures are presented as mean + SD from at least four independent experiments. Student’s t test; *p < 0.05, **p < 0.01, **p < 0.001.
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bone damage.”*** The use of power Doppler allowed investigation of
vascularization and blood flow, which echoed inflammation severity
within the synovium. As shown in Figure 5C, stronger signals were
observed in CIA and antagomir NC FAM-treated mice, whereas
fewer signals appeared in miR-10b inhibitor-treated mice, which
was accompanied by decreased color Doppler scores. Besides, as dis-
played in Figure 5D, CD4" T cells were widely stained in the CIA and
antagomir NC FAM-treated mouse synovium, whereas the miR-10b
inhibitor significantly decreased infiltration of CD4" T cells in the
corresponding synovium tissue. Finally, GATA3 and PTEN was ex-
pressed at basal levels in synovial tissue of the knee joint of CIA
and antagomir NC FAM-treated mice, but restored in miR-10b inhib-
itor-treated mice (Figure 5E). In summary, these results together
demonstrated that silencing miR-10b improves the articular histo-
pathological changes associated with experimental arthritis.

Downregulation of miR-10b ameliorates the development of CIA
by regulating abnormally activated CD4* T cells

Next, we confirmed the histopathological changes in the spleen of
CIA mice by hematoxylin and eosin (H&E) staining. As displayed
in Figure 6A, increased GCs, lymphoid follicles, periarteriolar
lymphoid sheaths (PLAs), marginal zones, and red pulp were
observed in CIA and antagomir NC FAM-treated mice, whereas
miR-10b silencing reduced these inflammatory characteristics in
CIA spleens. Moreover, compared with those in normal mice, there
were large numbers of CD4" T cells in CIA and antagomir NC
FAM-treated mouse spleens, whereas the miR-10b inhibitor reduced
CD4" T cells in CIA spleens (Figure 6B). Interestingly, splenomegaly
was present in CIA mice, which partially reflected the inflammatory
condition in the immune system. As shown in Figure 6C, the spleen
index increased in CIA and antagomir NC FAM-treated mice
compared with that in normal mice, whereas silencing miR-10b
with its inhibitor could reduce the spleen index. We also observed a
similar enlargement of the thymus in CIA and antagomir NC
FAM-treated mice, which could be attenuated by the miR-10b inhib-
itor (Figure S14). These findings suggested that silencing miR-10b
sufficiently decreased inflammation and improved the pathological
changes in CIA mice.

As mentioned, the miR-10b inhibitor reduced the proportion of Thl
and Th17 cells but increased the proportion of Th2 and Treg cells
in vitro. To evaluate the effects of the miR-10b inhibitor on attenu-
ating abnormally activated Th cells in CIA mice, Thl, Th2, and

Th17, as well as Treg, were detected in mouse splenocytes and
PBMCs. Compared with those in normal mice, higher proportions
of Th1 and Th17 cells and lower proportions of Th2 and Treg cells
were found in CIA and antagomir NC FAM-treated mice, whereas
the miR-10b inhibitor reduced Thl and Th17 cells and increased
the percentage of Th2 and Treg cells in PBMCs (Figure 6D) and
mouse splenocytes (Figure 6E), respectively. In addition, the expres-
sion of cytokines and subset-specific transcription factors in CD4"
T cells from CIA mice were also regulated by the treatment of miR-
10b antagomir (Figure S15). These results indicated that silencing
miR-10b attenuated the development of CIA mice by regulating
abnormal CD4™ T cells in vivo, which could partially explain the pro-
tective effect of the miR-10b inhibitor on splenic and articular histo-
pathological changes.

miR-10b-overexpressing CD4" T cells promote inflammatory
phenotypes of fibroblast-like synoviocytes and macrophages

in vitro

In addition to CD4" T cells, fibroblast-like synoviocytes (FLS)** and
macrophages”’ also play an important role in the development of RA.
The interaction between these cellular components further aggravates
the inflammation in joint synovium. An in vitro co-culture system
was used to assess whether miR-10b-overexpressing CD4" T cells
can indirectly promote pro-inflammatory phenotypes of primary
FLS and macrophages (Figure 7A). Figures 7B-7F show that miR-
10b-overexpressing CD4" T cells promote the proliferation,
migration, and release of inflammatory factors of FLS. In addition,
the polarization patterns of peritoneal macrophages showed less in-
flammatory status in both miR-10b~/~ CAIA and CIA mice treated
with miR-10b antagomir (Figure S16). Co-culture experiments of
CD4" T cells and macrophages have suggested that miR-10b knock-
down CD4" T cells could repress M1 polarization and matrix metal-
loproteinases ((MMPs], MMP1 and MMP3) of macrophages (Figures
7G-7I). The expression of inflammatory cytokines and phagocytic
ability were also repressed in macrophages that co-cultured with
miR-10b knockdown CD4™ T cells (Figure S17). Taken together, we
confirm that the pro-inflammatory effects of miR-10b-overexpressing
CD4" T cells may further expand via modulating FLS and macro-
phages, resulting in the exacerbation of RA disease (Figure 8).

DISCUSSION
RA, the most common chronic and systemic autoimmune disorder, is
characterized by immune cell dysfunction. Although the precise

Figure 3. MiR-10b directly binds to the 3'UTR of GATAS and regulates the differentiation of CD4* T cells

(A and C) Schematic representation of the binding site for miR-10b in the GATA3 3’ UTR. (B and D) Luciferase activity in HEK-293T cells co-transfected with the pmirGLO-
GATAS3-3" UTR or the pmirGLO-PTEN-3" UTR sequence, and miR-10b mimic. The results represent the mean + SD from three independent experiments. Student’s t test;
*p < 0.05. (E and F) Relative protein expression levels of GATA3 and PTEN in Jurkat cells and U87MG cells, respectively, after transfection with the miR-10b mimic or negative
control. The results are presented as the mean + SD from six independent experiment, *p < 0.05. (G and H) The representative expression of GATA3 and PTEN in synovium
from RA patients and healthy donors using immunohistochemical staining. (I and K) The percentage of Th1 and Th2 cells in FACS-sorted CD4* T cells from PBMCs of healthy
donors (30 donors) and mouse spleens (4 mice) after transfection with human GATA3 siRNA and mouse GATA3 siRNA were analyzed by flow cytometry. (J and L) The
percentage of Th17 and Treg cells in FACS-sorted CD4* T cells from PBMCs of healthy donors (30 donors) and mouse spleens (4 mice) after transfection with human PTEN
siRNA and mouse PTEN siRNA were analyzed by flow cytometry. CD4™ T cells were treated with PMA, ionomycin, and BFA before flow cytometry analysis. Figures are
presented as mean + SD from at least three independent experiments. Student’s t test; *p < 0.05, “*p < 0.01.
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pathogenic mechanism of RA remains unclear, infiltrated and hyper-
activated CD4" T cells undoubtedly contribute to RA progression.*®
In general, Thl cells were deemed to play a predominant role in
RA development, as they participate in synovial inflammation by
inducing a series of cytokines, including IFN-y, TNF-a, and IL-1,
initiating RA development.” Therefore, the neutralization of these
inflammatory cytokines might be an effective treatment strategy for
RA management. However, unexpectedly, neither IFN-y nor IFN-y
receptor deficiency in experimental models, nor clinical monoclonal
antibodies against IFN-v, failed to work against pathogenic Th1 cells
in RA.”*7* Similar to Th1 cells, Th17 cells participate not only in sy-
novial inflammation and angiogenesis, but also in bone and cartilage
destruction, contributing to RA developmen'[.33 Nevertheless, mono-
clonal antibodies against IL-17A”**® and the IL-17A receptor’” have
not shown successful therapeutic effects. These results suggest that
RA is a systematic autoimmune disease that involves multiple cells
and cytokines. Treatment with a single cytokine or receptor alone
does not achieve sufficient therapeutic effects. As pro-inflammatory
cytokines, IFN-y and IL-17A, serve as “executors” in activating
downstream effectors, leading to a vicious cycle of synovial inflamma-
tion and cartilage destruction, whereas the detrimental immune cells
are the true “commanders.” Therefore, inhibiting the commanders by
targeting crucial transcription factors and signaling molecules offers a
novel promising therapeutic strategy for autoimmune diseases. For
example, mice deficient in T-bet, the transcription factors of Th1 cells,
show strongly decreased joint inflammation throughout the course of
experimental arthritis.”® Furthermore, the pharmacological suppres-
sion of retinoid-related orphan nuclear receptor gamma t (RORYt), a
master regulator of Th17 cells, sufficiently suppresses Th17 cell differ-
entiation and the production of inflammatory cytokines in CIA
mice.””*” Moreover, tofacitinib, a small-molecular inhibitor of JAK,
has been approved for the management of RA and was demonstrated
to be more potent than or equally effective as biological disease modi-
fying anti-rheumatic drugs for RA,*' partially by suppressing Th1 and
Th17 subset differentiation simultaneously."”

Whereas Th1/Th17 cells aggravate the pathophysiology of RA, Th2/
Treg cells protect against RA pathology. IL-4, an anti-inflammatory
cytokine predominantly produced by Th2 cells, decreases pro-inflam-
matory cytokines and suppresses bone resorption in an ex vivo model
of bone resorption in RA.** In experimental arthritis, treatment with
IL-4 sufficiently decreases the sensitivity and severity** and protects
against bone and cartilage damage."” Treg cells also have a vital pro-
tective role in murine autoimmune arthritis; neutralization of Tregs
aggravate CIA,'" whereas the adoptive transfer of Tregs successfully

attenuates CIA."" TNF-¢, inhibits the suppressive function of Tregs
and partially decreases Foxp3, a specific transcription factor for Tregs,
whereas neutralizing TNF-o. with infliximab sufficiently elevates
Foxp3 expression.*® In addition, treatment with IL-2 to induce Treg
expression in vivo in patients with autoimmune diseases is a prom-
ising therapeutic method,”” and Treg differentiation and expression
are dependent on IL2R signaling.*® In summary, it is undisputed
that functional imbalances in Th1/Th2 and Th17/Treg subsets
contribute to RA development. Thus, the simultaneous balancing of
multiple commanders by regulating detrimental and protective Th
subset differentiation provides a promising therapeutic strategy for
the management of RA.

Here, we determined that miR-10b promotes Th1/Th17 cells but in-
hibits Th2/Treg cell differentiation by directly binding 3’ UTRs of
GATA3 and PTEN. More significantly, miR-10b knockout or
silencing with an inhibitor sufficiently protected against experimental
arthritis. In this investigation, we report that miR-10b was overex-
pressed in RA patient PBMCs and CD4" T cells, suggesting that
miR-10b might be a pathogenic element in RA development. For
exploring the specific effect of miR-10b in RA, we established a
CAIA model using miR-10b"*, miR-10b"~, and miR-10b~/~ mice.
Compared with those in wild-type and heterozygote mice, miR-
10b-deficient CAIA mice showed mild features of redness and
swollen joints and ankles, a lower Al, and a decreased SJC. More
importantly, miR-10b deficiency in CAIA mice decreased inflamma-
tion, cell infiltration, the pannus, bone erosion as well as synovial hy-
perplasia in knee joints. The knockout of miR-10b alleviated the
severity of CAIA, including an attenuated AI and SJC and improved
histopathological changes. To determine and illustrate the mecha-
nisms underlying the effect of miR-10b in RA, RNA sequencing
was performed using miR-10b-deficient and wild-type CAIA mice.
KEGG pathway results indicated that abnormally expressed genes
were closely related to CDA4" T cells differentiation, and inflammatory
signaling pathways in the miR-10b-deficient CAIA model, suggesting
that miR-10b might be an important factor in RA that functions by
regulating CD4" T cell differentiation. Therefore, we are constructing
T cell-specific miR-10b knockout mice, hoping to further illustrate
the specific role of miR-10b in T cells at different stages of arthritis
development. However, we found that there is no significant change
in immune cells from wild-type mice and miR-10b knockout mice.
Only under collagen antibody-induced conditions, were wild-type
and miR-10b knockout mice able to exert different reactions in the
process of arthritis development, implying that miR-10b may not
be a causative factor of RA.

Figure 4. Anti-arthritis effects of miR-10b inhibitor on CIA

Mice immunized with CII/CFA were randomly divided into three groups and administered miR-10b antagomir or antagomir NC FAM by tail intravenous administration at the
indicated doses every 3 days since the grouping. (A) The time indicates the of induction of the CIA model and administration of miR-10b antagomir or antagomir NC FAM. (B)
The arthritis index and (C) the swollen joint count of individual CIA mice from day 29 to day 59 after the first immunization. (D) The representative photographs of paws and
effects of miR-10b antagomir. The effects of miR-10b inhibitor on the expression of miR-10b in (E) PBMCs and (F) synovium of mice. (G) The arthritis index and the swollen
joint count (H) were evaluated, as were the effects of miR-10b antagomir. The thickness of (I) front paws and (J) hind paws of mice were measured. (K) The bodyweight of CIA
mice was restored by miR-10b antagomir. Data are presented as mean + SD from three independent experiments with at least five mice pre group. Two-way ANOVA
followed by multiple comparison test; **p < 0.001 versus normal group; *p < 0.05, **p < 0.01, #p < 0.001 versus antagomir NC FAM; ns, no significance.
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Accumulating evidence has demonstrated that a single miRNA, such
as miR-23b, could profoundly mediate immune responses, suggesting
the prospect of therapeutic strategies for autoimmune diseases.”’
miR-10b, mostly investigated in cancer, is not well known with
respect to potential roles in autoimmune diseases.”” Recently,
Chen et al’' reported that miR-10b was upregulated in PBMC
Th17 cells of ankylosing spondylitis patients. However, the function
of miR-10b in RA, especially in CD4" T cells, remains elusive. Our
data indicated that miR-10b promoted Th1/Th17 cells, and sup-
pressed Th2/Treg cell development, whereas the miR-10b inhibitor
had the opposite effects. The findings of the current paper suggested
that miR-10b is a potential diagnostic marker and therapeutic target
of RA. We will continue to expand the sample size (assessing the cor-
relation between miR-10b and different periods of RA patients) to
evaluate the likelihood of miR-10b as a diagnostic marker for RA.
In addition, we further investigate the effectiveness of miR-10b as a
target for RA treatment. We structurally optimize the miR-10b inhib-
itor and systematically evaluate its adverse effects by using arthritis
mice.

Intriguingly, transcription factors associated with Th cell differentia-
tion were mutually exclusive and reciprocally regulated the differen-
tiation of other T cell subpopulations via direct co-interactions and/or
as an indirect consequence of cytokines secreted by other Th cell sub-
populations. For example, T-bet could suppress the transcriptional
activity of GATA3 by directly interacting with GATA3.”* On the con-
trary, GATA3 was reported to inhibit Thl cell differentiation.’”>*
Similarly, PTEN is a confirmed target gene of miR-10b,” and is

56,57

an important mediator of Th17 and Treg cells. In immune
experimental arthritis, the intraarticular injection of PTEN was
found to attenuate the severity of CIA in rats®® and p53-driven
PTEN attenuates the signs of CIA in mice by acting on the dysregu-
lated Th17/Treg balance.” In this study, we demonstrated that
GATA3 and PTEN might be capable of binding miR-10b and are
accompanied by the regulation of Th1/Th2 and Th17/Treg differen-
tiation. These results suggested that miR-10b might participate in RA
development by regulating CD4" T cell differentiation via GATA3
and PTEN.

Finally, with the goal of evaluating the therapeutic effects of miR-10b
in experimental arthritis, we induced CIA in mice and treated them
with an miR-10b inhibitor to silence miR-10b in vivo. The miR-10b
inhibitor successfully ameliorated experimental arthritis severity
in vivo. Compared with those in CIA and antagomir NC FAM-treated

mice, the miR-10b inhibitor significantly decreased the Al, SJC, and
thickness of paws and restored the body weight. Moreover, histopath-
ological changes in the spleen and joint were attenuated in miR-10b
inhibitor-treated CIA mice. In addition, the miR-10b inhibitor
balanced the disruption of CD4™ T cells in CIA mice, which mecha-
nistically illustrated the therapeutic effects of miR-10b in experi-
mental arthritis.

There are several shortcomings in this paper that cannot be ignored.
Firstly, it would be more convincing to establish an experimental
arthritis model by using mice with miR-10b conditional knockout
in CD4" T cells. Secondly, the number of RA patients and healthy
control included in this study is relatively limited. Finally, the safety
and specificity of long-term in vivo usage of miR-10b inhibitor is
an important issue for future evaluation. In response to these prob-
lems, we will further establish experimental arthritis model by using
mice with miR-10b conditional knockout in CD4" T cells. We also
will continue to recruit more RA patients and normal donors. More-
over, the in vivo delivering system of miR-10b inhibitor and related
issues about safety and specificity will be evaluated in the future.

MATERIALS AND METHODS

Specimens

The investigation approach was carried out based on the Declaration
of Helsinki and authorized by the Ethics Committee of Anhui Med-
ical University. RA peripheral blood (n = 21) and knee synovium (n =
21) were obtained from patients undergoing total knee replacement
from Anhui Province Hospital, The First Affiliated Hospital of the
University of Science and Technology of China. Blood samples
from healthy controls were collected from the First Affiliated Hospi-
tal, Anhui Medical University. Written informed consent was ob-
tained from each donor.

Mice

MiR-10b~/~, miR-10b"'~, and miR-10b™* littermate mice were
raised in a specific pathogen-free (SPF) environment at Anhui Med-
ical University. DBA/1 mice, 7-week-old males (18 + 2 g; certificate
no: 2017-0005), were purchased from Shanghai Slack Experimental
Animal Limited Liability Company (Shanghai, China) and housed
in the SPF environment. Wild-type C57BL/6] mice were purchased
from the Experimental Animal Center of Anhui Medical University
and raised in SPF conditions. All experiments were approved by
the Ethical Review Committee of Animal Experiments of the Institute
of Clinical Pharmacology, Anhui Medical University.

Figure 5. Silencing miR-10b ameliorates histopathological changes of CIA mice

(A) Representative photographs of knee joint histopathological alterations are displayed: in normal mice, an upward arrow indicates the synovium, and a rightward arrow
indicates the cartilage. In CIA mice, an upward arrow indicates the synovial hyperplasia, a rightward arrow indicates the cartilage damage, a leftward arrow indicates the
pannus, and a diagonal-left arrow indicates the inflammatory cell infiltration. (B) Local pathological changes of ankle joints from normal, CIA, antagomir NC FAM, and miR-10b
antagomir groups were detected by X-ray. (C) Typical UBM B-mode scans and color Doppler of arthritic knees and severity grading. (D) Representative photographs of
immunohistochemical staining of CD4 from the joints in normal, CIA, antagomir NC FAM, and miR-10b antagomir mice. (E) Representative photographs of immunohis-
tochemical staining of GATA3 and PTEN from the joints in normal, CIA, antagomir NC FAM, and miR-10b antagomir mice. Data are presented as mean + SD from three
independent experiments with at least five mice pre group. Two-way ANOVA followed by multiple comparison test; ***p < 0.001 versus normal group; *p < 0.05, #p < 0.01

versus antagomir NC FAM; ns, no significance.
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Figure 6. Silencing miR-10b ameliorates the development of CIA by regulating abnormally activated CD4* T cells

(A) Representative photographs of spleen histopathology are shown: in normal mice, a rightward arrow indicates the white pulp, and a leftward arrow indicates the red pulp. In
CIA mice, aleftward arrow indicates the red medullary congestion, a diagonal-left arrow indicates the lymphoid follicular hyperplasia, a diagonal-right arrow indicates the GC,
and a rightward arrow indicates the PLA. (B) Immunohistochemical staining of CD4 from the spleens in normal, CIA, CIA + antagomir NC FAM, and CIA + miR-10b antagomir
mice. (C) The effects of miR-10b on spleen index are shown based on the ratio of spleen weight to mouse bodyweight. (D) The proportion of CD4* T cells in mice PBMCs and
spleens (E) in normal, CIA, CIA + antagomir NC FAM, and CIA + miR-10b antagomir mice. CD4™ T cells were treated with PMA, ionomycin, and BFA before flow cytometry
analysis. Figures represented the mean + SD from three independent experiments with at least five mice pre group. Two-way ANOVA followed by multiple comparison test;
“**n < 0.001 versus normal group; *p < 0.05, *p < 0.01, ##p < 0.001 versus antagomir NC FAM; ns, no significance.
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Cell culture

Human U87MG cells were maintained in Minimum Essential Me-
dium (MEM), the human primary FLS and HEK 293T cells were
cultured in Dulbecco’s modified Eagle medium (DMEM), and human
macrophages, Jurkat cells, mouse MPC-5 cells, and FACS-sorted
CDA4" T cells were cultured in RPMI 1640, all the above cells were sup-
plemented with 10% fetal bovine serum (FBS) and penicillin-strepto-
mycin. Cells were maintained at 37°C and in an atmosphere of 5%
CO,. For the co-culture experiment, the proliferation of RA-FLS
were tested by inoculating RA-FLS into the lower chamber of the
transwell system (0.4 pm) and CD4" T cells into the upper chamber
for 3-6 days. The migration of RA-FLS was tested by inoculating RA-
FLS into the upper chamber of the transwell system (8 tm) and CD4"
T cells into the lower chamber for 12 h. The polarization of macro-
phages was tested by inoculating macrophages into the lower cham-
ber of the transwell system (0.4 pm) and CD4" T cells into the upper
chamber for 48 h.

Reagents and antibodies

Polymerase chain reaction (PCR) reagents included the following: 2x
Taq PCR Master Mix (MT231) and DNA Marker (MD102) (Biomed,
Beijing, China), agarose (1110GR100) (Biofrox, Berlin, Germany),
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Figure 8. Schema graph displaying miR-10b-
regulated CD4* T cell subsets in the development of
the CIA model

MiR-10b negatively regulates GATA3 and PTEN expres-
sion by binding to their 3 UTR in CD4* T cells, leading to
Th1/Th2 and Th17/Treg imbalance in the CIA model. The
inhibitor of miR-10b repress miR-10b expression, bal-
ance Th1/Th2 and Th17/Treg subsets, and ultimately
alleviate the development of the CIA model. In addition,
miR-10b-overexpressing CD4™ T cells promote inflam-
matory phenotypes of primary macrophages and FLS
from RA patients.

l Hairpin-itTM microRNA, U6 snRNA Normali-
zation RT-PCR Quantitation Kit, and RNA
FISH (Paraffin section) Kit (GenePharma,
Shanghai, China). Reagents for inducing the
CAIA and CIA model were as follows: 5-clone
monoclonal antibody cocktail (53100) and Chick
Type II Collagen (20011) (Chondrex, Washing-
ton, USA). Cell culture reagents included MEM
(PM150410) (Procell, Wuhan, China), peni-
cillin-streptomycin (P1400) (Solarbio, Beijing,
China), DMEM (06-1055-57-1ACS), RPMI
1640 (01-100-1ACS), and FBS (04-001-1ACS)
(Biological Industries, Beit Haemek, Israel).

Further reagents included Lipofectamine RNAIMAX (13778150), the

Cell Fixation/Permeabilization Kit (00-5123-43, 00-8333-56, 00-

5223-56), Opti-MEM reduced serum medium (31985-070), TRIzol

(15596026) and the Pierce BCA Protein Assay Kit (23227) (Thermo

Fisher Scientific, MA, USA), 1x lymphocyte separation medium

(7211011), and human lymphocyte separation medium (7111011)

(Dakewe, Guangzhou, China), as well as protease inhibitor cocktail

(CW2200) (CoWin Biosciences, Jiangsu, China) and chemilumines-

cence (ECL) reagent (WBKLS0100) (Millipore, MA, USA). Reagents

and antibodies used for histopathological analysis were as follows:

fast green stain (G1661) (Solarbio, Beijing, China), Safranin O

(MB4620) (Meilunbio, Dalian, China), hematoxylin (C0107), eosin

staining solution (C0109), and DAPI (C1005) (Beyotime, Shanghai,

China), anti-GATA3 (ab106625) and anti-PTEN (ab31192) (Abcam,

Cambridge, UK), GAPDH (60004-1-Ig) (Proteintech, Chicago,

USA), (HRP)-conjugated goat anti-rabbit IgG (ZB-2301) and SPlink

Detection Kits (SP-9000) (Zhongshan Jinqiao, Beijing, China),

(HRP)-conjugated goat anti-mouse IgG (BA1050) (Boster Biological,

Wuhan, China). The reagents and antibodies used to analyze human

and mouse CD4" T cell subsets were PMA (FMS-FZ207), ionomycin

(FMS-FZ208), and BFA (FMS-FZ209) (Fcmacs Biotech, Nanjing,

China), as well as anti-mouse CD4 (100509), anti-mouse IFN-y

Figure 7. miR-10b-overexpressing CD4* T cells promote inflammatory phenotypes of FLS and macrophages

(A) The sorting strategy of FLS and macrophages from RA synovium tissues. (B-F) The co-culture system experiments showed that miR-10b-overexpressing CD4* T cells
promote the proliferation, migration, and the release of inflammatory factors of FLS. (G-I) Co-culture experiments of CD4* T cells and macrophages suggest that miR-10b
knockdown CD4™ T cells could repress M1 polarization and MMPs of macrophages. Figures are presented as mean + SD from at least three independent experiments. Rank-

sum test; *p < 0.01 and **p < 0.01 versus control group.
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(505808), anti-mouse IL-4 (504106), anti-mouse IL-17A (506904),
anti-mouse CD25 (102012), anti-mouse/rat/human FOXP3 (320008),
anti-human CD4 (344604), anti-human IFN-y (502528), anti-human
IL-4 (500714), anti-human IL-17A (512306), anti-human CD25
(302609), anti-human CD80 (305219), anti-human CD206 (321119),
and anti-human FOXP3 (320108) (BioLegend, CA, USA).

CAIA mouse model

CAIA was induced in 24 mice (miR—lObf/ ~, miR-10b"'~, miR-
10b*'*) as follows: on day 0, mice were intraperitoneally (i.p.) injected
with 4 mg of 5-clone monoclonal antibody cocktail. On day 3, mice
received 40 pg lipopolysaccharide (LPS) i.p. as described previously.*’
On day 16, the mice were euthanized, and the knee joints were har-
vested for subsequent analysis.

CIA mouse model

Chick type II collagen was sufficiently dissolved in 5 mL of acetic acid
(0.1 M) followed by emulsification with complete Freund’s adjuvant.
On day 0, the mice were induced by intradermally injection with
0.15 mL CII emulsion. On day 21, the mice were re-stimulated by
intradermally injecting them with 0.1 mL CII emulsion.”’ On day
29, the success rate of the CIA model was 95%, and failed models
were excluded. The mice were randomly divided into three groups:
CIA model, CIA + antagomir NC FAM, and CIA + miR-10b antago-
mir. After the beginning of joint swelling at day 29, mice were treated
i.v. with miR-10b antagomir and antagomir NC FAM every 3 days.
The CIA model mice were treated with an equal volume of the vehicle.
On day 59, the mice were euthanized, and the blood, spleen, and ankle
joints were collected for subsequent studies.

Evaluation of arthritis

The progression of arthritis was monitored throughout the study. The
severity of CAIA was assessed every day after LPS injection on day 3,
and the severity of CIA was evaluated after the second sensitization on
day 29. Mice were evaluated using the SJC and AL The swollen joints
included five phalanx joints and one ankle or wrist joint; thus, the
maximum number of swollen joints for each mouse was 24. The AI
was assessed in each paw with a scale of 0-4, where 0 was no macro-
scopic signs of inflammation, 1 was mild swelling or redness, 2 was
moderate swelling of ankle or wrist joints, 3 was paws with severe
swelling and redness, and 4 was paws with deformity or ankylosis.
The maximum AI for each mouse was 16.

Mouse spleen and human PBMC CD4* T lymphocyte isolation
Mouse spleens were collected and prepared in single-cell suspensions
with 10 mL mouse 1 x lymphocyte separation medium in a 100 x 20-
mm dish. Lymphocytes were separated by density gradient centrifu-
gation in a 15-mL tube. Whole blood (20 mL) from healthy donors
was diluted 1:1 with PBS and layered onto human lymphocyte sepa-
ration medium. Then, PBMCs were separated by density gradient
centrifugation in a 50-mL tube. The lymphocytes and PBMCs were
labeled with CD4 monoclonal antibodies. CD4" T cells were FACS-
sorted from lymphocytes and PBMCs using a FACSAria II cell sorter
(BD Biosciences, USA) to a routine purity of 90%-95%.

Transfection

To assess the effects of miR-10b on CD4" T cells, the FACS-sorted
CD4" T cells from human PBMCs or C57BL/6 mouse spleens were
cultured in Opti-MEM reduced serum medium. The next day, the
cells were transfected: miR-10b-5p mimic (20 puM), inhibitors
(20 uM), negative controls (20 uM), and inhibitor NC (20 pM;
GenePharma, China). Human GATA3 small-interfering RNA
(siRNA) (100 uM), mouse GATA3 siRNA (100 pM), human PTEN
siRNA (100 uM), and mouse PTEN siRAN (100 pM) (Cohesion
Bioscience, UK) with Lipofectamine RNAIMAX based on the manu-
facturer’s instructions. The cells were transfected at 5 x 10°. The
sequences for transfection are listed in Table S1. The transfection
efficiency was evaluated using a 5-carboxyfluorescein-bound
miRNA-negative control 4-6 h after transfection under a fluorescence
microscope. The proportion of transfected cells with fluorescence was
approximately 80%-90%.

PCR and gRT-PCR

Total DNA was obtained from the tail of mice, followed by amplifica-
tion using a T100 Thermal Cycler (Bio-Rad, USA), and then sepa-
rated by 2% agarose. To determine miR-10b levels, total RNA from
PBMCs of RA patients and healthy donors to was extracted using
TRIzol. The isolated RNA was used to synthesize ¢cDNA using
MMLYV Reverse Transcriptase. The T100 Thermal Cycler and 7500
Real-Time PCR System (Thermo Fisher Scientific, USA) were used
for reverse-transcription PCR (RT-PCR) and quantitative RT-PCR
(qQRT-PCR), respectively. The expression levels of miR-10b in RA pa-
tient PBMCs were calculated using the 272 method, with U6 small
RNA (U6 snRNA) as the endogenous standard. All experiments were
performed following the manufacturer’s instructions for the Hairpin-
itTM microRNA and U6 snRNA Normalization RT-PCR Quantita-
tion Kit. The primer sequences used for PCR and qRT-PCR are
shown in Table 1.

RNA sequencing

Joint tissues and PBMC samples from CAIA mice were analyzed by
high-throughput sequencing by BGI (Shenzhen, China) to screen
the abnormally and specifically expressed genes in miR-10b '~
CAIA mice. KEGG pathway analysis was carried out to estimate
the function of these dysregulated genes in miR-10b KO CAIA
mice. Specifically, total RNA from joint tissues and PBMC samples
from CAIA mice was quantified using a NanoDrop2000 spectropho-
tometer (NanoDrop Technologies). Mice PBMCs and synovial tissues
were collected. Two passing samples were included; the RNA integrity
number values were all more than 7 and quality control (QC) (q30)
were all more than 90%. PE150 paired-end sequencing and the
MGI-2000 platform were used. For detection of whole mRNA expres-
sion, RNA sequencing was performed by BGI (China) according to
standard procedure. In brief, the sequencing data were filtered with
SOAPnuke (v.1.5.2) by: (1) removing reads containing sequencing
adaptor; (2) removing reads whose low-quality base ratio (base qual-
ity less than or equal to 5) was more than 20%; and (3) removing reads
whose unknown base (“N” base) ratio was more than 5%; subse-
quently, clean reads were obtained and stored in FASTQ format.

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 747


http://www.moleculartherapy.org

The clean reads were mapped to the reference genome using HISAT2
(v.2.0.4). Bowtie2 (v.2.2.5) was applied to align the clean reads to the
reference coding gene set; then the expression level of gene was calcu-
lated by RNA-Seq by Expectation-Maximization (RSEM) (v.1.2.12).
The heatmap was drawn by pheatmap (v.1.0.8) according to the
gene expression in different samples. Essentially, differential expres-
sion analysis was performed using the PossionDis’ with false discov-
ery rate < 0.001 and [log2ratio| > 1. To gain insight into the change
of phenotype, gene ontology (http://geneontology.org/) and KEGG
(https://www.kegg jp/) enrichment analysis of annotated different ex-
pressed genes was performed using Phyper (https://en.wikipedia.org/
wiki/Hypergeometric_distribution) based on hypergeometric testing;
the significant levels of terms and pathways were corrected by Q value
with a rigorous threshold (Q < 0.05) by Bonferroni.

Western blot

RIPA lysis buffer with protease and phosphatase inhibitors was used
to isolate total cell proteins, whereas the BCA was used to measure the
protein concentration. Total proteins (30 LLg) were separated by 10%
SDS-PAGE followed by transfer onto polyvinylidene fluoride mem-
branes (IPVH00010, Millipore, USA). After blocking with 5% skim-
milk, the membranes were then incubated with the anti-GATA3
and anti-PTEN primary antibodies followed by (HRP)-conjugated
goat anti-rabbit IgG secondary antibody, and developed with a chem-
iluminescence (ECL) reagent after being washed. Finally, the gray
values of the bands (versus GAPDH) were analyzed using Image].
Each experiment was independently repeated six times.

H&E and Safranin O-fast green analysis

The mice were euthanized on day 59 after the first immunization. The
joints and spleens were immediately fixed in 4% paraformaldehyde
followed by being embedded in paraffin. In addition, before paraffin
embedding, the joint tissues were decalcified with formic acid (5%).
Paraffin-embedded slides (5 pum) were stained with Safranin O-fast
green and H&E and examined histologically. The severity of histo-
pathological changes in the CIA joint and spleen were graded by
two independent observers. For the joint, the synovial hyperplasia,
bone erosion, inflammation, inflammatory cells infiltration, and pan-
nus were scored from 0 to 4 (0 = no effect, 4 = severe effect). For the
spleen, the germinal centers (GCs), cellularity of PLAs, lymphoid fol-
licles, red pulp, and marginal zone were graded from 0 to 3 (0 = no
effect, 3 = severe effect).*>%’

Immunohistochemistry analysis

Synovium specimens from RA patients and healthy donors were fixed
and paraffin embedded, as performed for mice, for subsequent immu-
nohistochemistry and FISH. The slides were dewaxed and rehydrated
routinely, followed by the quenching of endogenous peroxidase and
antigen retrieval. Subsequently, the slides were blocked with goat
serum and then incubated with rabbit anti-GATA3 and rabbit anti-
PTEN polyclonal antibody at 4°C overnight, respectively. Next, the
slides were incubated with goat anti-rabbit secondary antibody. After
that, the slides were treated with 3,3’-diaminobenzidine and counter-
stained with hematoxylin, followed by sealing with neutral balsam.
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FISH

The location of miR-10b in the synovium was determined by RNA
FISH. The sections were dewaxed and rehydrated routinely,
followed by denaturation and hybridization. For hybridization,
the probes were resuspended with hybridization buffer and then
denatured before being pipetted onto slides. Hybridization was
performed at 37°C overnight, followed by DAPI staining. Finally,
the slides were sealed with neutral balsam and observed under a
fluorescence microscope. All experiments were performed using
the manufacturer’s instructions for the RNA FISH (paraffin
section) Kit.

Flow cytometry

To analyze expression in CD4" T subsets, specifically Th1, Th2, Th17,
and Treg, at the single-cell level, cells from human and mouse samples
were stimulated with PMA, ionomycin, and BFA before examination.
The cells were incubated with the surface markers (CD4), fixed, per-
meabilized, and then stained with intracellular cytokine monoclonal
antibodies, including IFN-v, IL-4, IL-17A, and Fxop3, respectively.
Results were acquired using a FACS can cytometer (Beckman
Coulter, USA) and analyzed with CytoExpert.

Dual-luciferase reporter assay

HEK293T cells grown in 24-well plates were transfected with 50 nM
miR-10b mimic, 100 ng of pmirGLO vector (Promega, USA) tagged
with GATA3 3’ UTR or PTEN 3’ UTR (containing the miR-10b-
binding site), or empty pmirGLO plasmid using Lipofectamine
2000 (Invitrogen, USA). The firefly and Renilla luciferase activities
in the cell lysates were assayed with a Dual-Luciferase Reporter Assay
System (Promega) 48 h post-transfection.**

Macrophage phagocytosis

Macrophages were incubated with Dextran-FITC (Life Technology,
USA) according to standard protocol. A flow cytometer (Beckman
CytoFLEX) was used to detect phagocytosis.

Statistical analysis

GraphPad Prism v.8.2.1 (GraphPad, USA) was used for statistical
analysis. Data in Figures are shown as the means + standard devia-
tions. One-way or two-way analysis of variance, Student’s t tests,
and rank-sum test were used to determine the differences between
experimental groups. p < 0.05 was considered significant.
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