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MKL-1 is a coactivator for STAT5b, the
regulator of Treg cell development and
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Abstract

Background: Foxp3+CD4+ regulatory T cells (Treg) constitutes a key event in autoimmune diseases. STAT5b is the
critical link between the IL-2/15 and FOXP3, the master regulator of Treg cells.

Methods: The CD3+T cell and Foxp3+CD4+ regulatory T cells were overexpressioned or knockdown MKL-1 and
STAT5a and tested for Treg cell development and function. Direct interaction of MKL-1 and STAT5a were analyzed
by coimmunoprecipitation assays, Luciferase assay, Immunofluoresence Staining and Yeast two-hybrid screening.
The effect of MKL-1 and STAT5a on the Treg genes expression was analyzed by qPCR and western blotting and
Flow cytometry.

Results: However, the molecular mechanisms mediating STAT5b-dependent Treg genes expression and Treg cell
phenotype and function in autoimmune diseases are not well defined. Here, we report that the MKL-1 is a
coactivator for the major Treg genes transcription factor STAT5b, which is required for human Treg cell phenotype
and function. The N terminus of STAT5b, which contains a basic coiled-coil protein–protein interaction domain,
binds the C-terminal activation domain of MKL-1 and enhances MKL-1 mediated transcriptional activation of Treg-
specific, CArG containing promoters, including the Treg-specific genes Foxp3. Suppression of endogenous STAT5b
expression by specific small interfering RNA attenuates MKL-1 transcriptional activation in cultured human cells. The
STAT5b–MKL-1 interaction identifies a role of Treg-specific gene regulation and regulated mouse Treg cell
development and function and suggests a possible mechanism for the protective effects of autoimmune disease
Idiopathic Thrombocytopenic Purpura (ITP).

Conclusions: Our studies demonstrate for the first time that MKL-1 is a coactivator for STAT5b, the regulator of
Treg cell development and function.
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Background
Foxp3+CD4+ regulatory T cells (Treg) have a crucial role
in controlling CD4+ T-cell activation, proliferation, and
effector function [1]. Treg constitutes a key event in the
development of autoimmune diseases such as Idiopathic
Thrombocytopenic Purpura (ITP) [2]. However, the mo-
lecular mechanisms underlying the function and stability
of the Treg compartment have not been fully elucidated.
Megakaryoblastic leukemia 1 (MKL-1), was initially

identified acute megakaryoblastic leukemias in infants
and young children [3–5]. MKL-1 is a myocardin-related
coactivator of the serum response factor (SRF) transcrip-
tion factor, which has an integral role in differentiation,
migration, and proliferation in different types of tissues
or cells [6]. Functions for MKL-1 have been character-
ized in embryonic stem cells, fibroblasts, smooth muscle
cells, and neurons [7–9]. Recent studies have shown that
MKL-1 in megakaryocyte differentiation is mediated by
association with SRF [10]. Based on these findings, we
have examined the effects of the MKL-1 in Treg cell
phenotype and function.
The signal transducer and activator of transcription

(STAT) 5b plays indispensable roles in immunodeficien-
cies, autoimmunities, cancers [11, 12]. The importance
of STAT5b for the in vivo accumulation of Treg with
immunoregulatory function has been demonstrated [12,
13]. Recent studies demonstrated that STAT5 was the
critical link between the interleukin-2 (IL-2) /15 and
FOXP3 [14, 15], the core gene of Treg cells. Low-dose
IL-2 promoted phosphorylation of STAT5, Treg survival
and CTLA-4-dependent function in autoimmune [16].
Binding of IL-2 to IL-2RA (CD25) on Treg led to phos-
phorylation of STAT5, resulting in up-regulation of
Foxp3 [17, 18] and functional surface markers. The spe-
cific role that STAT5b plays in the pathogenesis of the
autoimmuned diseases suggested that the transcription
factor might have potential as a novel diagnostic and/or
therapeutic target in some disease settings.
The current study uncovers the mechanistic basis by

which MKL-1-STAT5b axis potentiates Treg cells, its
relevance to human biology, and explores the clinical
implications of these findings using an experimental
autoimmune disease of ITP.

Materials and methods
Reagents
Recombinant human IL-2 protein was obtained from
R&D Systems. (Emeryville, CA, USA) Antibodies to
Foxp3, CD25, MKL-1, pSTAT5 and STAT5 were pur-
chased from Cell Signaling Technology (CST, Boston,
Massachusetts, USA) and BD (New York, New Jersey,
USA); Myc, Flag and HA antibody was purchased from
proteintech (Wuhan, China).

Cell isolation
For Peripheral blood mononuclear cells (PBMC), we
used MACSprep™ PBMC Isolation Kit (Miltenyi Biotec,
Germany) to perform the separation under the manufac-
turer’s instructions. For CD3+ T cells, we used CD3
MicroBeads, human (130–050-101, Miltenyi Biotec,
Germany) to isolate according to the manufacturer’s in-
structions. For Treg, we used MACSxpress Whole Blood
Treg Isolation Kit, human (130–109-557, Miltenyi Bio-
tec, Germany) for isolation.

Cell culture and transient transfection
CD3+ T cells cover in Serum -free Medium (T cells)
(Gibco, Grand Island, New York, USA) then treated IL-2
for 48 h at 37 °C in a 5% CO2 incubator. For transient
expression experiments with CD3+ T cells were trans-
fected for 3 h with 2 g of plasmids by using 8uL of Lipo-
fectamine 2000 and 8uL of Plus reagent (Invitrogen,
Carlsbad, California, USA). Treg cells were expanded
using the Treg Expansion Kit, human (Miltenyi Biotec,
Germany) according to the previously reported method
[19, 20]. In briefly, the isolated cells were cultured in
TexMACS™ GMP Medium added with MACSiBead™
Particles pre-loaded with CD3 and CD28 antibodies at a
certain ratio, and stimulated with the appropriate con-
centration of IL-2 under the manufacturer’s instructions.
The CD4+ CD8−Foxp3+CD44loCD62LhiCD25hi CTLA4lo

population in Treg is defined as cTreg, The CD4+

CD8−Foxp3+CD44hiCD62LloCD25lo CTLA4hi popula-
tion in Treg is defined as eTreg according to previous
reports [21, 22].

T cell suppression assay
For Treg suppression assay, autologous CD4+CD25− re-
sponder T cells (Tresp cells) were used as responder
cells. Tresp cells were stained with eFluor670 dye and
mixed with expanded Tregs at the ratio of 1:1, 2:1 and 4:
1 in culture media, and stimulated with anti-CD3 mAb
(HIT3a, BD Biosciences) and IL-2 (50 UmL− 1). After 4
days, cells were collected and analyzed by flow cytome-
try. Suppression index was calculated by the percentage
of CD8 cells in responder cells that underwent division.
Suppression index was calculated using following equa-
tion: (Tresp proliferation without Treg−Tresp prolifera-
tion with Treg)/Tresp proliferation without Treg
according to previous reports [21].

Immunofluoresence staining
Cells after treatment were fixed in 4% paraformaldehyde
for 20 min, and then blocked with normal goat serum
for 20min at room temperature. Then, rabbit MKL-1
(Abcam, Cambridge, UK, ab49311) and mouse STAT5b
(Abcam, Cambridge, UK, ab178941) antibodies were
added and incubated in a humid chamber overnight.

Xiang et al. Cell Communication and Signaling          (2020) 18:107 Page 2 of 13



After washing with PBS twice, cells were incubated with
appropriate secondary antibodies (fluorescein isothio-
cyanate (FITC)-goat anti-rabbit (Servicebio, China,
GB22303), TRFITC-goat anti-mouse) for 30 min at
37 °C. After washing with PBS, the samples were ob-
served by laser scanning confocal microscopy (Olympus,
Japan). 4′,6-diamidino-2-phenylindole (DAPI) stain
(blue) highlights the total nuclei.

Luciferase reporter assays
Luciferase assays were performed as described previously
[23]. After transfection for 24 h, luciferase activity was
measured by a Synergy 4 (Promega, Madison, MA,
USA). Transfection affeciencies were normalized to total
protein concentration of each luciferase assay prepar-
ation. All experiments were performed at least three
times with different preparations of plasmids and pri-
mary cells, producing qualitatively similar results. Data
in each experiment are presented as the mean ± standard
deviation of triplicates from a representative experiment.

Quantitative real-time PCR (qRT-PCR)
We extracted total RNA using the trizol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The RNA content was measured with an
spectrophotometer (Implen, Munich, Germany). For qRT-
PCR, we used sybr premix (Takara, Dalian, China) in a
real-time PCR cfx96 system (Bio-Rad, USA). The primer
sequences used for qRT-PCR were as follows: MKL1 for-
ward: 5′-CAAACGGAAGATTCGTTCCCG-3′, reverse:
5′-TTGAGGTCATCGGCTAGTCTG-3′; STAT5 for-
ward: 5′-CAGAACACGTATGACCGCTG-3′, reverse:
5′-CTGGAGAGCTACCATTGTTGG-3′; FOXP3 for-
ward: 5′-GTGGCCCGGATGTGAGAAG-3′, reverse: 5′-
GGAGCCCTTGTCGGATGATG-3′; CD25 forward: 5′-
GTGGGGACTGCTCACGTTC-3′, reverse: 5′-CCCGCT
TTTTATTCTGCGGAA-3′; GAPDH forward: 5′-GGAG
CGAGATCCCTCCAAAAT-3′, reverse: 5′- GGCTGT
TGTCATACTTCTCATGG -3′. GAPDH was used for
loading control. The primer sequences used to amplify the
recovered product of protein co-immunoprecipitation are
as follows: CArG forward: 5′-CTGTTAAACACCTG
CTGTTCAC-3′, reverse: 5′- GCCTGATGGCCTGG
CTTTG-3′; CAS forward: 5′-TCAGAGGCCCCTGT
CTCTG-3′, reverse: 5′-CCAGAGATATAGGAGGCA
AAC-3′.

siRNA design and transient transfection
SiRNAs for STAT5 were designed with BLOCK-iT
RNAi designer (www.invitrogen.com). The siRNAs and a
scramble negative control (NC) were chemically synthe-
sized (Ribobio, Guangzhou, China). The transfection of
siRNA into CD3+ T cells was performed with

Lipofectamine 3000 (Invitrogen, Carlsbad, California,
USA) following the manufacturer’s protocol for CD3+ T
cells.

Immunoprecipitation and Western blotting analysis
Cells were harvested in lysis buffer (Beyotime, Shanghai,
China) and equal amounts of proteins were incubated
with a specific antibody overnight at 4 °C with gentle ro-
tation. Protein A/G Plus-agarose beads (Santa Cruz Bio-
technology, Dallas, Texas, USA) were used to pull down
the antibody complexes. Immune complexes were then
separated by SDS/PAGE and analyzed by Western blot-
ting. The primary antibody used was as follow: MKL-1
(Abcam, Cambridge, UK, ab49311), STAT5b (Abcam,
Cambridge, UK, ab178941), p-STAT5b (Abcam, Cam-
bridge, UK, ab52211), FOXP3 (Abcam, Cambridge, UK,
ab22510), MYC-tag (Proteintech, China, 66,004–1-Ig),
Flag-tag (Proteintech, China, 20,543–1-AP).

Yeast two-hybrid screening
The protein interactions were screened by the yeast
transcription activator protein upstream activation se-
quence (GAL4-UAS) system (Clontech, Japan). Fused
the truncated mutant human MKL-1 (MKL1-M) to the
Gal4 DNA-binding domain (Gal4 BD), fused the Jurkat
cells cDNA library (HKL160269_LJP) to the Gal4 activa-
tion domain (Gal4 AD) (pGADT7-library). After confirm-
ing that there was no self-activation of MKL1-M bait
clone, co-transformated bait plasmid and library prey plas-
mids to AH109 yeast strain and coated onto SD-TL-
deficient (SD-TL:-trp, −leu) plates. Subsequently, the blue
clones were patched out onto higher stringency SD-
TLHA (SD-TLHA:-trp, −leu, −his, −ade) plates. Those
colonies that were still blue indicating that they were likely
to be positive hits, which were amplified using E. coli
transformation, PCR or both and sequenced.

IL-2 binding assay
IL-2 was biotinylated using EZ-Link Sulfo-NHS-Biotin
(Thermo Scientific) and incubated with Treg treated
with AG490 orY27632 or medium. After 30 min of
stimulation, Treg were incubated with biotinylated IL-2
followed by staining with streptavidin.

Statistical analysis
Data were shown as mean ± SD for 3 or 6 separate ex-
periments. Differences were analyzed by Student’s t test.
Values of p<0.05 were considered statistically significant.

Results
MKL-1 and STAT5b are high expressed in Treg cells
The expression levels of MKL-1, STAT5b and Foxp3
transcripts in human PBMC, CD3+ T and Treg cells
were detected by qPCR (Fig. 1a), with the highest
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expression levels human Treg cells. Expression of
MKL-1, STAT5b, p-STAT5b and Foxp3 proteins was
also detected in human PBMC, CD3+ T and Treg
cells (Fig. 1b). Similarly, MKL-1, STAT5b and Foxp3
had the highest levels in human Treg cells (Fig. 1c).

Over-expression MKL-1 and STAT5b increase the number
of Treg in CD3+ T cells and enhance the Treg markers
expression
Transfected MKL-1 or STAT5b (causing over-
expression MKL-1 and STAT5b; Supplemental Fig. 1A)
alone resulted in increased the number of Treg cells in
CD3+ T cells. Cotransfection of plasmids encoding full-
length STAT5b with MKL-1 synergetic increases the
number of Treg cells (Supplemental Fig. 1B). MKL-1 in-
creased the number of Treg cells by 2.2-fold, and
STAT5b alone increased the number of Treg cells by
3.2-fold. Cotransfected MKL-1 and STAT5b increased
the number of Treg cells by 7.3-fold (Supplemental Fig.
1B). Subsequently, Transfected MKL-1 or STAT5b alone
enhanced the expression of Foxp3 and CD25. Cotrans-
fection STAT5b with MKL-1 synergetic induced the

mRNA and protein level of Foxp3 and CD25 (Supple-
mental Fig. 1C-E). Together, these data support that
over-expression MKL-1 and STAT5b increase the num-
ber of Treg in CD3+ T cells and enhance the Treg
markers expression.

Inhibited or knock-down MKL-1 and STAT5b weaken the
Treg markers expression
Foxp3 and CD25 are known to be critical for Treg func-
tion. To investigate whether an inhibition RhoA-MKL-1
and JAK-STAT5 by Y27632 and AG490 a reduction in
MKL-1 and STAT5b indeed translates into suppressed
Treg markers mRNA and protein levels, we compared
the expression of Foxp3 and CD25 in the presence of
control (treated with DMSO) or treated with Y27632 or
AG490 in CD3+ T cells (Supplemental Fig. 2A, C and E).
In treated with AG490 group, reduced of Foxp3 and
CD25 mRNA and protein level occurred (Supplemental
Fig. 2A, C and D). Similar to that of treated with AG490,
treated with Y27632 resulted in reducing Foxp3 and
CD25 mRNA and protein level (Supplemental Fig. 2A, C
and D). Importantly, cotreated Y27632 and AG490

Fig. 1 MKL-1 and STAT5b are high expressed in Treg cells. a QPCR analysis of MKL-1 and STAT5b mRNA level in PBMC, CD3+T cells and Treg cells.
GAPDH is the loading control. **p < 0.01, *p < 0.05. n = 3; b Western blot analysis of MKL-1 and STAT5b expression in PBMC, CD3+T cells and Treg
cells. Data were quantified using Quantity One software. GAPDH is the loading control. **p < 0.01, *p < 0.05. n = 3
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reduced Foxp3 and CD25 and protein level (Supplemen-
tal Fig. 2A, C and D). To test whether the expression of
Foxp3 and CD25 in STAT5b-depleted cells still
remained dependent on MKL-1, cells were cotransfected
with MKL-1 and STAT5b siRNAs. The inhibition of
MKL-1 or STAT5b expression resulted in reducing
Foxp3 and CD25 mRNA and protein level, respectively.
Cotransfected with MKL-1 and STAT5b siRNAs re-
sulted in reducing Foxp3 and CD25 mRNA and protein
level (Supplemental Fig. 2B, D and F). Together, these
results indicate that inhibited or knock-down MKL-1
and STAT5b weaken the Treg markers expression.

IL-2 affect the effect MKL-1 and STAT5b on the Treg
marker expression
Our data thus far suggested that Treg respond to RhoA-
MKL-1 and JAK-STAT5 signaling by maintaining their
phenotype and the expression of surface markers. It is
well known that IL-2 is required to prevent the develop-
ment of systemic autoimmune disease [24]. As shown in
Supplemental Fig. 3A and B, IL-2 enhances the mRNA
and protein level of STAT5b with MKL-1 mediated the
induction of Foxp3, respectively. The Foxp3 reporter

results show that IL-2 enhances the transcriptional activ-
ity of STAT5b with MKL-1 mediated the induction of
Foxp3, respectively (Supplemental Fig. 3C). Thus, IL-2
enhanced MKL-1 and STAT5b mediated the induction
of Foxp3.

RhoA-MKL-1 and JAK3-STAT5b signaling stabilizes the
activated Treg development and function
Treg treated with AG490 or Y27632 were able to sup-
press proliferation of CD4+ T cells more efficiently than
nopretreated Treg (Fig. 2a and b). Moreover, cotreated
AG490 and Y27632 remarkably suppress proliferation of
CD4+ T cells (Fig. 2c). The CD4+ T cells proliferation
was induced by IL-2 (2:1 group), whereas the addition of
10 times (10:1 group) more Treg and exogenous IL-2
further increased Treg-mediated suppression of CD4+ T
cells proliferation in the 2:1 group, but not in the pres-
ence of a high number of Treg in the 10:1 group (Fig. 2d
and e). Interestingly, AG490–pretreated Treg had no
pSTAT5 (Supplemental Fig. 5) and had decreased bind-
ing of IL-2 (Fig. 2f). Similar to AG490, treated with
Y27632 Treg had decreased binding of IL-2 (Fig. 2g).
Moreover, cotreated AG490 and Y27632 remarkably

Fig. 2 RhoA-MKL-1 and JAK3-STAT5b signaling stabilizes the activated Treg development and function. a Percentage of proliferated cells in 2:1
Treg: CD4+T cells and treated AG490 for 48 h (n = 6, SEM, t test). Data are representative of three experiments; b Percentage of proliferated cells in
2:1 Treg: CD4+T cells and treated Y27632 for 48 h (n = 6, SEM, t test). Data are representative of three experiments; c Percentage of proliferated
cells in 2:1 Treg: CD4+T cells and treated AG490 or Y27632 for 48 h (n = 6, SEM, t test). Data are representative of three experiments; d and e
Proliferation stimulated with anti-CD3/CD28 beads for 48 h determined by eFluor670 proliferation dye staining in a 2:1 or 10:1 (Foxp3+ Treg:
CD4+T cells) ratio with or without 50 ng/mL IL-2 for 48 h (n = 6, SEM, t test); f, g and h IL-2 binding by medium and AG490 or Y27632–stimulated
Foxp3+ Treg in the absence orpresence of CD3/CD28 bead stimulation. (n = 6, SEM, t test)
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suppress the ability binding of IL-2 (Fig. 2h). These data
strongly suggest that Treg exposed AG490 or Y27632
suppress their capacity to binding IL-2 and inhibit CD4+

T cell proliferation.

Ag490 and Y27632 affect the phosphorylation of Foxp3
and nuclear accumulation of Foxp3
Having seen that inhibited or knock-down MKL-1 and
STAT5b weaken the Treg markers expression, we
wished to determine how these inhibitions of MKL-1 or
STAT5b impact the nucleocytoplasmic transport of
Foxp3. To address this, we used Western blotting of nu-
clear extracts and membrane extracts (Supplemental Fig.
4C and D). Importantly, AG490 or Y27632 provoked
strong inhibiting nuclear translocation and phosphoryl-
ation of Foxp3 (Supplemental Fig. 4 A and B). Further-
more, when AG490 was added together with Y27632,
both the phosphorylation of Foxp3 and the overall nu-
clear MRTF content was lower than treated alone
AG490 or Y27632. It is noteworthy that when combined
with AG490 or Y27632 markedly inhibited nuclear
Foxp3 accumulation. These findings show that Ag490
and Y27632 affect the phosphorylation of Foxp3 and

nuclear accumulation of Foxp3 to regulate Treg cell
Treg phenotype and function.

MKL-1 and STAT5b interacted in vivo and vitro
Y2H assay results showed that all of the 12 positive
clones except the 14th could activate the HIS3 and
ADE2 reporter genes, of which 4, 10, and 15 were
weakly activated. Only 1, 3, 6, 8, and 10 of the 12 posi-
tive clones can activate the LacZ reporter gene (Fig. 3a).
These results show that Yeast two-hybrid screen (Y2H)
interactions were confirmed that MKL-1 interacted with
STAT5b in CD3+ T cells.
We hypothesized that MKL-1 and STAT5b influence

Treg cell phenotype and function might interact be-
tween STAT5b and MKL-1 in Treg cells. So Coimmu-
noprecipitation assays demonstrated a direct interaction
between the STAT5b and MKL-1 in CD3+ T cells (Fig.
3b) and Treg cells (Fig. 3c). These data have show that
MKL-1 and STAT5b have an interaction in CD3+ T cells
(Fig. 3b) and Treg cells (Fig. 3c). Immunofluorescence of
endogenous MKL-1 and STAT5b from Treg cells cells
to colocalization, which express high levels of MKL-1
and STAT5b (Fig. 1a), was also observed (Fig. 3d). The

Fig. 3 MKL-1 and STAT5b interact in vivo and vitro. a Y2H assay to detect the MKL1-STAT5 interaction; b and c Coimmunoprecipitiation of MKL1
with STAT5 in CD3+ T cells and Treg cells; d Immunofluorescence assay to detect the MKL1-STAT5 colocalization in Treg cells
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data show that these co-located cells are MKL-1+

STAT5+ positive Tregs (Fig. 3d).

MKL-1TAD domain interacts with STAT5b coiled-coil
domain
Deletion of the C-terminal domain (amino acids 715–931)
to create Myocardin 1–715 leads to interfere with myocar-
dial cell differentiation [25]. This mutant also abolished
interactions between MKL-1and WT-STAT5b (Fig. 4a).

This C-terminal domain of MKL-1 alone interacted dir-
ectly with the WT-STAT5b (Fig. 4a). Our study support
that the STAT5b interacts in vitro with MKL-1, and that
the STAT5b interaction with MKL-1 is mediated through
binding to its known C-terminal transactivation domain
(TAD). We examined the functional domain of STAT5b
involved in STAT5b-MKL-1 interaction in more detail by
using a series of Flag-fusion STAT5b fragments, including
Flag-STAT5b (amino acids 146–794); Flag-STAT5b

Fig. 4 MKL-1TAD domain interacts with STAT5b coiled-coil domain. a and b Domain structure of MKL-1 and STAT5b. STAT5b interacts with MKL-
1from CD3+T cells transfected with mammalian Flag-tagged STAT5b and Myc-tagged MKL-1 (1–705) (MKL-1△TAD). MKL-1 interacts with STAT5b
from CD3+T cells transfected with mammalian Myc-tagged MKL-1 and Flag-tagged STAT5b (145–787) (M1-STAT5b) or Flag-tagged STAT5b (331–
787) (M2-STAT5b); c The predicted STAT5b-binding site (MKL-1 TAD) is shown in A. This latter region was deleted to generate MKL-1 TAD domain
mutant. Coimmunoprecipitation shows decreased association of STAT5b to MKL-1 TAD compared with WT-MKL-1; d The predicted MKL-1-
binding site (STAT5b coiled-coil) is shown in A. This latter region was deleted to generate STAT5b coiled-coil domain mutant.
Coimmunoprecipitation shows decreased association of MKL-1 to STAT5b coiled-coil compared with WT-STAT5b; e and f Luciferase assay detect
expression of Foxp3 in HEK-293 T cells transfected with mutantion the coiled-coile domain of STAT5b and MKL-1 or the TAD domain of MKL-1
and STAT5b for 48 h. Results are normalized to the control or expressed as a percentage of the maximal effect of the given MKL-1 or STAT5b
construct. **p < 0.01, *p < 0.05. Error bars indicate mean ± SEM
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(amino acids 332–794). As shown in Fig. 4b, in addition
to the WT-STAT5b, the STAT5b activation domain
(amino acids 146–794) was found to interact with MKL-1
in this assay, suggesting the possibility that the coiled-coil
domains of STATA5A interact with MKL-1. Then, IL-2
enhances the interaction of MKL-1 and STAT5b (Fig. 4c
and d). Mutated their interaction domain, this interaction
did not exist (Fig. 4c and d), respectively. These data sup-
port that MKL-1TAD domain interacts with STAT5b
coiled-coil domain. The mutation of TAD of MKL-1 re-
sulted in an about 60% reduction in MKL-1 transactiva-
tion of the Foxp3 reporter. Similarly, the mutation of
coiled-coil of STAT5b resulted in an about 70% reduction
in STAT5b transactivation of the Foxp3 reporter (Fig. 4e
and f). These findings imply that binding of STAT5 and
MKL-1 is a critical mechanism in the MKL-1/STAT5b-
mediated induction of the Foxp3 promoter.

STAT5b strongly enhance the MKL-1 stimulation of the
Foxp3 promoter and this effect requires the CArG box
Next, we sought to identify the critical promoter ele-
ments responsible for the effect of MKL-1, STAT5b
and their synergy. The proximal portion of the Foxp3
promoter contains several regulatory elements, includ-
ing one CArG box and one GAS (Fig. 5a). To
characterize the importance of these elements, we
generated a set of luciferase reporter constructs with
various mutations of the Foxp3 promoter (Fig. 5a). In
agreement with Supplementary Fig. 3D, both MKL-1
and STAT5b induced a modest increase in the pro-
moter activity (8.2-fold and 5.9-fold, respectively),
whereas the combined treatment acted synergistically
(20-fold) (Fig. 5b). Interestingly, inactivating mutations
of this element alone both inhibited the effect of the
individual treatments and affected their synergy. Im-
portantly, Mutation of the CArG box and GAS had
an almost complete inhibitory effect (Fig. 5b). To-
gether, these findings indicate that the CArG box and
GAS are necessary and sufficient not only for Rho/
Rho kinase-mediated activation of the promoter but
also for the JAK-STAT5–triggered response and syn-
ergy between these signals.
ChIP assays further confirmed the impact of MKL-1/

STAT5b on the Foxp3 gene promoters. Our results
show that MKL-1 bind the CArG box of the Foxp3 pro-
moter, STAT5b enhances this effect (Fig. 5c) and
STAT5b bind the GAS of the Foxp3 promoter. Import-
antly, the binding ability of MKL-1/STAT5b on Foxp3
promoter is higher than the ability of STAT5b bind the
GAS of the Foxp3 promoter (Fig. 5d). These results es-
tablish that the CArG box and GAS are necessary and
sufficient for MKL-1 and STAT5b mediated Foxp3 pro-
moter activity in Treg cells.

STAT5b enhance the MKL-1-SRF interaction and induce
MKL-1 to binding CArG box of Foxp3
To assess the functional significance of MKL-1 and
STAT5b, we tested whether STAT5b affects MKL-1-
mediated transactivation of SRF-responsive, CArG-
containing Foxp3. To examine the effect of STAT5b on
MKL-1 transactivation in situ in CD3+ T cells, we used
small RNA interference to diminish endogenous
STAT5b expression or overexpression STAT5b and per-
formed ChIP assays. The inhibition of STAT5b expres-
sion resulted in a reduction in MKL-1 binding ability of
the Foxp3 reporter (Fig. 6a). In contrast, overexpression
STAT5b resulted in an induction in MKL-1 binding
ability of the Foxp3 reporter (Fig. 6b), supporting further
that STAT5b is required for the complete transactiva-
tion of the, CArG-containing Foxp3 promoter by MKL-
1. To gain insight into the molecular mechanism
whereby STAT5b induce the function of MKL-1, we
asked whether it interferes with the MKL-1–SRF inter-
action. To test this, we transfected cells with Myc-MKL-
1 and HA-SRF and followed their association after silen-
cing (Fig. 6c and d) or overexpressing STAT5b (Fig. 6e
and f). The former condition strongly facilitated, whereas
the latter markedly reduced the association of SRF with
MKL-1. These findings imply that binding of STAT5b to
MKL-1 is a critical mechanism in the MKL-1-mediated
induction of the Foxp3 promoter.

MKL-1, STAT5b, Foxp3 and CD25 have lower expression
in ITP patients
Recently, Treg are a heterogeneous population that
shows a high degree of phenotypic and functional
specialization defined as cTreg (CD44lowCD62Lhigh) and
eTreg (CD44highCD62Llow). To understand whether
RhoA-MKL-1 and JAK-STAT5b signaling facilitates dif-
ferentiation of eTreg in ITP patients, we analyzed Treg
subsets both normal persons and ITP patients. Interest-
ingly the frequency of eTreg was specifically decreased
in ITP patients (Fig. 7a). We confirmed that eTreg have
lower Foxp3 expression than cTreg in both normal per-
sons and ITP patients (Fig. 7b). As shown in Fig. 7c-e,
ITP patients have lower the expression of MKL-1,
STAT5b and CD25 than normal persons. Moreover,
eTreg have lower MKL-1, STAT5b and CD25 expres-
sion than cTreg in both normal persons and ITP pa-
tients (Fig. 7f-h). Collectively, these data suggest that
MKL-1, STAT5b, Foxp3 and CD25 have lower ex-
pression in ITP patients and ITP patients have lower
the frequency of eTreg.

Discussion
CD4+CD25+Foxp3+ Tregs that develop in the thymus
constitute 2–4% of CD4 single positive thymocytes, yet
this relatively small population plays a critical role in
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maintaining peripheral tolerance and preventing
autoimmunity.
MKL-1, a cofactor of SRF, is a SAP (SAF-A/B, acinus,

PIAS) domain containing protein widely expressed in
various tissues [26, 27]. MKL1 inhibits tumor necrosis
factor induced cell death in embryonic fibroblasts [28].

Our previous reports that MKL-1 and STAT3 synergis-
tically promote breast cancer cell migration and via
hypermethylating BRSM1 [29, 30]. Recent reports that
SRF and its transcriptional cofactor MKL1 are critical
for megakaryocyte maturation and platelet formation
[31], which may be relevant to its role in Treg cell

Fig. 5 STAT5b strongly enhances the MKL-1 stimulation of the Foxp3 promoter and this effect requires the CArG box. a Schematic of the − 2752
Foxp3 promoter, containing CArG box and GAS elements were linked to a luciferase reporter. Mutation that remove the CArG box or GAS
elements (M1-Foxp3-luc, M2-Foxp3-luc and M3-Foxp3-luc); b CD3+T cells were transfected with the Wild-Type-2752 Foxp3 promoter, or a M1-
Foxp3-luc, M2-Foxp3-luc and M3-Foxp3-luc and transfected with MKL-1 or STAT5b for 48 h. Then the luciferase reporter assays was used to test
the transactivity of Foxp3. (**p<0.01, *p<0.05) n = 3; c and d CD3+T cells were transiently transfected with a MKL-1, STAT5b, MKL-1 /STAT5b or a
control vector (pCDNA3.1) 48 h, and ChIP assays were performed by PCR with primers associated with the genes for Foxp3. Sheared DNA/protein
complexes were immunoprecipitated by using an anti-Myc-MKL-1 or anti-flag-STAT5b Ab. Then, PCR was carried out to detect the endogenous
CArG regions or GAS regions in immunoprecipitated chromatin fragments. The amount of DNA in each sample (2% input) is shown at the
second land. Immunoprecipitations were performed without primary antibody (No Ab) as a control and IgG as a negative control (**p<0.01) n = 3
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phenotype and function. Our data presented here dem-
onstrate a novel role for MKL-1 in regulating Treg cell
phenotype and function. We show that MKL-1 expres-
sion is up-regulated during Treg cell differentiation and
that enforced expression of MKL-1 in CD3+ T cells
enhances Treg markers expression. Importantly, here we
show that MKL-1 plays a role in Treg cell differentiation,

and have begun to elucidate the mechanisms underlying
MKL1-mediated Treg cell phenotype and function.
Despite 96% homology, STAT5a and STAT5b play

distinct roles during development [32], STAT5b knock-
out alone caused retarded growth, as in the Laron dwarf-
ism syndrome [33]. Although lack of STAT5a or
STAT5b has no impact on the immune response, double

Fig. 6 STAT5b enhances the MKL-1-SRF interaction and induces MKL-1 to binding CArG box of Foxp3. a and b CD3+T cells were transiently
transfected with a MKL-1, siSTAT5b, STAT5b, MKL-1 /siSTAT5b or MKL-1 /STAT5b or a control vector (pCDNA3.1) 48 h, and ChIP assays were
performed by PCR with primers associated with the genes for Foxp3 as described in Materials and Methods. Sheared DNA/protein complexes
were immunoprecipitated by using an anti-Myc-MKL-1 Ab. Then, PCR was carried out to detect the endogenous CArG regions in
immunoprecipitated chromatin fragments. The amount of DNA in each sample (2% input) is shown at the second land. Immunoprecipitations
were performed without primary antibody (No Ab) as a control and IgG as a negative control (**p<0.01) n = 3; c Cells were transfected with Myc-
MKL-1 and HA-SRF along with NR or STAT5b siRNA. Association of MKL-1 and SRF was analyzed by coimmunoprecipitation. STAT5b silencing was
detected from whole cell lysates (WCL). Controls for the immunoprecipitation were reaction without antibody (No Ab) or Myc transfection (No
Tx); d Densitometric analysis of three experiments is shown; e Myc-MKL-1 and HA-SRF were cotransfected with empty vector or STAT5b then
treated IL-2. Coimmunoprecipitation shows IL-2 increased association of STAT5b to MKL-1 compared with DMSO. f Densitometric analysis of three
experiments is shown
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STAT5a/b deficiency caused impaired proliferation in
response to IL-2 and halted cell cycle progression of
mature T cells [34]. STAT5a/b transcription factors
protect the survival of activated T cells [35]. IL-2/
STAT5-dependent signaling may be important to con-
trol self-tolerance by Treg cells [36]. Interestingly, IL-
2R/STAT5 signaling also influences selection of the
thymic Treg TCR repertoire [37]. Another recent
study also examined the role of CD4+CD25+ Treg
cells in inhibiting autoreactive T cells [38]. Signalling
from IL-2RG via Janus kinase 3 (JAK3) leads to signal
transducer and activator of transcription-5 (STAT-5)
activation [39], and is needed for T cell proliferation
and differentiation and expression of anti-apoptotic
molecules [34, 40].
The molecular mechanism by which STAT5 affects

Foxp3 transcription is also unclear. STAT5 binding
sites have been found in the Foxp3 promoter region
as well as within the CNS2 region of intron 1 in the
Foxp3 gene and several studies have shown STAT5
binding to those sites [14, 15]. Deletion of the entire
CNS2 region including the STAT5 binding sites did
not prevent Treg development although it did have
an effect on stability of Foxp3 expression [41]. The
effect of STAT5 binding to these sites is not yet
clear. Our findings indicate that the CArG box and
GAS are necessary and sufficient not only for Rho/
Rho kinase-mediated activation of the promoter but
also for the JAK-STAT5–triggered response and syn-
ergy between these signals.

The critical co-factors that interact with STAT5 to
promote Treg development are also poorly character-
ized. STAT5 is known to interact with a variety of
both co-activators, such as CBP and p300, and co-
repressors such as NCOR2 [42, 43]. How these func-
tion in Treg differentiation remains untested. Intri-
guingly, treatment of Treg progenitors with two
distinct histone deactylase (HDAC) inhibitors pre-
vented the IL-2/STAT5-dependent conversion of Treg
progenitors into Tregs [44]. Our studies demonstrate
for the first time that MKL-1 is a coactivator for
STAT5b, the regulator of Treg cell development and
function.
Clinical efficacy has been demonstrated with anti-

bodies blocking inhibitory immune checkpoints such
as cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) or PD-1 / PD-L1, its mechanism of action
is, however, only partially understood, anti-CTLA- 4
therapy may target Tregs in vivo, and CTLA4 /
PKCη signaling pathway that we recently found to
be required for contact-dependent Treg-mediated
suppression [45, 46].

Conclusions
Collectively, we demonstrate the pivotal role of the
STAT5b–MKL-1 interaction identifies a role of Treg-
specific gene regulation and regulated Treg cell develop-
ment and function and suggests a possible mechanism
for the protective effects of autoimmune disease ITP.

Fig. 7 MKL-1, STAT5b, Foxp3 and CD25 have lower expression in ITP patients. MKL-1, STAT5b, Foxp3 and CD25 expression was examined by
qPCR in ITP patients. GAPDH was used as a loading control. **p < 0.01. n = 6
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