Fan et al. Arthritis Research & Therapy (2024) 26:31 Arth ritis Resea rch & Th era py
https://doi.org/10.1186/s13075-024-03263-3

: , ®
Potential role of RhoA GTPase regulation B

in type interferon signaling in systemic lupus
erythematosus

Wei Fan'", Bo Wei?, Xuyan Chen', Yi Zhang', Pingping Xiao', Kaiyan Li', Yi gin Zhang?®, Jinmei Huang',
Lin Leng* and Richard Bucala*’

Abstract

Objective Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by abnormal activation
of the type | interferon (IFN) pathway, which results in tissue inflammation and organ damage. We explored the role
of the RhoA GTPase in the type I IFN activation pathway to provide a potential basis for targeting GTPase signaling
for the treatment of SLE.

Methods Total RNA was extracted from peripheral blood mononuclear cells (PBMCs) of SLE patients and healthy
controls, and the mRNA expression levels of RhoA and IFN-stimulated genes were measured by SYBR Green quantita-
tive reverse transcriptase-polymerase chain reaction. IFN-a-stimulated response element (ISRE)-luciferase reporter
gene assays and Western blotting were conducted to assess the biologic function of RhoA. An enzyme-linked immu-
noassay (ELISA) measured C-X-C motif chemokine ligand 10 (CXCL10) protein expression.

Results Our studies demonstrate that the expression of RhoA in the PBMCs of SLE subjects was significantly higher
than in healthy controls and positively correlated with type I IFN scores and type | IFN-stimulated gene (ISGs)
expression levels. SIRNA-mediated knockdown of RhoA and the RhoA/ROCK inhibitor Y27632 reduced the activ-

ity of the type I IFN-induced ISRE, the signal transducer and activator of transcription 1 (STAT-1) phosphorylation,
and the expression of CXCL10 and 2'-5'-oligoadenylate synthetase 1 (OAS1). Finally, we verified that Y27632 could
significantly down-regulate the OAST and CXCL10 expression levels in the PBMCs of SLE patients.

Conclusion Our study shows that RhoA positively regulates the activation of the type I IFN response pathway.
Reducing the expression level of RhoA inhibits the abnormal activation of the type I IFN system, and the RhoA/
ROCK inhibitor Y27632 decreases aberrant type | IFN signaling in SLE PBMCs, suggesting the possibility of targeting
the RhoA GTPase for the treatment of SLE.
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Background

Systemic lupus erythematosus (SLE) is a multisystem
autoimmune disease that causes immune dysregulation
and chronic inflammation, leading to progressive end-
organ damage [1]. Studies over several decades have
underscored the pathogenic complexity of SLE, but type I
IEN produced by innate immune cells and a dysregulated
activation of the adaptive immune system are considered
important for the initiation and maintenance of the dis-
ease [2, 3]. Sustained activation of the type I IFN pathway
leads to excessive production of numerous tissue-damag-
ing inflammatory cytokines, which mediate many of the
long-term pathologic sequelae in the skin, kidneys, and
other organ systems [4-7].

The majority of patients with SLE exhibit abnor-
mal expression of multiple type I IFN-inducible genes,
known as the type I IFN signature [2, 3, 8]. The type I IFN
expression signature determined in the tissues or serum
of lupus patients is associated with pathogenesis, clini-
cal manifestations, and disease activity [9-12]. Previous
reports have shown that the therapeutic use of IFN-a, a
major type I IFN family member, can induce an SLE-like
syndrome, while blocking the action of type I IFNs or
their common receptor reduces immunological dysfunc-
tion and decreases tissue damage in SLE [13-16].

RhoA is a member of the Rho-GTPase family that has
a crucial role in a variety of biologic processes, including
cell adhesion and migration, apoptosis, and in the regu-
lation of immunologic functions [17-20]. RhoA exerts
its major functions by activating Rho-associated serine/
threonine protein kinases (ROCKs), which include the
two isoforms: ROCK1 and ROCK [19]. Activation of the
RhoA/ROCK pathway in autoimmune disease has been
well described, although knowledge of its specific contri-
bution to SLE is only emerging [17]. Previous studies have
reported that inhibition of RhoA/ROCK signaling sig-
nificantly reduced anti-dsDNA antibody levels in lupus-
prone NZB/NZW F1 mice, effectively alleviating renal
damage and reducing mortality [21]. Our previous study
has demonstrated a significant increase in RhoA expres-
sion in lupus T cells [22]. In addition, abnormal activa-
tion of the RhoA-ROCK pathway has been observed in
SLE patients, and targeting this pathway has the poten-
tial to rescue T cell dysfunction. Analyses of gene chip
expression data have indicated that treatment with the
RhoA/ROCK inhibitor Y27632 may affect elements of
the type-I IFN signaling pathway [23, 24]. Furthermore,
downstream of the IFN-a/b receptor (IFNAR), RhoA
serves as an important signaling effector, promoting the
survival of B cells by preventing IFN-a/b-induced apop-
tosis [25]. These prior observations support a mechanis-
tic link between RhoA and IFN-a/b-mediated immune
responses. The PBMCs of a majority of lupus patients
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also exhibit up-regulated ROCK activity [24]. In the pre-
sent report, RhoA mRNA expression further is shown
to be higher in the PBMCs of lupus patients when com-
pared to healthy controls, and expression levels correlate
positively with type I IEN scores and interferon-induced
genes, including CXCL10, OAS1, IFIT3, and MX1.

We hypothesize that the overexpression of RhoA leads
to pathogenic activation of the type I IFN pathway, with
consequences for immune activation in SLE. Accord-
ingly, we examined the activation state of RhoA and its
downstream actions in the PBMCs of lupus patients and
assessed the consequences of RhoA pathway inhibition
on selected type I IFN-induced genes relevant to immune
dysregulation.

Materials and methods

Study subjects

We enrolled 36 SLE patients admitted to the Second
Affiliated Hospital of Xiamen Medical College and
defined according to the American College of Rheuma-
tology 1997 revised criteria for SLE. Thirty-six age- and
sex-matched healthy controls were drawn from volun-
teers with no personal history of autoimmune disease or
immunosuppressive therapy. All participants signed writ-
ten informed consent for this study. The SLEDAI-2000
assessment tool was used to quantify disease activity for
the SLE patients [26]. The study was performed accord-
ing to the current National Health and Family Planning
Commission of China ethical standards and approved by
the hospital ethics committee.

Study samples

Approximately 15-25 ml of venous blood was drawn
from each study subject into heparinized tubes and cen-
trifuged at 2000 rpm for 10 min at 4°C to extract plasma,
which was stored at—80°C. PBMCs were isolated from
heparinized blood by density-gradient centrifugation
using Ficoll-Paque Plus medium (GE Healthcare) in
accordance with the manufacturer’s instructions.

Cells and reagents

Human THP1 monocytes or PBMCs were cultured in
RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS/Gibco) and 1% penicillin—streptomy-
cin (Hyclone, USA) in a humidified atmosphere of 5%
CO, at 37°C. The pCMV6-RhoA plasmid overexpressing
human-RhoA and pCMV6-Ctrl plasmid were purchased
from ORIGENE. The two plasmids were confirmed by
DNA sequencing and were prepared for transfection
using the EndoFree Plasmid Maxi kit (Qiagen). The cor-
rect mRNA and protein expression of the clone plasmid
were confirmed by reverse transcription-quantitative
PCR (RT-qPCR) and Western blot analysis, respectively.
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RhoA small-interfering RNA (siRNA) sequences and
siRNA universal negative control were obtained from
Sigma-Aldrich. The siRhoA sequences were as follows:
sense: 5'-CAGAUACCGAUGUUAUACU-3' and anti-
sense: 5'-AGUAUAACAUCGGUAUCUG-3'.

Cell transfection and stimulation

HEK-293 and THP1 cells were transfected with siRNAs
(200 nM) or plasmid (4 mg/mL) controls using Lipo-
fectamine RNAIMAX or Lipofectamine 2000 reagent
following the manufacturer’s recommendations (Invitro-
gen). At 24—48 h after transfection, the cells were stimu-
lated with IFN-a (1000 U/mL, PBL Interferon Source) for
6 h. The RhoA/ROCK inhibitor Y27632 (30,60,90 uM,
Beyotime) was added 45 min before stimulation with
IFN-a (1000 U/mL, PBL Interferon Source). IFN-a was
used to activate IFNAR as a type I IEN stimulus.

Dual-luciferase reporter gene assay

An ISRE-luciferase construct (pISRE-TA-Luc) was used
for monitoring the induction of the STAT1 and STAT2
components of the janus kinase (JAK)/STAT-mediated
signal transduction pathways (Supplement Fig. 1). The
pISRE-TA-Luc plasmid contains five copies of an ISRE
enhancer element located upstream of the minimal TA
promoter. Upon binding of the STAT1 and STAT2 het-
erodimer to the cis-acting ISRE enhancer element, tran-
scription is induced and the luciferase reporter gene is
activated. HEK-293 T cells were cultured in a 96-well
plate and co-transfected with siRhoA (200 nM) or RhoA
expression plasmids (4 mg/mL), or their controls together
with a mixture of Renilla vector (10 ng, Promega) and
the ISRE-luciferase reporter gene vector (100 ng, Clon-
tech) for 24 h. IFN-a (1000 U/mL) then was added for
an additional 6 h of incubation. The cells were harvested
and lysed, and luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega) and
CYTATIONS (BioTek) instrumentation. The ratio of fire-
fly luciferase activity to Renilla luciferase activity was cal-
culated for each well. All experiments were performed in
triplicate.

RNA extraction and real-time PCR (RT-PCR)

Total RNA was isolated using the RNeasy Mini kit (Qia-
gen). To quantify mRNA expression, complementary
DNA (cDNA) was synthesized from 500 ng of total RNA
with the SuperScriptIIl RT Reagent kit (Invitrogen) and
amplified by real-time PCR (iTaqTM Universal SYBR
Greensupermix; Bio-RAD). The endogenous expression
of GAPDH was used as the internal control. The rela-
tive expression levels were calculated using the 2-AACt
method. All of the experiments were performed with a
ViiA7 Real-Time PCR System (Applied Biosystems).
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The primers for RT-PCR were as follow: for GAPDH, for-
ward 5-CTCCTCCTGTTCGACAGTCA-3’ and reverse
5-CAATACGACCAAATCCGTTG-3% for RhoA, forward
5" TCTTCGGAATGATGAGCAC-3and reverse 5-CTT
TGGTCTTTGCTGAACAC-3’; for IFIT3, forward 5-TGA
GGTCACCAAGAATTCCCTG-3" and reverse 5-CAA
TCTGGTTACACACTCTATCTTC-3; for OAS1, for-
ward 5-GAAGGCAGCTCACGAAAC-3’ and reverse5™-
TTCTTAAAGCATGGGTAATTC-3, for MX1, forward
5-GGGTAGCCACTGGACTGA-3" and reverse 5-AGG
TGGAGCGATTCTGAG-3".

Calculation of type | IFN scores

Type I IFN scores were calculated according to the rela-
tive expression (RE) of the type I IFN-inducible genes
MX1, OAS], IFIT3, and CXCL10 (Supplement Fig. 2).
The mean+SD expression level of these genes in the
healthy control (hc) group (meany,. and SD; ) were used
to standardize the expression levels per gene for each
study subject [10, 27]. The type I IEN scores were calcu-
lated by summing up the individual RE of each gene after
normalization to the healthy control value as follows:
2 (REgypjece — Meany,)/SDy,.. An IFN-score was regarded
as positive when it was higher than the mean+2SD of
HC values [11].

Enzyme-linked immunosorbent assay (ELISA)

The CXCL10 concentrations of plasma samples and cell
culture supernatants were analyzed by specific ELISAs
(R&D Systems) in accordance with the manufacturer’s
instructions.

Western blotting

HEK-293 T cells were seeded into 6-well plates and
5x10° HEK-293 T cells per well transfected with siRhoA
(200 nM) or RhoA over-expression plasmids (4 m/mL),
or their controls; 48 h after incubation, the cells were
treated with IFN-a (1000 U/mL) for an additional 6 h or
the RhoA/ROCK inhibitor Y27632 (60 uM, Beyotime),
which was added for an additional 45 min before add-
ing IFN-a. The cells then were harvested and lysed at
different time points and subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and trans-
ferred onto polyvinylidene difluoride membranes for
immunoblotting followed by protein detection with the
SuperSignal West Femto Maximum Sensitivity Substrate
(Pierce). The visualized proteins were scanned and the
signal intensities quantified using Image J. The specified
primary antibodies were directed against RhoA (Santa
Cruz Biotechnology, diluted 1:200), total and phospho-
rylated STAT1 and STAT?2, (Proteintech, diluted 1:3000),
and P-actin (Abcam, diluted 1:5000). The secondary
antibodies were horseradish-peroxidase (HRP)-linked



Fan et al. Arthritis Research & Therapy (2024) 26:31

anti-mouse IgG antibody (Proteintech 1:10,000) and
HRP-linked anti-rabbit IgG antibody (Proteintech,
diluted 1:10,000).

Statistical analysis

Descriptive data are presented as mean + standard devia-
tions (SDs). Continuous variables were analyzed using
the Student’s t-test or nonparametric Mann—Whitney
U-test depending on the normality of the distribution
for comparisons of two groups. The Shapiro—Wilk test
was used to assess whether the distribution of data fol-
lows a normal distribution. Correlations were calculated
using the Spearman r test. Data were analyzed with

>
w
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Prism 8 (GraphPad Software, Inc, San Diego, CA, USA)
and P values of 0.05 or less were considered statistically
significant.

Results

PBMC RhoA expression correlates positively with type | IFN
scores in SLE patients

We investigated differences in the expression of RhoA
mRNA in PBMCs between patients with SLE and
healthy controls by quantitative, real-time PCR (RT-
PCR) and observed a 3-fold higher level of RhoA mRNA
in the lupus group (Fig. 1A). (The characteristics of the
two studied cohorts are shown in the Supplementary
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Table 1). We examined the relationship between RhoA
expression in the PBMCs of the SLE group with four
well-characterized type I IFN inducible genes: OASI,
CXCL10, IFIT3, and MX1, and observed a significant
positive correlation with RhoA expression (Fig. 1B-E).
Additionally, RhoA expression correlated with a type I
IEN score calculated on the basis of the relative expres-
sion of these genes (Fig. 1F). As expected, this score
was elevated in the SLE versus healthy control group
(Fig. 1G) and correlated with the Systemic Lupus Ery-
thematosus Disease Activity Index (SLEDAI) values in
our studied population (Fig. 1H). We further observed
a positive correlation between RhoA expression (Fig. 1I)
and SLEDAI values, while there was no correlation with
steroid dosage (Supplementary Fig. 3).

RhoA enhances ISRE-luciferase activity and selected type |

IFN-induced genes

We hypothesized that RhoA may upregulate the type
I IEN signaling pathway by increasing the activity of
interferon response elements (ISRE) in target genes.
As a major member of the type I interferon (IFN) fam-
ily, IFN-a was used to stimulate the induction of
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ISRE-luciferase activity and type I IFN-induced genes.
We transfected cultured HEK-293 T cells with an ISRE-
luciferase reporter plasmid and simultaneously treated
them with a siRNA targeting RhoA or a RhoA expression
plasmid. After 6 h of IFN-a stimulation, we quantified
the activity of ISRE. The successful silencing or increased
expression of RhoA in HEK293T cells was verified by RT-
PCR, which showed that inhibition or overexpression
of RhoA led to a 2-fold decrease or a 10-fold increase in
RhoA expression, respectively (Supplementary Fig. 2).
We observed that genetic knockdown of RhoA reduced,
and forced RhoA expression increased, ISRE-luciferase
activity, respectively (Fig. 2A, B). In addition, experi-
mental inhibition or augmentation of RhoA expression
had commensurate effects on the expression of OAS1
and IFIT3 (Fig. 2B-D). As we found low expression of
CXCL10 in HEK-293 T cells, we examined the expres-
sion of this chemokine in humans in THP-1 mono-
cytes. As expected, siRNA-induced RhoA knockdown
decreased type I IFN-induced CXCL10 mRNA and pro-
tein expression levels in THP-1 cells (Fig. 2E, F). We also
identified that transfection with RhoA siRNA reduced
RhoA mRNA and protein levels in THP-1 monocytes
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Fig. 2 RhoA regulates the type | IFN-stimulated response element (ISRE) and downstream gene expression. A ISRE activity of HEK293T cells
transfected with ISRE-luciferase and a Renilla reporter plasmid together with a negative control (Ctrl) or RhoA-targeted siRNA (each at 200 nM). B
ISRE activity of HEK293T cells transfected with RhoA-overexpression or control plasmids (each at 100 ng). At 24 h after transfection, the cells were
left unstimulated (0 h) or stimulated with IFN-a (1000 U/mL, 6 h). Data in A and B are expressed as fold-change based on relative luciferase activities
(ratio of firefly luciferase to Renilla luciferase). C-E The relative expression of OAST, IFIT3, and CXCL10 mRNAs were determined by quantitative

PCR. FThe CXCL10 levels in culture supernatants were determined by enzyme-linked immunosorbent assay. Data were assessed in HEK293T (C, D)
and THP1 cells (E, F) at 24 h after transfection of the negative control (Ctrl) or siRNA (200 nM) stimulated cells with IFN-a (1000 U/mL) for 6 h. Bars
show the mean + SEM of 3 independent experiments. *p < 0.05, **p <0.01 and **p <0.001 by Student’s t-test
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(Supplementary Fig. 4). Taken together, these findings
indicate that RhoA is a positive regulator of ISRE activ-
ity and the transcription of the type I IFN-induced genes
OAS], IFIT3, and CXCL10.

RhoA promotes STAT-1 phosphorylation by type | IFN

The two serine-threonine kinases ROCK1 and ROCK2
are important downstream effectors of Rho GTPases
that phosphorylate downstream signaling intermedi-
ates. RhoA activation is known to induce the tyrosine
phosphorylation of the signal transducer and activator of
transcription (STAT) proteins [28, 29]. To further clarify
the mechanism by which RhoA regulates type I IFN sign-
aling, we tested whether the activating function of RhoA
is attributable to the promotion of STAT-1/2 phospho-
rylation activity. SiIRNA genetic knockdown of RhoA
reduced and RhoA overexpression increased STAT-1
phosphorylation, respectively, as revealed by Western
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blotting (Fig. 3A-D). By contrast, the phosphorylation
of STAT-2 was not affected by experimental changes in
RhoA expression.

Pharmcologic RhoA/ROCK inhibition reduces type | IFN
signaling

We next tested if the small molecule RhoA/ROCK inhibi-
tor Y27632 influenced the phosphorylation of STAT-1,
ISRE-luciferase activity, and the expression levels of
ISGs in a manner similar to the knockdown of RhoA. We
treated ISRE-luciferase transfected HEK293T cells with
Y27632 (60 mM) before stimulation with IFN-a (1000 U/
mL). Both ISRE-luciferase activation and STAT-1 phos-
phorylation were decreased upon the addition of Y27632
(Fig. 4A-C). We also examined PBMCs treated with
Y27632 (60 mM, 45 min), followed by 6 h of stimulation
with 1000 units/ml of IFN-a. We found that the phospho-
rylation of STAT-1 was decreased by the prior addition
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Fig. 3 RhoA regulates type | IFN-induced STAT-1 phosphorylation. Western blot analysis (A, C) and densitometry histograms (B, D) of cell lysates
of cultured HEK293T cells (5% 10° cells per well) transfected with SiRNA (200 nM) targeting RhoA mRNA (A) or a RhoA expression plasmid vector

(4 ug/mL) (C), and their controls (a negative control siRNA or pCMV-NC) stimulated with IFN-a (1000 U/mL) for different times, as shown. The
staining density histograms are from three independent experiments and values are expressed as the ratios of phosphorylated STAT-1 protein

to total STAT-1. The immunoblot of cells transfected with a negative control siRNA (B) or the pCMV-NC vectors (D) were set at a value of 1. *p <0.05,

**p<0.01.by Student’s t-test
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Fig. 4 The RhoA/Rock Inhibitor Y27632 downregulates type I IFN signaling. A HEK293T cells were co-transfected with ISRE-luciferase and Renilla
reporter plasmids for 24 h, then cultured with or without Y27632 (60 uM, 45 min) before the addition of IFN-a (1000 U/mL, 6 h). Luciferase activity
was measured by dual luciferase assay. B PBMCs from healthy controls were cultured in the presence or absence of Y27632 (60 uM, 45 min)

and stimulated with IFN-a (1000 U/mL) for different times. Western blots show whole-cell lysates harvested at the indicated times. C Histograms
show the ratios of phosphorylated to total STAT-1 at the indicated times. The ratio of pSTAT-1/STAT-1 in the absence of Y27632 and IFN-a at 0 min
was set at 1. D Relative expression of OAST and E CXCL10 mRNA in PBMCs cultured with Y27632 (0, 30, 60, and 90 uM, for 45 min and stimulated
with IFN-a (1000 U/mL) for 6 h. Results are the relative expression levels of OAST and CXCL10 mRNA normalized to endogenous GAPDH mRNA
levels. F CXCL10 levels in PBMC culture supernatants quantified by ELISA. Bars show the mean + SEM of 3 individual healthy donors; *p <0.05,

**p<0.01, A and C versus vehicle by Student’s t-test

of Y27632 (Fig. 2B, C). Furthermore, there was a dose-
dependent decrease in the ability of PBMCs to express
OAS1 and CXCL10 mRNA as well as produce CXCL10
protein (Fig. 2E, F). Taken together, these studies indicate
that similar to the genetic knockdown of RhoA, Y27632
decreases the consequences of type I IEN stimulation on
RhoA-mediated signaling by reducing ISRE-luciferase
activity, STAT-1 phosphorylation, and the expression of
the type I IFN-induced genes OAS1 and CXCL10.

RhoA/ROCK inhibition attenuates CXCL10 and OAS1
expression in type | IFN scoring high SLE PBMCs

We next examined if pharmacologic inhibition of RhoA
could reduce the type I IFN signaling pathway in PBMCs
obtained from lupus patients with high type I IEN scores
(see Supplementary Table 2 for patient characteris-
tics). We incubated PBMCs with Y27632 (60 mM, 6 h)
and observed a reduction in the expression of OAS1
and CXCL10 mRNA when compared to medium alone
(Fig. 5A). The addition of IFN-a (1000 U/ml, 6 h) to these
PBMCs increased both baseline OAS1 and CXCL10
mRNA expression, and CXCL10 protein production, but

these increases were nevertheless significantly reduced
by prior treatment with Y27632 (60 mM, 45 min).

Discussion

Systemic lupus erythematosus is an autoimmune disease
provoked by aberrant and sustained type I IFN responses
and elevated levels of inflammatory cytokines, leading to
tissue inflammation and critical end-organ damage [30].
Despite improvements in treatment during the past sev-
eral decades, complete control of lupus disease activity
is rarely achieved [31]. Elevated levels of type I IFN and
its gene expression signature correlate with measures of
disease activity and clinical flares, leading to therapeu-
tic efforts targeting IFN-a, the type I IFN receptor, and
downstream signaling molecules [32]. Anifrolumab, a
monoclonal antibody targeting the type I IFN receptor,
has been shown to reduce disease activity in SLE patients
[13], although not without attendant risks of excessive
immunosuppression and infection [33].

The interferon signaling pathway is complex, involving
the regulation of the expression of multiple genes. Differ-
ent interferon-related genes may be selected in various
studies to calculate a type I IFN score [9]. For example,
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Fig.5 The RhoA/ROCK inhibitor Y27632 reduces type | IFN signaling in lupus PBMCs. A Relative expression of OAST and CXCL10 mRNA in PBMCs
obtained from SLE patients (n=6) and incubated in medium alone or with Y27632 (60 uM, 6 h). B OAS1T and C. CXCL10 mRNA measurements

in lysates of lupus PBMCs (n=6) cultured with or without Y27632 (60 uM, 45 min) and stimulated with IFN-a (1000 U/mL). Results are the relative
expression levels of OAS1T and CXCL10 mRNA normalized to endogenous GAPDH mRNA levels. D CXCL10 levels in culture supernatants quantified
by ELISA. Bars show the mean +SEM of 6 individual PBMC samples. *p < 0.05 by Student's t-test

Marticorena et al. derived a score from the expression
of five type I IFN-inducible genes (LY6E, OAS1, IFIT1,
ISG15, and MX1) [34]. Other studies have calculated
IEN scores using different gene sets, such as IFN3-scores
(TF127, IFIT3, and CXCLI10) [35], and IFN12-scores
(M1.2: 1P10, IFI44L, IFIT3, LY6E, MX1, and SERP-
ING1; M3.4: IFITM1, IRF7, and STAT1; M5.12: C1QA,
IF116, and IRF9) [11]. At present, there is no established
consensus by which interferon-stimulated genes (ISGs)
should be used to construct an IFN score. Generally,
the selection of an interferon signature serves as a bio-
marker for SLE and assists in assessing disease activity.
In our study, we evaluated the expression of four type I
IFN-inducible genes (OAS1, CXCL10, IFIT3, and MX1)
in SLE patients and healthy controls based on the prior
work of Chiche, L et al. and Wu L et al. [35, 36]. Con-
sistent with previous findings, we observed a significant
upregulation of these four genes in SLE patients com-
pared to the healthy control group, as shown in Supple-
mentary Fig. 2. Accordingly, we selected MX1, OASI,
IFIT3, and CXCL10 for the type I IEN score calculation
following an algorithm previously introduced in the lit-
erature [10]. Both the type I IEN score and the individual

gene expression levels exhibited good diagnostic accu-
racy in distinguishing between SLE patients and healthy
subjects. The area under the curve (AUC) for the type I
IEN score was 0.8967. As expected, the type I IFN score
was elevated in the SLE group when compared to the
healthy control group and correlated with SLEDAI values
in our study population.

RhoA is a member of the Rho subfamily of GTPases
that is rapidly activated by a diverse array of biochemi-
cal signals to regulate numerous biological processes,
including cytoskeletal reorganization, cell proliferation
and differentiation, and apoptosis [37-39]. The RhoA/
ROCK pathway has been implicated in lupus pathology
in a prior study that showed that increased phosphoryla-
tion of the ezrin, radixin, and moesin (ERM) proteins
interact with the macrophage migration inhibitory fac-
tor (MIF) co-receptor CD44 to promote the adhesion,
migration and inflammatory response of T lymphocytes
[40]. Genetic knockdown of RhoA further was observed
to suppress the apoptosis of renal tubular epithelial cells
in mice with lupus nephritis [41]. The RhoA/ROCK
inhibitor, Y27632, also attenuated disease development
in lupus-prone mice by diminishing T cell production of
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IL-17 and IL-21 [42], and it reduced serum the levels of
tumor necrosis factor-a (TNF-a), IL-1p and interleukin-6
(IL-6) while increasing the levels of IL-10 [43]. Addition-
ally, pharmacologic RhoA/ROCK inhibition reduced
the production of anti-dsDNA antibody levels and the
responsiveness of B cells to B-cell activating factor recep-
tor (BAFF/ BAFFR) [38, 44], suggesting a role in the dif-
ferentiation of autoantibody-producing B lymphocytes in
SLE [45]. Our previous work has shown that the expres-
sion of RhoA is significantly higher in lupus T cells and
that targeting RhoA can reduce their production of
IL-2 [22]. In the present study, we examined the influ-
ence of the RhoA GTPase in type I IFN signaling and the
expression of a subset of type I IFN pathway genes. We
confirmed RhoA to be highly expressed in the PBMC
population of SLE patients when compared to healthy
controls, especially in those lupus patients with high type
I IFN scores. Our study also showed that genetic reduc-
tion in RhoA expression or pharmacologic inhibition of
RhoA activity reduced activation of the type I IFN path-
way, supporting its potential as a therapeutic target for
the treatment of SLE.

Once stimulated, type I IFN binds to the IFNARs to
initiate downstream signaling via activation of the janus
kinase (JAK)/STAT pathway, phosphorylation and activa-
tion of STAT-1 and STAT-2, and transcription of type I
IFN-stimulated genes [32]. There has been growing evi-
dence to indicate that RhoA mediates phosphorylation
of STAT-3 and STAT-5 in several cell types via ROCK
[29] and that targeted RhoA-ROCK inhibition modu-
lates STAT-3 phosphorylation to shift toward a patho-
logic Th17/Treg imbalance in patients with lupus [28].
We found RhoA siRNA to reduce type I IFN-stimulated
phosphorylation of STAT-1 but not STAT-2, leading to
a downregulation of the type I IFN response. We con-
firmed RhoA inhibition to reduce expression of the type I
IFN-responsive genes IFIT3, OAS1, and CXCL10, which
are up-regulated in SLE patients. Conversely, the forced
overexpression of RhoA upregulated ISRE reporter
expression. The RhoA/ROCK inhibitor in turn reduced
type I IFN-induced STAT-1 phosphorylation and ISRE
reporter gene expression, as well as OAS1 and CXCL10
in human lupus PBMCs. These observations extend the
observations of Badr and co-workers regarding RhoA
activation by type I interferon [25], and together support
a model for a positive feedback loop whereby type I IFN
stimulation of RhoA contributes to the sustained and
pathologic overactivation type I IFN signaling. Conceiv-
ably, interruption of this feedback pathway by the phar-
macologic targeting RhoA could provide a means to reset
type I IEN activation in a manner that would be thera-
peutically beneficial in lupus but preserve necessary anti-
infective responses.
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Type I IFN also can regulate downstream gene tran-
scription levels through non-classical pathways involving
CRK-like protein (CRKL), phosphatidylinositol 3 kinase
(PI3K), and mitogen-activated protein kinase (MAPK)
[32]. Our study indicates that RhoA is a major effec-
tor of the JAK/STAT pathway upon IFNAR activation,
with excessive activation of RhoA potentially leading to
the activation of the IFNARs and enhancement of type
I IFN signaling. The existence of non-classical pathways
suggests that type I IFN may modulate cellular activity
through other mechanisms that contribute to their bio-
logical activity [46]. Therefore, we have reason to believe
that RhoA is sufficient but not necessary for IFNAR-
mediated cell activation and that there exist mechanisms
of type I IEN signaling pathways independent of RhoA.
Therefore, it is important to note that the specific signal-
ing mechanisms and downstream effects require further
research.

Conclusions

The present findings describe a positive regulatory role of
RhoA in the activation of the type I IFN response path-
way. The potential therapeutic implications of reducing
RhoA expression levels or using the RhoA/ROCK inhibi-
tor Y27632 in attenuating aberrant type I IFN signaling in
SLE should be considered in follow-up studies.
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expression levels and steroid dosage in SLE patients. Each symbol repre-
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