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GATA4 regulates angiogenesis and
persistence of inflammation in rheumatoid
arthritis
Wanwan Jia1,2, Weijun Wu1, Di Yang1, Chenxi Xiao1, Mengwei Huang1, Fen Long1, Zhenghua Su1, Ming Qin1,
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Abstract
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by abnormal inflammation, angiogenesis, and
cartilage destruction. In RA, neoangiogenesis is an early and crucial event to promote the formation of pannus,
causing further inflammatory cell infiltration. The transcription factor GATA4 is a critical regulator of cardiac
differentiation-specific gene expression. We find that a higher level of GATA4 exists in synovium of rheumatoid arthritis
(RA) patients, but the function of GATA4 in RA remains unclear. In the present study, IL-1β induces inflammation in
fibroblast-like synoviocytes (FLS) MH7A, which is accompanied with the increased expression of GATA4 and VEGF
production. Through application of GATA4 loss-of-function assays, we confirm the requirement of GATA4 expression
for inflammation induced by IL-1β in FLS. In addition, we demonstrate for the first time that GATA4 plays key roles in
regulating VEGF secretion from RA FLS to promote cellular proliferation, induce cell migration, and angiogenic tube
formation of endothelial cells. GATA4 induces the angiogenic factors VEGFA and VEGFC, by directly binding to the
promoter and enhancing transcription. The knockdown of GATA4 attenuates the development of collagen-induced
arthritis (CIA) and prevents RA-augmented angiogenesis in vivo, which are accompanied with decreased VEGF level.
These results reveal a previously unrecognized function for GATA4 as a regulator of RA angiogenesis and we provide
experimental data validating the therapeutic target of GATA4 in RA mice.

Introduction
As a chronic inflammatory disease, rheumatoid arthritis

(RA) causes tissue damage by persistent inflammation1.
Characteristics of this disease include degraded cartilage,
moderate synovial inflammation, pain, and impaired
mobility2. Several mechanisms contribute to the pro-
gression, including pathological angiogenesis3. Angio-
genesis is the formation of blood vessels from pre-existing
vasculature and tightly regulates physiological processes
during normal growth, wound healing, and the female

reproductive cycle4. However, angiogenesis can also play a
detrimental role in various pathological conditions such
as cancer, diabetic retinopathy, and chronic inflammatory
diseases. In RA, angiogenesis occurs already in the earliest
phases of the disease and is considered a switch from
acute to chronic inflammation5. Chronic inflammation
maintains blood vessel growth by the secretion of angio-
genic factors by macrophages and other cells6, while
synovial angiogenesis can further facilitate inflammation
by increasing plasma extravasation and enhancing
inflammatory cell recruitment7,8. Consequently, targeting
angiogenesis might be considered as a new alternative in
the treatment of RA9. For example, disease-modifying
antirheumatic drugs (DMARDs) might affect synovial
angiogenesis. As one of the DMARDs, methotrexate
(MTX) is the anchor for treatment of RA with the abilities
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Fig. 1 Increased GATA4 expression in IL-1β-induced MH7A cells and in synovial tissues of adjuvant-induced arthritis (AIA) rats. a MH7A
cells were treated with IL-1β (10 ng/ml) for the indicated times, immunoblot analyzed for ICAM-1, COX2, MMP2, and MMP9. b mRNA levels of COX2,
VEGF, PEG2 GATA4, and bEGF were examined by RT-qPCR in control and IL-1β-treated cells. c MH7A cells were starved with serum-free medium for
12 h, and then VEGF production was determined by ELISA assay in supernatant from control and IL-1β-treated cells. d Immunoblot was analyzed for
VEGF and GATA4 for indicated time. All data are shown as mean ± S.E.M. from at least three replicates; *p < 0.05, **p < 0.01, ***p < 0.001. e Western
blotting analysis showed the levels of VEGF and GATA4 of synovial tissue in control and AIA rats. Bars ± S.E.M. represent fold changes that are
normalized to GAPDH and relative to controls (n= 6, ***p < 0.001)
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of inhibiting vascular endothelial cell proliferation as well
as inflammation7. However, MTX failed to decrease
VEGF levels in patients with RA10. Thus, further research
is still required to identify another candidate molecules or
pathways that could target angiogenesis for RA.
GATA4, a member of GATA zinc-finger transcription

factor family, has been shown to regulate differentiation,
growth, and survival of a wide range of cell types11–13.
Recent evidence suggests that GATA4 mainly is abun-
dantly expressed in cardiomyocytes throughout embryo-
nic development, postnatal growth, and adulthood, during
which it functions as a critical regulator of cardiac
differentiation-specific gene expression14. In addition to
regulating basal gene expression in the heart, GATA4 has
been implicated as a mechanical load-responsive tran-
scriptional mediator that can be activated by increases in
cardiac afterload, vasopressin infusion, or through direct
stretching of the ventricles in the isolated rat heart15,16.
Heineke et al. first showed a novel function for GATA4 in
the heart as a mediator of angiogenesis that facilitates
compensation following injury17. They further demon-
strated that overexpressed GATA4 in myocytes can
induce angiogenesis in vitro through the secretion of
angiogenic growth factors such as VEGF18. This paradigm
of GATA4-dependent angiogenesis is also extended to a
hind-limb ischemia model of injury, showing that GATA4
may serve as a global angiogenic regulator. However, little
research has been done on the function of GATA4 in RA.
On the basis of these observations, we analyze the role

of GATA4 in the modulation of angiogenesis and the
pathogenesis of RA. Our researches identify that GATA4
is an attractive activator in the synovial lesions of patients
with RA. Furthermore, the elevated levels of GATA4
contribute to inflammation and angiogenesis in RA. By
gene loss-of-function assays, we demonstrate the angio-
genesis is dependent on the GATA4 expression and
VEGF secretion from RA fibroblast-like synoviocytes
(FLS), the latter is also regulated by GATA4. We provide
experimental data validating the therapeutic target of
GATA4 in RA. This is a previously unrecognized function
for GATA4 as a regulator of RA angiogenesis through
disease-responsive mechanism.

Results
GATA4 and VEGF is upregulated in IL-1β-induced MH7A
cells and in adjuvant-induced arthritis rat synovium
IL-1β is a pivotal inflammatory cytokine that induces

the generation of a range of additional inflammatory
cytokines, which contributes to the progression of
angiogenesis in RA. The MH7A synovial fibroblast cell
line was employed in our experiment. This cell line was
derived from immortalized synovial fibroblasts of a
patient with RA using the SV40 T antigen19. As illustrated
in Fig. 1a, IL-1β (10 ng/ml) dramatically increased

inflammation markers in time-dependent manner,
including ICAM-1, COX2, MMP2, and MMP9. Similarly,
mRNA level of COX2 in IL-1β-stimulated MH7A cells
were significantly increased (Fig. 1b). Next, we used real-
time quantitative polymerase chain reaction (RT-qPCR)
to examine mRNA level of GATA4 and angiogenic fac-
tors. Results showed that GATA4, VEGF, PEG2, and
bEGF mRNA expression was significantly upregulated in
MH7A treated by IL-1β for 6, 12 h (Fig. 1b). Soluble
VEGF secreted in the supernatant of IL-1β-stimulating
MH7A synovial cells were evaluated by ELISA kit
(Fig. 1c). In addition, VEGF and GATA4 protein expres-
sions were enhanced by incubating the cells with IL-1β in
the time-dependent manner (Fig. 1d). To investigate the
expression of GATA4 in synovium tissue, we conducted
adjuvant-induced arthritis (AIA) rat model, one of the
patterns that are characterized by the formation of pan-
nus. As expected, the levels of GATA4 and VEGF were
significantly increased in synovium of AIA rats groups in
comparison with the control group (Fig. 1e). In summary,
these data identified elevated pro-inflammatory factors,
proangiogenic factors as well as GATA4 in IL-1β-induced
FLS and RA.

CM induces cells proliferation, migration, tube formation
in HUVECs, and capillary sprouting in mouse aortic ring
CM (conditioned medium) was collected from MH7A

induced by IL-1β for 24 h, and the pro-angiogenesis ability
of CM was determined. Firstly, to analyze the proliferative
effect of CM, CM was added to the HUVECs following
scratching. After 8 h, the CM significantly accelerated the
ECs migration (Fig. 2a). Similarly, transwell assay also
showed that CM significantly increased EC invasion
(Fig. 2b). In the tube-like structure formation assay, we
found that CM significantly facilitated HUVECs’ tubular
formation capacities after 4 h stimulation (Fig. 2c). Mouse
aortic ring assay further verified the proangiogenesis
capacity of CM (Fig. 2d). We also examined the effect of
CM on the growth of HUVECs by EdU assay. As shown in
Fig. 2e, CM from IL-1β-induced MH7A significantly
increased proliferation of HUVECs. Therefore, we con-
cluded that cytokines secreted by IL-1β-induced MH7A
promoted EC proliferation, migration, tube formation,
and mouse aortic ring capillary sprouting.

Knockdown of GATA4 decreases VEGF generation and
inflammatory mediators expression
We further attempted to detect the association between

GATA4 and VEGF generation in IL-β-induced MH7A.
When MH7A cells were transfected with GATA4 siRNA,
GATA4 expression was inhibited according to the results
of RT-qPCR and western blot (Fig. 3a). Consistently,
downregulation of GATA4 in MH7A cells decreased the
mRNA and protein expression of VEGF with IL-1β
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treatment (Fig. 3b). As expected, VEGF level was con-
comitantly lower in the supernatant of MH7A cells
transfected with GATA4-siRNA as compared to only IL-
1β-induced MH7A cells by ELISA (510 ± 56 vs. 1045 ± 33
pg/ml, p < 0.001) (Fig. 3c). In addition, MMPs also reg-
ulate some molecules related to angiogenesis. Our results
showed that downregulation of GATA4 in MH7A cells
decreased the mRNA expression of MMP9 (Fig. 3d).
Furthermore, knockdown of endogenous GATA4
decreased IL-1β-induced inflammatory mediators ICAM-
1 and COX2 expression, whereas a scramble control
siRNA (si Scr) did not have impact on their expression
(Fig. 3e). Therefore, these results indicated that GATA4

might mediate IL-1β-triggered angiogenic factors in
MH7A cells, and knockdown GATA4 could suppress the
formation of angiogenic factors and inflammatory
response.
As illustrated in Fig. 3f, IL-1β stimulation caused

phosphorylation of MAPKs (JNK1/2, p38, and ERK1/2),
eliciting a peak level of phosphorylated MAPK at various
time in MH7A. And we found that IL-1β-induced
GATA4 expression was suppressed by 10 μM SB203580
(a p38 inhibitor), whilst the expressions of ICAM-1 and
COX2 were also restrained (Fig. 3g). These data suggested
that MAPK pathway was responsible for the upregulation
of GATA4 in IL-1β-stimulated MH7A.

Fig. 2 Conditioned medium (CM) induces cells proliferation, migration, tube formation in HUVECs, and capillary sprouting in mouse aortic
ring. a HUVECs were treated with CM collected from MH7A cells pretreated with IL-1β (10 ng/ml) or not for 8 h, scratching assay was employed to
examine the migration of HUVECs as described in Materials and Methods. b HUVECs were cultured in Boyden chamber, and the CM collected from
MH7A cells treated by IL-1β or not were added in HUVECs culture medium for 24 h. The migrated cells were captured after fixation and crystal violet
staining and quantified. Images were taken at ×100 magnification. c HUVECs were cultured for 4 h in the CM collected from MH7A cells that were
pretreated with IL-1β, the branch point cells were determined and quantified. All data are mean ± S.E.M.; n= 6, **p < 0.01; ***p < 0.001. d Aortic rings
were embedded in Matrigel and cultured for 7 days in the presence of CM or not. e HUVECs were cultured for 24 h in CM collected from MH7A cells
pretreated with IL-1β. EdU was employed to examine the proliferation of HUVECs and quantify analysis. All data are shown as mean ± S.E.M. from at
least three replicates; **p < 0.01, ***p < 0.001
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Conditioned medium from knockdown GATA4-MH7A (GM)
inhibits cells proliferation, migration, tube formation in
ECs, and capillary sprouting in mouse aortic ring
GATA4 suppression reduced VEGF production in IL-

1β-induced MH7A cells, we thought this might decrease
pro-angiogenesis ability. To test this hypothesis, we
examined the proliferation, migration, and invasion of
ECs treated by CM. We treated HUVECs with the CM
collected from the IL-1β-induced MH7A cells that were
transfected with scramble siRNA (EM) or with GATA4-

siRNA medium (GM). The results showed that the
number of EdU staining positive cells was ~3-fold lower
in GM than in EM (Fig. 4a), suggesting the GM decreased
proliferation effect on HUVECs. Then, we determined
migration potential of EM and GM by wound assay. As
shown in Fig. 4b, EM increased the migration of HUVECs,
while GM treatment showed retarded migration. The
transwell assay was performed simultaneously. Identically,
GM from MH7A cell transfected with si
GATA4 significantly inhibited invasion of HUVECs

Fig. 3 Knockdown of GATA4 reduces VEGF release and inflammation response in IL-1β-induced MH7A cells. a After MH7A cells were
transfected with scramble siRNA (si Scr) or GATA4 small interfering RNA (si GATA4), they were treated with 10 ng/ml IL-1β for 12 h, qRT-PCR and
western blotting was used to determine the expression of GATA4 (a) and VEGF (b); the level of VEGF production in supernatant was assessed by
ELISA (c); mRNA level of MMP9 was determined by qRT-PCR (d); the expression of ICAM-1 and COX2 was determined by western blotting (e). All data
are mean ± S.E.M. of three experiments; **p < 0.01, ***p < 0.001. f IL-1β induced the phosphorylation of MAPKs in MH7A. FLS were treated with IL-1β
(10 ng/ml) for indicated time, and cell lysates were prepared and blotted with total or phosphospecific antibodies to ERK1/2, p38, and JNK. g
SB203580 (10 μM) inhibited GATA4 expression in IL-1β-induced MH7A. FLS were pretreated with SP60012, PD98059, or SB203580 (5 and 10 μM) for 4
h and then stimulated by IL-1β (10 ng/ml) for 24 h. The GATA4, ICAM, and COX2 were analyzed by western blotting, respectively
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compared than EM (Fig. 4c). Moreover, in order to verify
the effects of GATA4 on endothelial cell tube formation,
the branch point cells of the tube-like structure in
HUVECs treated by EM or GM, were observed after 4 h of
culture. As indicated in Fig. 4d, the branch point cells

cultured under EM were significantly increased compared
to control conditions in HUVECs. This phenomenon was
reversed by treatment with GM. The result in mouse
aortic ring assay was in line with tube-like structure
analysis. There were more microvessels in the rings

Fig. 4 Conditioned medium from knockdown GATA4-MH7A (GM) inhibits cells proliferation, migration, tube formation in ECs, and
capillary sprouting in mouse aortic ring. a–d MH7A cells were transfected with scramble siRNA (si Scr) or GATA4 small interfering RNA (si GATA4),
and then treated with 10 ng/ml IL-1β for 24 h, conditioned medium were collected from si Scr (EM) or si GATA4 (GM). HUVECs were cultured with
each conditioned medium for 24 h. EdU was employed to examine the proliferation of HUVECs (a); the scratching assay was employed to examine
the migration of HUVECs as described in Materials and Methods (b); the migrated cells were captured and quantified after fixation and crystal violet
staining as described in Materials and Methods (c); HUVECs were cultured for 4 h in the conditioned medium, the branch point cells was determined
(d). Aortic rings were embedded in Matrigel and cultured for 7 days in the presence of control medium, EM and GM (e). All data are mean ± S.E.M. of
three experiments; **p < 0.01, ***p < 0.001. f The promoter region of rat VEGFA and VEGFC gene contains GATA4 binding motifs and IL-1β induction
increased binding of GATA4 to motif regions by ChIP-PCR using GATA4 antibody. g Knockdown GATA4 decreased binding of GATA4 to motif regions
upon IL-1β induction. MH7A cells transduced with si GATA4 were used for ChIP assay against GATA4 antibody
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Fig. 5 Knockdown of GATA4 reduces severity of arthritis in collagen-induced arthritis (CIA) mice. a Schematic drawing of experimental setup.
Mice received injection of either 150 μl lentivirus shGATA4 or vector (sh MOCK) every 5 days beginning 5 days before the initial immunization. b
Knockdown of GATA4 significantly decreased the mean arthritis score and increased the time of arthritis first appeared compared with sh MOCK-
treated CIA mice. Data are mean ± S.E.M., n= 10; ***p < 0.001. c Body weight of Control, shMOCK, and shGATA4 mice with CIA during 40 days post
second immunization was recorded. d Macroscopic evidence of arthritis such as erythema or swelling was markedly observed in shMOCK-treated CIA
mice, while knockdown of GATA4 with lentivirus shGATA4 significantly attenuated arthritis severity in CIA mice. e Representative H&E staining of knee
joint sections of Control, shMOCK, and shGATA4 mice with CIA. f Representative toluidine blue and safranin O staining of knee joint sections of
Control, shMOCK, and shGATA4 mice with CIA. g The quantitative analysis for synovitis and cartilage damage from Control, shMOCK, and shGATA4
mice with CIA. Data are mean ± S.E.M., n= 6; **p < 0.01; ***p < 0.001
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treated with EM when compared with control group,
while GM incubation reduced the number of microvessels
(Fig. 4e). Together, these results suggested that GATA4
generated by IL-1β-induced MH7A cells promoted
angeiogenesis, and knockdown GATA4 decreased pro-
angiogenesis ability.

GATA4 binding to VEGFA and VEGFC’s promoter enhances
transcription in IL-1β-induced FLS
To investigate the mechanism by which GATA4

enhanced pro-angiogenesis ability, we analyzed the pro-
moter sequence of VEGFA and VEGFC gene and found
that GATA4 could be a potential upstream transcription
factor. Three and four DNA-binding motifs of GATA4
were identified within 2 kilobyte (kb) upstream of Tran-
scription Start Site (TSS) of VEGFA and VEGFC,
respectively (Fig. 4f). Using chromatin immunoprecipita-
tion followed by polymerase chain reaction (ChIP-PCR)
assay, IL-1β-treated cells showed enhanced GATA4
binding to the VEGFA and VEGFC’ s promoter region
when compared with untreated cells (CK) (Fig. 4f). To
further validate the regulatory role of GATA4 on VEGF,
GATA4 was knocked down by siRNA. The result showed
that depletion of GATA4 led to decreased GATA4
binding to the VEGFA and VEGFC’ s promoter region
when compared with IL-1β-treated cells (Fig. 4g). These
results suggested that upregulation of VEGF in IL-1β-
induced cells was mediated by GATA4-dependent
mechanism, in agreement with previous studies report-
ing that GATA4 directly binds to VEGF’s promoter in
regulatory of heart angiogenesis.

Knockdown GATA4 reduces collagen-induced arthritis
incidence and severity
Having demonstrated the potential of GATA4 in med-

iating inflammatory cytokines and angiogenesis, we next
validated this effect in an in vivo model with lentivirus-
mediated knockdown of GATA4. The collagen-induced
arthritis (CIA) model shares many pathological features
with human RA, including synovial hyperplasia, joint
swelling, cartilage destruction, and vessel angiogenesis.
Genetically susceptible DBA/1J mice were immunized
with Chick type II collagen (CII) emulsified in Freund
adjuvant (CFA), 5 days after the initial immunization the
mice were injected with vector lentivirus control (sh
MOCK) or encoding GATA4 short-hairpin RNA (sh
GATA4). Figure 5a showed time schedule for the animal
experiment using sh GATA4 or sh MOCK injection. The
similar age and gender mice were taken as normal con-
trols. The assessment for clinical symptoms was con-
ducted every third day from day 21 until day 60. In sh
MOCK mice with CIA, symptoms started to appear from
day 24 and reached a score of >2 per animal by day 36.
However, CIA mice treated with sh GATA4 developed

less severity and lower incidence of arthritis as deter-
mined by clinical scores (Fig. 5b,c). Images of mice
hindpaws showed significant reduction in inflammation
and soft tissue swelling upon treatment with sh GATA4
(Fig. 5d). Mice were sacrificed on day 60 for histopatho-
logical examination of joints. Reduced severity of arthritis
in sh GATA4-treated mice was associated with decreased
infiltration of immune cells in affected joints (Fig. 5e).
Histological analysis also revealed reduced subchondral
bone erosions in shGATA4 mice. Knockdown GATA4
protected the collagen-immunized animals from severe
bone destruction as seen in representative histomorpho-
metric measurements (Fig. 5f, g). These data indicated
that knockdown GATA4 reduced clinical symptoms, joint
pathology, and local bone destruction in CIA mice.
Furthermore, the levels of the VEGF and pro-

inflammatory cytokines in serum were measured by
ELISA at the termination of the experiment. As expected,
the serum level of VEGF in the CIA mice was significantly
increased, whereas knockdown GATA4 exhibited a dra-
matic decrease (Fig. 6a). Consistent with joint swelling,
knockdown GATA4 exhibited a dramatic decrease in
TNF-α, MMP3, and IL-1β cytokines (Fig. 6b). Next, we
analyzed the mRNA level of GATA4 in joints of the mice
and found the successful knockdown of GATA4 when
treated with sh GATA4 (Fig. 6c). Protein level of GATA4
in synovium showed the same efficiency, and blocking
GATA4 also down-regulated the expression of VCAM-1
and COX2 (Fig. 6c). Histological examinations also indi-
cated that blocking GATA4 suppressed VEGF expression
(Fig. 6d). Those suggested that knockdown of GATA4
resulted in the amelioration of joint inflammation, erosion
and angiogenesis.

Evidence of GATA4 upregulation in human RA
synovialcytes
RT-qPCR and western blotting analysis was performed

to determine the expression of GATA4 in synoviocytes
from osteoarthritis (OA) and RA patients. The results
showed that, compared to OA, RA exhibited the increased
GATA4 mRNA and protein levels (Fig. 7a). As expected,
mRNA expression of VEGF, bEGF, and PEG2 in the RA
synoviocyte samples were higher than in the OA samples.
The expression of inflammatory mediators MMP9 and IL-
8 consistently were increased compared with OA (Fig. 7b).
These data raised the possibility that increased GATA4
expression may be implicated in the pathogenesis of RA.

Discussion
In RA, neoangiogenesis is an early and crucial event to

promote the development of the hyperplasic proliferative
pathologic synovium and foster inflammation9,20. Emer-
ging evidence implicates that targeting synovial angio-
genesis may provide a promising therapeutic approach for
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RA21. Recently, the transcription factor GATA4 is
reported as a regulator of angiogenesis in the heart17,22,
but the function of GATA4 in RA, and the relationships
between GATA4 and RA pathology remains unclear.
Thus, we hypothesized that GATA4 promoted the
angiogenesis in the RA. Consistently, we found that

GATA4 expression was elevated in synovialcytes derived
from RA patients and in synovium from AIA rats. We
demonstrated that knockdown GATA4 decreased the
production of pro-inflammatory cytokines and angiogenic
factors in IL-1β-induced MH7A. Furthermore, we also
confirmed that CM from knockdown GATA4-MH7A

Fig. 6 Blocking GATA4 inhibits VEGF production and joint inflammation in collagen-induced arthritis mice. a Mean circulating serum VEGF
level in Control, shMOCK, and shGATA4 mice with CIA was measured at day 60 after first immunization. b Mean circulating serum inflammation
cytokines MMP3, TNF-α, and IL-1β levels in Control, shMOCK, and shGATA4 mice with CIA were measured at day 60 after first immunization. c GATA4
mRNA level and GATA4, VCAM-1, and COX2 protein levels in synovial tissues from Control, shMOCK, and shGATA4 mice with CIA were detected by
qRT-PCR and western blotting. d Representative images of immunohistochemistry microscopy of GATA4 and VEGF in knee joints sections of Control,
shMOCK, and shGATA4 mice with CIA. Data are mean ± S.E.M., n= 6; **p < 0.01; ***p < 0.001
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inhibited the migration, invasion and proliferation of ECs,
reduced the tube formation in vitro. The underlying
mechanism involved in overexpressed GATA4 directly
binding to the VEGFA and VEGFC’s promoter and
enhancing transcription, which promoted ECs migration
and proliferation, launching the vascular stage of the
disease. Knockdown GATA4 in vivo markedly reduced
the severity of synovial hyperplasia, inflammatory cell
infiltration and joint destruction in mice with CIA. Our
findings strongly suggested the elevated GATA4 expres-
sion promoted angiogenesis and maintained inflammation
in RA consequently.
Inflammation and angiogenesis play a central role in

many autoimmune diseases including RA. Mediators of
inflammation have a significant effect on the process of
angiogenesis23,24, and the reverse is also true25,26. RA FLSs
are implicated in the inflammatory response essentially by
synthesizing cytokines, chemokines, and proangiogenic
factors27. Angiogenesis, which is involved in the regulation
of several soluble and cell surface-bound factors, plays a

central role in the RA pathogenesis for a long time
including synovial hyperplasia and progressive bone
destruction28,29. GATA4, as a zinc-finger transcription
factor, binds specifically to the HGATAR-containing DNA
motifs through their highly conserved zinc-finger DNA-
binding domains30. It proves to be a cardiac-specific
transcriptional activator. Previous studies have pointed out
that, in addition to its important role in cardiac physiology
and pathology, GATA4 has also been reported to regulate
transcription in the gut, lungs, and ovaries 31–34. In spite of
the important function of GATA4 in heart development
and homeostasis, the role of GATA4 in RA remains
unknown. In this study we found GATA4 expression was
increased significantly in synovialcytes from RA patients.
We demonstrated that the upregulated expression of
GATA4 also presented in synovial tissues from mice with
CIA, rats with AIA, and in IL-1β-induced FLSs. We fur-
ther confirmed that IL-1β induced GATA4 expression in
FLSs, whose conditioned medium promoted angiogenic
tube formation, cell proliferation, and cell migration of

Fig. 7 GATA4 expression is increased in FLS from RA patients. Cell extracts from six OA and RA patients’ synovial tissues were assessed with qRT-
PCR or western blot. The expression of GATA4 mRNA and protein in FLS from RA or OA patients’ synovium was determined (a). Expression of VEGF,
bEGF, PEG2, MMP9, and IL-8 mRNA in FLS from RA or OA patient’s synovium (b). Data are mean ± S.E.M.; n= 6, *p < 0.05; **p < 0.01. RA rheumatoid
arthritis, OA osteoarthritis
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HUVECs. The expression of GATA4 is required for all of
these phenotypes induced by IL-1β. Importantly, knock-
down of GATA4 by siRNA completely inhibited GATA4-
induced capillary formation in vitro. Although, we
demonstrated for the first time that GATA4 plays an
important role in the angiogenesis in RA, it is consistent
with report that GATA4 functions as a stress-responsive
regulator of angiogenesis in the murine heart18.
Moreover, since knockdown GATA4 in MH7A cells

inhibited the production of inflammation mediators such
as iNOS and COX2 induced by IL-1β, which indicated
that GATA4 played a global role in inflammatory
response by regulating the expression or release of
inflammation mediators in RA. The treatment with con-
ditioned medium of IL-1β-induced FLSs transfected
siGATA4 could inhibit angiogenic ability of ECs, indi-
cating that GATA4 also mediated the interaction between
RA-FLSs and its surrounding cells. During RA, angio-
genesis is increased in the subchondral bone, which leads
to vascularization and lesion formation in the RA carti-
lage35. These in vitro results were supported by in vivo
experiments, showing that knockdown GATA4 atte-
nuated synovial inflammation and joint destruction in
mice with CIA. Thus, our findings further supported the
notion that increased synovial GATA4 expression con-
tributes to joint inflammation and angiogenesis in RA.
VEGF is the main signaling protein involved in angio-

genesis; it is detected in synovial tissue and fluid of RA, as
well as in serum. The VEGF expression level in synovial
fluid and tissues correlates with the clinical severity of
human RA and the degree of joint destruction36. During
RA, VEGF exerts its effects through binding to receptors
and promote endothelial migration and proliferation to
form vascular tubules20,37. Based on the role of angio-
genesis during pathogenesis of RA, inhibition of joint
neovascularization may be more effective in controlling
synovitis and joint destruction. The dual activities of
VEGF as an endothelial-cell mitogen and a modulator of
changes in vascular permeability are of relevance in the
pathogenesis of RA. In this study, we found that increased
GTAT4 expression in the synovial tissues of RA may
contribute to the abnormal VEGF expression as evidenced
by western blot and ELISA assay. Furthermore, we
believed that induction of this program may be straight-
forward, since the VEGFA and VEGFC genes are binding
targets for GATA4 and given the reciprocal regulation of
angiogenesis that occurred in GATA4 gain- and loss-of-
function approaches in FLSs and CIA mouse. Importantly,
knockdown of GATA4 by siRNA completely inhibited
VEGFA and VEGFC gene binding to GATA4, indicating
that induction of GATA4 was an essential part of angio-
genic gene program in RA. Therefore, GATA4 can
directly regulate VEGF expression and the angiogenic
program in the RA. These results also highlighted that

GATA4 promoted angiogenesis following pathologic sti-
mulation, suggesting a possible novel therapeutic
approach to inhibiting the angiogenic program by GATA4
target or by other means of decreasing its activity.
In summary, we demonstrated the increased GATA4

expression from RA FLSs partly mediated the angiogen-
esis pathology process in RA. In addition, IL-1β induced
the GATA4 expression in FLSs, which directly bind on
promotors of VEGFA and VEGFC to promote transcrip-
tion, further regulated the angiogenesis in RA (see
working model in Fig. 8). Taken together, our data
pointed toward GATA4 as a novel therapeutic target in
RA.

Materials and methods
Reagents
Reagent sources were as follow: Chick type II collagen

(CII) and Freund adjuvant (CFA) were obtained from
Chondrex (CII; Chondrex, Remond, WA, USA). The p38
inhibitor SB203580, the JNK inhibitor SP60012 and the
ERK inhibitor PD98059 were purchased from Calbiochem
(San Diego, CA). Antibodies COX2, GATA4, GAPDH
were obtained from Santa Cruz Biotech (Santa Cruz, CA);
VEGF (ab46154) was purchased from Abcam; ICAM-1
was purchased from Proteintech (Proteintech, USA).
Antibodies phosphor (p)-ERK1/2 (Thr202/Tyr204)
(9101), ERK1/2 (9102), p-JNK (Thr183/Tyr185) (9251),
JNK (9252), p-p38 (9216), p38 (9212) were purchased
from Cell Signaling technology (Beverly, MA).

Ethic statement
Male Sprague-Dawley (SD) rats weighing 200–220 g

and Male DBA/1 mice (6–8 weeks) were purchased from
SHANGHAI SLAC LABORATORY ANIMAL CO. LTD
(Shanghai, China). All animals were housed under

Fig. 8 Working model for GATA4 regulates angiogenesis and
persistence of inflammation in rheumatoid arthritis. FLS has lower
level of GATA4 protein. After IL-1β induced FLS or in CIA mice, GATA4
level is increased. As a consequence, GATA4 binds to the promoter of
VEGF gene and enhances the transcription of VEGF, causing
angiogenesis and persistence of inflammation in rheumatoid arthritis
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conventional conditions and the experimental protocol
conformed to the Animal Welfare Act Guide for Use and
Care of Laboratory Animals, and was approved by Insti-
tutional Animal Care and Use Committee (IACUC),
School of Pharmacy, Fudan University, China.
Human synovial samples were obtained from the knee

joints of six patients with RA treated in Guanghua Inte-
grative Medicine Hospital, Shanghai, China. Control
synovial samples from six patients with osteoarthritis
(OA) were obtained from Ningbo The 9th Hospital,
Ningbo, China. All patient samples were taken with
patient consent and full local regional ethics committee.

Cell culture and collection of CM
We thank Professor Zhang Peng (Chinese Academy of

Science, Shenzhen) for providing FLS MH7A cell lines,
which were purchased from the Riken cell bank (Tsukuba,
Japan). MH7A cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) in high glucose, supplemented
with 10% fetal bovine serum (Hyclone) and 1% penicillin/
streptomycin, in a 5% CO2 humidified atmosphere at 37 °C,
and human umbilical vein endothelial cells (HUVECs)
were cultured in endothelial cell growth medium (ECM,
ScienCell, California, USA) supplemented with 10% fetal
bovine serum. MH7A cells at passages 4–6 were used, and
HUVECs at passages 3–5 were used in our experiments.
MH7A cells were treated or not (control) with 10 ng/ml

of IL-1β (Peprotech, Rocky Hill, NJ, USA) for 24 h. At the
end of stimulation, supernatants were collected and cen-
trifugated (5 min, 1600 rpm) to remove cells and debris as
CM for further use. EM and GM were collected from the
culture medium of IL-1β-induced MH7A cells transfected
with scramble control siRNA (siScr) and GATA4 siRNA
(si GATA4), respectively.

Real-time quantitative polymerase chain reaction
Total RNA was isolated with the use of TRIzol (Invi-

trogen, Carlsbad, CA, USA) according to the manu-
facturer’s instruction, and then reversely transcribed into
cDNA using the Primer Script RT reagent Kit (TaKaRa
Biotechnology Co., Ltd., Dalian, China). The PCR out-
come was determined using CFX96 Real-Time PCR
Detection System (Bio-Rad). The primers in RT-qPCR
reaction were used as Table S1.

Western blot assay
Cells or synovial tissue were lysed to quantitate protein

levels using BCA protein assay (ThermoFisher Scientific).
Equal amounts (25 mg) of proteins were separated and
transferred to nitrocellulose membrane. Specific primary
antibodies used included, then visualized by secondary
antibodies conjugated with horseradish peroxidase.
Immunoreactive proteins were visualized by enhanced
chemiluminescence and signal intensity was detected and

quantified by Alpha Imager (Alpha Innotech Corp, San
Leandro, CA).

Chromatin immunoprecipitation PCR
ChIP assays of MH7A cells induced by IL-1β (10 ng/ml) for

6 h were performed. The cells were crosslinked with final
concentration 1% formaldehyde for 10min at room tem-
perature. Then 125mM glycine was added to quench
unreacted formaldehyde. The cells were gathered and soni-
cated to make DNA fragments with a size range of 200–1000
bp. The cell extracts were immunoprecipitated using 2 μg
anti-GATA4 for each sample suspended in 300 μl Chromatin
buffer (1× protease inhibitor, 1.0% Triton X-100, 0.5mM
EGTA, 1.0mM EDTA, 10mM Tris-HCl, pH 8.0). For all
ChIP experiments, PCR analysis was performed by using
multiple sets of primers spanning the transcription factor
binding site on VEGFA and VEGFC gene promoter.
Sequences of primers for the ChIP assay were as follows:
VEGFA: 5′-CAAAGAGGGAACGGCTCTCA-3′ (forward)
and 5′-AAAATTACCCATCCGCCCCC-3′ (reverse).
VEGFC-1: 5′-CTCCGAGGTCCCATAGGGTT-3′ (forward)
and 5′-GCTTTATCCTCGGCCACTCC-3′ (reverse);
VEGFC-2: 5′- ATCACCTCTAAAGCCGGTCC-3′ (forward)
and 5′-GCTTATGTGAGAGAAAGCGGC-3′ (reverse).

Endothelial cell proliferation assays
The HUVECs proliferation was measured by perform-

ing 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay,
using EdU assay kit (KeyGEN BioTECH, Shanghai,
China), according to the manufacturers’ instructions.
Briefly, 5 × 103 cells per well were plated in 24-well plates
for 12 h, then incubate with CM for 24 h at 37 °C. Fifty µM
of EdU was added to each well and cells were cultured for
additional 4 h at 37 °C, then the cells were stained with
DAPI and visualized under a fluorescent microscope
(Zeiss LSM780, Carl Zeiss). The proliferative cells were
stained with green color and the EdU incorporation rate
was expressed as the ratio of EdU positive cells to total
DAPI positive cells (blue cells).

Endothelial cell invasion and migration assay
The transwell assay was applied to assess the invasion

effect of MH7A-secreted factors to the endothelial cells.
HUVECs suspended in 0.2ml of serum-free ECM at 2 × 104

cells/well to the 24-well upper chamber, and 0.8ml of
DMEM filled with CM, which served as the chemoattractant,
was added to the bottom well. After incubation for 24 h, the
transwell inserts were fixed with 4% paraformaldehyde for
10min and stained with 0.05% crystal violet. The migrated
cells on the bottom layer were captured and measured by
counting the number from five randomly chosen fields under
a light microscope (Zeiss LSM780, Carl Zeiss).
The scratch assay was conducted to measure cell

migration. HUVECs, plated to confluence on 35-mm
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culture dishes, were wounded with 1-ml sterile micro-
pipette and then washed three times with starving media
to remove detached cells. The remaining cells were trea-
ted with or without CM. After 8 h of incubation, migra-
tion was detective by the distance that the cells that
moved beyond a reference line. The wound width and
area were analyzed using Digimizer.

Tube formation assay
HUVECs were pre-cultured overnight in ECM with

0.25% FBS and then reseeded at a density of 2.5 × 104

cells/well in 48-well plates pre-coated with Matrigel
Matrix (BD Biosciences). HUVECs were treated with
0.25% FBS containing CM or not for 4 h. After that, the
capillary-like tube formation of each well in the culture
plates was photographed (Zeiss LSM780, Carl Zeiss).
These images were analyzed using NIS Elements AR
Analysis 4.10.00 (Nikon, Tokyo, Japan).

Mouse aortic ring assay
48-well plates were covered with 200 μl Matrigel and

incubated at 37 °C in 5% CO2 for 30 min. The thoracic
aortas were isolated from C57 mice with the periadvtitial
fat and connective tissues cleaned. After washed with PBS,
thoracic aortas were cut into 1 mm long rings, placed in
the Matrigel-covered wells. And then another 200 μl
Matrigel was added into the aortas rings. And then
another 200 μl Matrigel was added into the aortas rings.
Once the upon-layer matrigel solidified, 200 μl CM was
added into the well. After 7 days, the microvessel growth
was photographed (Zeiss LSM780, Carl Zeiss). The
number of microvessels was measured by using Adobe
Photoshop software.

Induction of rat AIA
Arthritis was induced by Freund’s complete adjuvant

(CFA) inoculation of the SD rats. Briefly, on day 0, rats
were anesthetized and then injected intradermally at the
base of the tail with 0.05 ml CFA containing 10mg/ml of
heat-inactivated Mycobacterium (Catalog #7027, Chon-
drex, Inc). Rats in the control groups were injected with
an equal volume of saline instead of CFA.

Induction of mice CIA
DBA/1 mice were immunized intradermally with

chicken type II collagen emulsified with CFA, adminis-
tered at the tail base on day 0, and received booster
injections of emulsion on day 21 with chicken type II
collagen emulsified in IFA, resulting in a more than 90%
incidence of arthritis, as previously reported38.

Lentivirus generation and in vivo shRNA delivery
The lentivirus vectors were produced by cotransfection

of 293T cells with the shRNA GATA4 plasmids (Obio

technology, Shanghai) along with the packaging plasmid
psPAX2 and the envelope plasmid pMD2.G. shRNA
GATA4 lentivirus were harvested and concentrated by
ultracentrifugation. CIA mice were injected via tail vein
purified lentiviral particles (1 × 108 MOI) that carry short-
hairpin RNA targeting GATA4 (sh GATA4) every 5 days
from day 5 after the first CII immunization to day 15.
Control CIA mice were injected via tail vein vector len-
tiviral particles (sh MOCK).

Evaluation of arthritis
All four paws of the CIA mice were examined by a

blinded observer every 3rd day for the signs of swelling
and/or redness and evaluated and scored from 0 (no
inflammation) to 4. 0= no disease; 1=mild swelling or
redness of just one group of joints; 2= swelling and
redness of one whole foot which can move normally; 3=
moderate swelling and redness of one whole foot whose
moving ability is partly limited; 4= the joints are severe
swelling, redness, and/or ankylosis, and the limb cannot
move at all39.

Histological analysis of joint tissue and immunostaining
Mouse joint tissues were decalcified with 0.5M ethyle-

nediamine tetraacetic acid (EDTA, pH 8.0) for 2 weeks,
embedded in paraffin, and sectioned at 5 μm thickness.
Synovitis was evaluated via hematoxylin and eosin
staining of joint sections, which was scored from 0 to 3
defined as hypercellularity of the synovium, including
pannus formation. And the destruction of cartilage,
which was defined as the loss of aggrecan, as measured
by Safranin O or toluidine blue staining of articular car-
tilage (0= fully stained cartilage, 3= totally unstained
cartilage).

Immunohistochemical staining
Tissue sections were prepared as described above.

Endogenous peroxidase activity was inhibited by 3%
hydrogen peroxide. Antigen retrieval was performed by
autoclaving at 120 °C for 15min in 0.01M citrate buffer
(pH 6.0). The sections were reacted overnight with the
following rabbit polyclonal antibodies: anti-VEGF (diluted
1:200) and anti-GATA4 (diluted 1:150) at 4 °C. The sec-
ondary antibody biotinylated anti-rabbit IgG was applied
for 30min at room temperature. The sections were
visualized by 3, 30-diaminobenzidine-tetrahy-drochloride
(DAB).

Cytokine measurement
VEGF, TNF-α, IL-1β, and MMP3 levels in supernatant

or serum were measured by using commercially available
Enzyme-linked immunosorbent (ELISA) kits (Boatman
BioTech, Shanghai, China), according to the manu-
facturer’s instructions.
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Establishment of human FLS
Synovial tissues were isolated from patients with RA

and OA at the time of arthroscopic biopsy or total joint
replacement. Synovial tissue specimens were minced into
small pieces and treated with 1 mg/ml of collagenase
(Sigma) for 2 h at 37 °C in serum-free RPMI 1640, filtered
through a nylon mesh, and washed extensively39. Next,
the cells were suspended in RPMI 1640 containing 10%
heat-inactivated FBS, 100 units/ml of penicillin, and 100
μg/ml of streptomycin. All cultures were incubated at 37 °
C in an atmosphere of 5% CO2 in air. FLS were cultured
for six to eight passages and lysate was then collected for
analyses.

Statistical analysis
All data were performed using the software GraphPad

Prism version 5.0. One-way ANOVA was initially per-
formed to determine whether an overall statistically sig-
nificant change existed before using the two-tailed paired
or unpaired Student’s t-test. All values are expressed as
the mean ± S.E.M. For each test, p values less than 0.05
were considered significant.
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