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Figure 3. DNA methylation analysis of S100A4 in ovarian cancer tissues. S1T00A4 overexpression in ovarian cancer tissues showed a high
frequency of hypomethylation. White: hypomethylation, gray: hemimethylation and black: methylation. N: nuclear S100A4 expression, C:

cytoplasmic S100A4 expression.

cells was significantly increased by 5-aza-dC treatment (Fig.
2¢); however, no significant difference was found in the den-
sity of the S100A4 band in the A2780/CDDP cells after either
treatment (Fig. 2¢). In addition, we examined the changes of
S100A4 localization by treatment with 5-aza-dC by immuno-
fluorescence staining. As shown in Figure 2d, 5-aza-dC treat-
ment increased the nuclear expression of S100A4 in SKOV3,
OVCAR3 and OSE2a. Thus, these results provide evidence
that DNA methylation is an important regulatory mechanism
for S100A4 expression in ovarian cancer cell lines.

Hypomethylation of the first intron of the S100A4 gene is
correlated with increased S100A4 expression in ovarian
cancer tissues

We investigated the association between S100A4 expression
and methylation status in ovarian carcinoma tissues. The
results are shown in Figure 3. S100A4 overexpression in
ovarian cancer tissues showed the high frequency of hypome-
thylation (Table 1). Furthermore, according to the FIGO
stage classification, the hypomethylation rate in Stages III
and IV (54%) cases is significantly higher than that in stages

Int. ). Cancer: 131, 1755-1767 (2012) © 2012 UICC

I and 11 (34%, p < 0.01; Table 1). Therefore, epigenetic
changes might be induced during ovarian cancer progression.

Hypoxia facilitates the invasiveness of ovarian carcinoma
cells through $100SA4 upregulation

Next, we examined the effect of hypoxia on S100A4 expres-
sion in ovarian carcinoma cell lines, SKOV3, A2780/CDDP,
OVCAR3 and OSE2a (Fig. 4a and Supporting Information
Fig. 2). The nuclear expression of S100A4 was observed
under hypoxia, whereas S100A4 expression was observed in
the cytoplasm of SKOV3 cells under normoxia (Fig. 4a).
Western blotting also revealed S100A4 expression in the nu-
clear compartment of SKOV3 cells under hypoxia (Fig. 4b).
In addition, hypoxia resulted in increased invasiveness and
induced the expression of S100A4 in SKOV3 cells (Fig. 40).
Furthermore, when S100A4 siRNA was transfected into ovar-
fan carcinoma cells, hypoxia-induced invasive activity was
reduced (p < 0.05; Fig. 4c). These findings suggest that the
increased invasiveness of ovarian carcinoma cells observed
under hypoxia is associated with the induction of S100A4
expression.
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Table 1. Hypomethylation rate in ovarian cancer tissues

Hypomethylation rate (%)

S100A4 expression

Cytoplasmic
— ot 14.4 £ 12.4
B R e 50.3 & 16.4*
Nuclear
,,,,, 33.0 £ 17.3
e 68.1 = 14.6*
Histological type
Serous 47.8 _* 26.3
Endometrioid 35.1 £ 21.7
Clear cell 39.0 &= 26.3
Mucinous 39.6 = 18.6
FIGO stage
Il 342 267
-1V 54.4 ® 25.1%

The hypomethylation rate was evaluated as the percentage of
hypomethylated CpG in all of the CpG sites investigated.
*p < 0.05. Fischers exact test.

The first intron of the S100A4 gene is important in
hypoxia-induced transcriptional activity

Hypoxia is known to induce the expression of HIF-1a, which
binds to the HRE to activate its transcription. In the first
intron of the human $100A4 gene, there are two potential
HIF binding sites, HRE1at position 4196 and HRE2at posi-
tion 329 (Fig. 4d). We made serial deletions in the S100A4
intron and produced the pLuc3(-4), pLuc3(248), pLuc3(383)
and pLuc3(718) plasmids (Fig. 4d). Normalized luciferase ac-
tivity was enhanced 9-fold and 7-fold in the SKOV3 cells
transfected with pLuc3(-4) and pLuc3(248), respectively (Fig.
4e). In the OVCAR3 cells transfected with pLuc3(-4), it was
enhanced 6-fold under hypoxia. Neither the pLuc3(383) con-
struct nor the pLuc3(718) plasmid enhanced luciferase activ-
ity when the transfected cells were exposed to hypoxia (Fig.
4e).

We then analyzed the binding of HIF-1a to the HRE in
the S100A4 intron under hypoxia using the ChlIP assay. As
shown in Figure 4f, increased HIE-1ot DNA binding to HRE1
and HRE2 under hypoxia was observed in SKOV3 cells.
OVCAR3 cells showed increased HIF-1a DNA binding to
HREL. The results of methylation analysis showed that HRE2
in OVCAR3 was methylated; therefore, we speculated that
the methylation status is important for HIF-1a DNA binding
to HRE under hypoxia. In support of the results of the ChIP
assay, the suppression of HIF-1a expression by siRNA inhib-
ited the transcriptional induction of S100A4 (Supporting In-
formation Fig. 3a). In addition, S100A4 transcriptional activ-
ity of pLuc3(-4) under hypoxia was increased, but not that of
the double mutant of HREl and HRE2. Both HREl and
HRE2 were associated with the upregulation of S100A4
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induction (Supporting Information Fig. 3b). These results
suggest that the HRE site is necessary for the increase in pro-
moter activity observed under hypoxia.

HIF-1« binds to the hypomethylated HRE

The HRE contains CpG dinucleotides.”® Thus, we analyzed
the effect of CpG methylation on the HIF-1a binding site. To
induce methylation, pLuc3(-4) was treated with SAM, which
is the principle biological methyl donor, and was then transi-
ently transfected into A2780/CDDP. As shown in Figure 54,
the hypoxic inducibility of methylated pLuc3(-4) was reduced
compared with that of SAM untreated pLuc3(-4). Based on
these results, it was assumed that the CpG methylation of the
HRE located in the SI00A4 first intron affects HIF-1o
binding. '

To examine the impaired binding of HIF-1a to the HRE,
we sequenced the HRE of the HIF-1a binding DNA obtained
from immunoprecipitation. Our sequencing showed that no
methylation of the HIF-1 binding region of S100A4 had
occurred (Fig. 56). Taken together, these results suggest that
HIF-1« binds to a methylation-free HRE. We also analyzed
the changes in the methylation status of the HRE in the
$100A4 intron under hypoxia and found that the ratio of cy-
tosine (methylated) to thymidine (unmethylated) at each
CpQG site decreased in a time-dependent manner (Fig. 5¢).

To examine the changes in genomic methylation status,
we analyzed the presence of 5-mc. Immunofluorescent stain-
ing showed that the number of 5-mc positive cells was signif-
icantly decreased under hypoxia (p < 0.05 Fig. 5d). As the
methylation process depends on the balance of several fac-
tors, such as DNA methyltransferase (DNMT) enzymes and
demethylases,%”37 we examined the changes in DNMT activ-
ity and expression under hypoxia. Although different cell
lines demonstrated different levels of DNMT activity, the
OVCAR3 and SKOV3 cells lines showed reduced DNMT ac-
tivity after being exposed to hypoxia (Fig. 5¢). RT-PCR anal-
ysis showed that the mRNA expression of the maintenance
methyltransferase DNMT1 was decreased under hypoxia in
OVCAR3 cells (Fig. 5f). In contrast, there were no significant
changes in the mRNA expression of the de novo methyltrans-
ferases DNMT3A and DNMT3B.

The coexpression of nuclear $100A4 and HIF-1a is
correlated with the poor prognosis of ovarian carcinoma
patients

Finally, we examined the importance of $100A4 and HIF-1q
in patients with ovarian cancer. Among patients of all stages,
the prognosis was significantly poorer in patients that dem-
onstrated strong nuclear expression of S100A4 (positive, 43.1
+ 12.5 months vs. negative, 97.2 = 8.3 months, p = 0.005).
Interestingly, the coexpression of nuclear S100A4 and HIF-
loo was associated with significantly shorter survival (p <
0.0001; Supporting Information Fig. 4). Accordingly, the nu-
clear expression of S100A4 combined with HIF-lo might be
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Figure 4. (0) Immunofluorescent analysis of the subcellular localization of S100A4 under hypoxia in SKOV3 cells. The nuclear expression of
S100A4 was observed under hypoxia, whereas S100A4 expression was observed in the cytoplasm of SKOV3 cells under normoxia. a: S100A4
(red), b: hypoxic marker, Pimonidazole (green), c: DAPI (blue), d: merged. (b) Western blot analysis of the cytoplasmic and nuclear fractions.
Hypoxia induced nuclear S100A4 expression in SKOV3 cells. N: nuclear fraction, C: cytoplasmic fraction. (¢) Effects of S100A4 siRNA on the
invasive activity of A2780/CDDP cells. The expression of S100A4 after transfection with S100A4 siRNA was analyzed by Western blotting.
S100A4 sIRNA inhibits the induction of S100A4 expression under hypoxia.100A4 siRNA inhibited the invasiveness induced by hypoxia. Values
represent the mean =+ SD of three independent experiments. *p < 0.05. (d) Identification of the HIF-1z response element-binding site in the
first intron of the S100A4 gene. (¢} Luciferase assay in A2780/CDDP, SKOV3, OVCAR3 and OSE2a cells. Values are presented as the means *
SD. *p < 0.05. () Chromatin immunoprecipitation assay (ChiP). HiF-1x bind to HRE1 and HRE2 under hypoxia in SKOV3 cells. Increased HiF-
148 DNA binding to the HRE1 of the S100A4 intron was detected in OVCAR3 cells.
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Figure 5. (g) Relative S100A4 luciferase assay after methylation induced by s-adenosyl-[methyl-3H] methionine (SAM). To induce
methylation, pluc3(-4) was treated with SAM. The cells were transiently transfected with pLuc3(-4) with or without SAM treatment. Hypoxia-
induced luciferase activity of SAM-treated plLuc3(-4) was suppressed compared with that of SAM-untreated unmethylated pLuc3(-4). Values
are presented as the means == SD. *p < 0.05. Each experiment was performed in triplicate wells and repeated three times. (b) The
sequence of the HRE of the HIF-1abinding DNA obtained from immunoprecipitation. Bands of chromatin immunoprecipitation assay. To
examine the impaired binding of HIF-1« to the HRE, we sequenced the HRE of the HIF-1« binding DNA obtained from immunoprecipitation.
Our sequencing showed that methylation was not observed in the HIF-1 binding HRE region of S100A4 intron. (¢) The DNA sequence after
treatment with sodium bisulfite. The ratio of cytosine (methylated) to thymidine (unmethylated) at each CpG site was decreased in a time-
dependent manner. (d) Immunofluorescent staining of 5methyl-cytosine (5-mC). The number of 5-mc¢-positive cells was significantly
decreased under hypoxia. The number of 5-mc-positive cells/10cells was evaluated in ten arbitrary fields. Each experiment was performed
in triplicate wells and repeated three times. Upper panel: 5-mC staining (green), Lower panel: Nuclei were counterstained with DAP! (blue).
*p < 0.05. () Enzyme assay for DNMT. Reduced DNMT activity after being exposed to hypoxia was observed in OVCAR3 and SKOV3 cell
lines. Values are presented as the means = SD. (f) RT-PCR analysis of DNMT1, DNMT3A and DNMT3B. The mRNA expression of the
maintenance methyltransferase DNMT1 was decreased under hypoxia in OVCAR3 cells. In contrast, there were no significant changes in the
mRNA expression of the de nove methyltransferases DNMT3A and DNMT3B.
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an important biological marker and a molecular target for
ovarian cancer treatment.

Biscussion

We previously reported that S100A4 expression was upregu-
lated in ovarian carcinomas and that the nuclear expression
of S100A4 was an independent prognostic factor in patients
with ovarian cancer.!” Therefore, in this study, we examined
the mechanisms of the upregulation of S100A4 expression in
ovarian carcinoma cells, with particular attention paid to the
effects of hypoxia. Our experiments showed that the expres-
sion levels of S100A4 were correlated with the invasiveness of
ovarian carcinoma cells in vitro and in vivo. In addition, the
upregulation of S100A4 expression was associated with the
hypomethylation of CpG sites in the first intron of S100A4
in ovarian carcinoma cell lines and tissues. Our findings sug-
gest that DNA hypomethylation is an important mechanism
for regulating S100A4 expression in ovarian cancer cells and
were compatible with those of studies of other malignant
tumors, such as pancreatic, prostate, lymphoma and endome-
trial carcinoma cells.'*?° In contrast, Rehman et al'®
reported that intronic CpG methylation does not affect
S100A4 expression in blood cells. Thus, whether the
increased S100A4 expression is a consequence of gene hypo-
methylation depends on the cell type®® Our findings indi-
cated that the upregulation of S100A4 plays an important
role in the acquisition of aggressive characteristics in ovarian
carcinomas via epigenetic changes.

We then found that hypoxia upregulated S100A4 expres-
sion in ovarian cancer cells. The upregulated expression of
S100A4 induced under hypoxia resulted in increased inva-
siveness in SKOV3 cells, which was inhibited by specific
siIRNA against S100A4. This is the first report to show that
the increased invasiveness observed under hypoxia is associ-
ated with the induction of S100A4 expression. However, the
inhibition of hypoxia-induced invasiveness by specific
S100A4 siRNA was not complete; therefore, it might also be
caused by other genes that are induced by hypoxia, such as
Snail, CXCR4 and lysyl oxidase.® The human S100A4 gene
has two HRE in its first intron. Our luciferase analysis
showed that the sequence of the HRE is important for induc-
ing S100A4 transcriptional activity under hypoxia, and a
CHIP assay showed that HIF-1a binds directly to an HRE in
intron 1 of the S100A4 gene. Moreover, the suppression of
HIE-1o reduced the transcriptional induction of S100A4
under hypoxia. Consistent with our results, Liao er al. sug-
gested that the conditional induction of HIF-lo protein
induced the expression of several genes, including S100A4 in
a leukemic U937T-cell line, using differential gel electropho-
resis.”® Recently, Zhang et al*® have also reported that hy-
poxia induced the nuclear expression of S100A4 in gastric
cancer cell line BRC823. They showed that HIF-1a binds to
HRE2; however, they did not analyze the binding of HIF-1a
and HREL. Taken together, these findings provide evidence
for the interaction of HIF-1ct and $100A4 under hypoxia.
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Moreover, our findings indicate that the methylation sta-
tus of HRE is important for HIF-1a binding. We found that
the HIF-1 binding HRE was methylation free. Similarly,
Wenger et al*' demonstrated that erythropoietin gene
expression is dependent on a CpG methylation-free HRE.
The increased expression of Class 1T beta-tubulin under hy-
poxia is also associated with the methylation status of CpG.*
Methylated CpG might interfere with the binding of tran-
scription factors through direct steric changes and/or the
binding of repressor proteins. These findings suggest that the
adaptation to hypoxia is mediated through a coordinated
transcriptional response and epigenetic changes. This is the
first report to show that the degree of CpG methylation
might play a role in the HIF-induced expression of S100A4.

Interestingly, the methylation level of CpG sites was
altered under hypoxia. The ratio of cytosine (methylated) to
thymidine (unmethylated) at the CpG site was decreased
under hypoxia in a time-dependent manner. We found that
the activity of DNMT in ovarian cancer cells was also
decreased under hypoxia. Shahrzad et al.*® have also demon-
strated that hypoxia regulates DNA demethylases and helps
to maintain epigenetic homeostasis under hypoxic conditions.
Although the role of DNMT under hypoxia in malignant
tumors is disputed,**™*® these results suggest that hypoxic
microenvironments affect DNMT activity and induce DNA
hypomethylation, leading to an inappropriate reawakening of
gene expression. Our findings suggested the possible epige-
netic mechanism of the upregulation of S100A4 expression
during ovarian cancer progression (Supporting Information
Fig. 5). Hypomethylation of the first intron in S100A4 gene
is the first step in the upregulation of S100A4. The second
step is that hypoxia-induced HIF-1 binds to hypomethylated
HRE; however, the biological mechanism of the induction of
the in vivo hypomethylation of S100A4 has not been fully
characterized. Therefore, the epigenetic alterations in the
S100A4 gene induced by microenvironmental conditions
require further investigation.

Our previous study showed that the nuclear expression of
S100A4 was an independent prognostic factor in patients
with ovarian cancer.'® In addition, this study showed that the
nuclear expression of S100A4 in combination with nuclear
HIF-1a protein is a marker of poor prognosis. Accordingly,
the presence of hypoxic conditions might upregulate S100A4
expression, producing an unfavorable prognosis. Although
S100A4 was first identified as a cytoplasmic protein, its trans-
location between the cytoplasm and the nucleus has been
reported in human cells.””** The nuclear expression of
S100A4 has been reported to be implicated in the regulation
of gene transcription either through direct DNA binding or
through its interaction with other DNA-binding proteins.***
Our findings suggest that the nuclear expression of S100A4
combined with HIF-lo is an important biological marker
and could be a molecular target for ovarian cancer treatment.

This study showed that the upregulation of S100A4
expression was associated with hypomethylation, along with
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increased malignancy during ovarian cancer progression. We
also found that exposure to hypoxia increased the hypomethy-
lation of the first intron of S100A4 and increased the binding
of HIF-1a in ovarian cancer cell lines. These results indicate
that hypoxia-induced hypomethylation plays an important role
in gene overexpression during tumor progression,
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Bone morphogenetic proteins (BMPs) are involved in patterning and cellular fate in various
organs including the thymus. However, the redundancy of BMPs and their receptors have
made it difficult to analyse their physiological roles. Here, we investigated the role of BMP
signalling in peripheral CD4" T cells by analysing the effects of an inhibitor of BMP
signalling, dorsomorphin. Dorsomorphin suppressed phosphorylation of SMAD1/5/8,
suggesting that BMP signalling naturally occurs in T cells. At high doses, dorsomorphin
suppressed proliferation of T cells in a dose-dependent manner, inducing G1 arrest. Also,
dorsomorphin suppressed Th17 and induced Treg-cell differentiation, while preserving
Th2 differentiation. Dorsomorphin efficiently suppressed IL-2 production even at low
doses in mouse CD4™ T cells, suggesting that the BMP-Smad signalling physiologically
regulates IL-2 transcription in these cells. In addition, recombinant BMP2 induced a dose-
dependent multiphasic pattern of IL-2 production, while Noggin suppressed IL-2
production at higher doses in Jurkat cells. Notably, BMP signalling controlled the phos-
phorylation of RUNX1, revealing the molecular nature of its effect. Collectively, we describe
multiple effects of dorsomorphin and Noggin on T-cell activation and differentiation,
demonstrating a physiological role for BMP signalling in these processes.

Key words: Bone morphogenic protein - CD4" T cells - 1L-2 - Morphogen - T-cell activation
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Introduction

T cells are continuously generated in the thymus, and differ-
entiate into more mature T cells in the periphery throughout life.
Thus, not surprisingly, many mechanisms involved in embry-
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© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ogenesis are used in thymocytes and T cells. Bone morphogenetic
pmieins (BMPs) have important roles in embryogenesis and
organogenesis of various tissues including the development of the
thymus [1]. It has been reported that BMP2 and BMP#4 and their
extracellular inhibitors, Noggin and Chordin, are expressed in the
thymus, and that BMP4 inhibits the transition from CD4~CD8™
double negative (DN) to CD47CDS8™ double positive (DP) and

*These authors contributed equally to this work.
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arrests cells at the CD257CD44" and CD257CD44™ DN stages
[2, 3]1. On the other hand, inhibition of BMP2/4 signalling by
Noggin promotes and accelerates thymocyte differentiation,
increasing the proportions of CD447CD25™ DN thymocytes and
DP thymocytes [2, 3]. In the periphery, the developmental or
differentiation processes of T cells are studied as “T-cell activation
and differentiation”. Thus, the roles of BMP can be reasonably
addressed in some aspects of these processes. Recently, BMPs
have been suggested to have some roles in peripheral T-cell
proliferation, although their physiological relevance and mechan-
isms are still unclear [4].

BMPs are made up of more than 20 distinct BMP subunits, and
belong to the larger wansforming growth factor-beta (TGF-p
ligand family [5]. BMP forms heterodimers or homodimers,
which make heterotetrameric complexes with type I and II BMP
receptors (BMPRs), and transduce signals via the complex. BMP
ligands are recognized by the pairs of type 11 BMPR or Activin
type II receptor (ActRIla and ActRIIb) with various BMP type |
receptors {ALK1, ALK2, ALK3, and ALK6). When engaged by
ligand, type Il BMPR phosphorylates type [ BMPR, which triggers
phosphorylation of BMP-responsive receptor-regulated SMADs
(R-SMADs, namely, SMAD1, SMADS5 and SMADS8). R-SMADs
form a complex with common-partner SMADs (Co- SMADs:
SMAD4) and translocate into the nucleus, where the complex
regulates the transcription of its target genes [6]. It is known that
the SMAD complex interacts with the transcription factor RUNX2,
which is a major target of BMP signalling for the differentiation of
osteoblasts [7]. In hematopoietic stem cells, BMP4/SMAD
signalling is reported to regulate RUNX1 activity [8]. Preceding
studies indicate that BMP activates not only the SMAD pathway
but also other pathways such as mitogen-activated protein kinase
(MAPK) family of molecules including ERK1/2 and p38 [9].

Considering the number of combinations of BMP ligands and
receptors, we attempted to address the possible roles of BMP
signalling in T-cell activation and differentiation by inhibiting a
wide range of BMP signalling using a small molecule inhibitor of
type I BMPRs, dorsomorphin (DM) [10]. In this study, we
analysed the perturbation effects of DM in CD4™ T cells, in order
to identify functional consequences of inhibition of BMP signal-
ling in T cells. We found that DM differentially affected the
processes of T-cell activation in a unique manner. Presumably,
some, if not all, of the mechanisms affected by DM-treatment
should include those truly regulated by BMP signalling in T cells.

Results

DM inhibits BMP-SMAD1/5/8 signalling in Jurkat cells
We investigated the role of the BMP signalling pathway by
analysing the effects of its inhibitor. A small molecule compound,
DM, is reported to selectively decrease the level of SMAD1/5/8
phosphorylation by inhibiting the kinase activity of BMP type [

receptor [11]. We confirmed this specific effect of DM on SMAD1/
5/8 phosphorylation in Jurkat cells (Fig. 1). DM decreased the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

122

Eur. J. Immunol. 2012. 42: 749-759

level of phosphorylation of SMAD1/5/8 (p-SMAD1/5/8) in both
BMP2-treated and non-treated Jurkat cells (Fig. 1A égd B).
Although the signal/noise ratio of the detection of p—SMAD'l/ 5/8
by western blot using Jurkat were not large, DM clearly inhibited
phosphorylation of SMAD1/5/8 in Jurkat cells in a dose-
dependent manner, and the half maximal inhibitory concentration
(ICs0) was ~0.31uM, which was comparable to the preceding
study (Fig. 1C and D, [11]). On the other hand, dorsomophin did
not inhibit phosphorylation of SMAD2, which mediates TGF-$
signalling (Fig. 1C and D). In addition, BMP2 increased
phosphorylation of Smad1/5/8 in mouse CD4" T cells, whereas
DM inhibited it in both BMP2-treated and non-treated T cells
(Supporting Information Fig. 1). Thus, DM is a specific inhibitor of
BMP-SMAD signalling in T cells, as the previous report showed
using pulmonary artery smooth muscle cells [11].

DM inhibits T-cell proliferation

Next, we addressed functional consequences of the Inhibition of
BMP-SMAD signalling by DM. Jurkat or mouse CD4™ T cells were
cultured with titrated doses of DM (0.1-20 uM) under stimulation
with anti-CD3 and -CD28 antibodies for 60h. Thymidine incor-
poration assay revealed that DM suppressed the proliferation of
both Jurkat and mouse CD4™ T cells in a dose-dependent manner
(ICsp~2.43 1M, 1.40 uM, respectively, Fig. 2A and B). As expected
from this result, DM inhibited cell division of mouse CD4" CD25™
naive T cells by the carboxyfluorescein diacetate succinimidy! ester
(CFSE) dilution assay. In the CFSE dilution assay, almost all cells
were dead when the concentration of DM was higher than 10 uM
(Supporting Information Fig. 2A), presumably because of the
synergistic toxicities of CFSE and DM (Fig. 3). DM clearly inhibited
cell division by the CFSE dilution assay at the concentrations above
1uM (Fig. 2C), which was compatible with the results of thymidine
incorporation. The Proliferation Index (the average number of cell
divisions that a cell in the original population has undergone)
showed a dose-dependent inhibition of cell division, while mean
fluorescence intensity (MFD and Division Index (the average
number of cell divisions that the responding cells underwent)
showed a mild increase of cell division at the low concentration of
DM (Fig. 2C). This result suggests that low concentrations of DM
can mildly promote the proliferation of dividing T cells. This issue
will be addressed below.

DM induces GO/G1 arrest in T cells

In order to analyse more precisely how DM suppresses the
proliferation of T cells, we performed cell cycle analysis of DM-
treated cells. Jurkat cells were stimulated by anti-CD3 and -CD28
antibodies with DM or DMSO as a control. Cultured cells were
analysed 2 days after stimulation by flow cytometry using
bromodeoxyuridine (BrdU) label and 7-Amino-actinomycin D
(7AAD) staining. The percentages of sub-G1 positive cells were
comparable between control and DM-treated cells (6.8 versus

www.eji-journal.eu



Eur J. Immunol. 2012, 42: 749-759

A B

+ DM
(BulM)

[N
o
]

-
o
1

BMP2

| p-SMAD 1/5/8

p-SMAD1/5/8 (RLU)
5
{

SMAD1 05
ctin 0.0
BMP2

C DM (M) 0 01 05 1 5 10 20

Molecular immunclogy

D p-SMAD1/5/8
[ 0.55 9
1Cso = 0.31 uM
5 0.50 - 5 !
et
z
® 0.45 -
¢
2 040
=
@
Q 0.35
bk 0.30 4, E 1 |
+ DM 0 0.1 1 10
(5ub) DM (uM)
p-SMAD2

0.75
o~ 0.70 ~
=
g
; 0.65 -0~ n
] Soo._ - °
< o
= 0.60 —
1
&

0.55

0.50

i I 1
0 0.1 1 10

DM {(u)

Figure 1. The effect of DM on the phosphorylation of SMAD1/5/8. (A) Western blotting of phosphorylated SMAD1/5/8 (p-SMAD1/5/8) in Jurkat cells
cultured with or without BMP2 in the presence of DM or DMSO as a control. Cells were cultured for 30 min with indicated conditions and
stimulated with anti-CD3 and -CD28 antibodies for 1h. (8) Densitometric analysis of p-SMAD1/5/8 in (A). Intensities of p-SMAD1/5/8 were
normalised to those of total SMAD1. {C) Western blotting of p-SMAD1/5/8, SMAD1, p-SMAD?2, and SMAD2/3 in jurkat cells cultured with titrated
doses of DM. (D) Densitometric analysis of p-SMAD1/5/8 and p-SMAD?2 in (C). Intensities of p-SMAD1/5/8 {left) and p-SMAD2 (right) were
normalized to those of total SMAD1 and SMAD2/3 respectively. Data were regressed to a four-parameter log-logistic function in p-SMAD1/5/8.
Actin was used for a loading control (A, C). All figures are representative of three independent experiments.

7.2%), suggesting that obvious apoptosis or necrosis did not
occur in DM-treated cells at this time point (Fig. 3A). The
percentage of GO/G1 cells was increased in DM-treated cells
compared with control cells (67.5 versus 57.3%, Fig. 3A). On the
other hand, the percentage of S-phase cells was decreased in DM-
treated cells (9.3 versus 17.6%, Fig. 3A).

The cyelin-dependent kinase inhibitor p27°P" is known to inhibit
CDK2 and the G1-8 transition, and previous studies indicate that the
protein level of p27kipl is increased in anergic T cells [12]. Western
blotting of lysates from Jurkat cells cultured with DM showed that
DM accumulated {,)271“"’1 in Jurkat cells (Fig. 3B). These results
indicate that DM inhibits the G1-8 transition.

Flow cytometric evaluation of apoptosis using Annexin V and
7AAD staining confirmed that DM-treated, mouse CD47CD25"
naive T cells were not obviously apoptotic (Fig, 3C and D). In the
later days of cell culture, control cells were more apoptotic
(Fig. 3C and D), suggesting that activation-induced cell death
occurs more in control cells.

CD25 expression upon TCR stimulation is attenuated
by DM

The results of flow cytometric evaluation of apoptosis suggested
that T-cell activation is suppressed in DM-treated T cells. To

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

address this issue, we analysed the flow cytometric features of
activated T cells including the expression of the activation marker
of T cells, CD25 (IL-2 receptor « chain), upon stimulation. CD4*
CD257 T cells were stimulated by anti-CD3 and CD28 with DM
(5 uM) or DMSO as a control. Both DM-treated cells and control
cells increased FSC and SSC (Fig. 4). CD25 expression occurred
both in DM-treated and control cells on both days 1 and 4,
although the intensities of CD25 expression were lower in DM-
treated T cells (MFI: d1, 600 versus 819; d4, 657 versus 1107,
Fig. 4). These results suggest that T-cell activation occurs but is
partially suppressed by DM.

DM differentially affects helper and regulatory T-cell
differentiation in a unigue manner

Next, we analysed DM-induced perturbation of differentiation of
Thl, Th2, Thil7, and induced regulatory T cells (iTreg cells) in
vitro. Mouse CD47CD25™ naive T cells were cultured with DM
(4 pM) under the Th/Treg polarizing conditions, and their cytokine
production and differentiation status were analysed on days 2, 4,
and 8 by flow cytometric analysis of intracellular cytokines or
Foxp3. DM significantly inhibited the differentiation of Th17 and
iTreg cells, while relatively unaffecting the percentages of
differentiated Th2 cells at the early stages of cell culture (Pig. 5A
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Figure 2. The effects of DM on the proliferation of mouse T cells and
Jurkat cells. {A, B) Proliferation of (A) Jurkat or (B) mouse CD4" T cells
cultured with titrated doses of DM was determined by thymidine
incorporationt. Freshly isolated CD4" T cells were cultured for 72 h with
anti-CD3 and -CD28 antibodies. Data were regressed to a four-
parameter log-logistic function. Data are shown as meanzSD of
triplicates. (C) Proliferation of T cells was also measured by CFSE
dilution assay. Mouse CD4' CD25" naive T cells were cultured with
titrated doses of DM, and stimulated by anti-CD3 antibody with T-cell-
depleted splenic APCs. Flow cytometric analysis of cultured cells was
performed 48h after stimulation to analyse the intensity of CFSE. The
Division Index (the average number of cell divisions that the
responding cells underwent), Proliferation Index (the average number
of cell divisions that a cell in the original population has undergone)
and mean-fluorescence intensity (MFI) of CFSE-stained T cells are
shown. See Supporting Information Fig. 1A for gating strategies and
density plots for CFSE dilution. All figures are representative of three
independent experiments.

and B). Thl7 cell differentiation seemed to be continuously
suppressed throughout the culture. Interestingly, exogenous IL-2
did not veverse DM-induced effects (Fig. SA and B). These results
indicate that DM affects not only IL2 transcription (see below) but
also other processes that regulate Th/reg differentiation and are
independent of IL-2 signalling.

The expressions of the lineage-specific transcription factors of
Th cells were analysed by qPCR. DM markedly suppressed the
expression of Thx21 and Rorc, the lineage-specific transcription
factors of Thl and Th17 cells respectively, but did not suppress
the expression of Gata3, the lineage-specific transcription factor
of Th2 cells (Fig. 5C).

Transcriptomic characteristics of DM-treated T cells

In order to obtain the bigger picture of the effects of DM in T-cell
activation, transcriptomic analysis was performed using mouse
primary CD257CD4™ T cells with either DM (4 M) or vehicle in
the presence or absence of stimulation by anti-CD3 and -CD28
antibodies. A moderated t-statistic identified 8259 genes as
differentially expressed genes in DM-treated T cells (Supporting
Information Fig. 3A). More than a third of the genes that were

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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regulated by stimulation were not significantly regulated by DM
(Supporting Information Fig. 3A). In contrast, no differentially
expressed genes were identified between DM-treated, unstimu-
lated and stimulated T cells, suggesting that DM-treated cells
were hyporesponsive upon activation (Supporting Information
Fig. 3A and B). Interestingly, however, the expressions of nearly
half of the genes that were significantly regulated by DM were not
significantly changed by stimulation only (Supporting Informa-
tion Fig. 3A). Thus, DM seems to induce some unique and specific
effects in T cells independent from the general activation process.
To characterise these, we performed a pathway analysis [13]. The
mechanisms that were downregulated by DM included TCR
signalling pathway, helper T-cell surface molecules, and apopto-
sis-related mechanisms, which are compatible with findings in
Figs. 3 and 4 (Supporting Information Fig. 3C). On the other
hand, the mechanisms that were upregulated by DM included
[L-6 and p38 MAPK singalling pathways. As expected, the
mechanisms that were downregulated by the effects of stimula-
tion considering the effects of DM (statistical interaction between
DM and stimulation) included chemokines and cytokines, further
confirming the results in Figs. 3 and 6. On the other hand, MAPK
signalling pathway was identified in the mechanisms that were
upregulated in the interaction of stimulation and DM (Supporting
Information Fig. 3D). Assume that p38 MAPK pathway is related
to BMP-SMAD pathway (9], the apparent increase in the
transcripts that were related to this pathway may be considered
as a compensatory feedback mechanism. If we assume this
relationship between the inhibition of signalling and the
compensatory feedback mechanism in transcripts, the observa-
tion that TCR signaling pathway was found in the downregulated
mechanisms in DM-treated T cells (Supporting Information Fig.
3C) rather supports that the effects of DM is not a simple
consequence of the inhibition of TCR signalling pathway.

A complex effect of DM on IL-2 production of T cells

To further address how DM affects T-cell function, we analysed
the perturbation of IL-2 production and T-cell differentiation by
DM. We focused on IL-2 production for the following reasons.
First, IL-2 production is the crucial mechanism of T-cell
activation. Second, [L2 transcription is known to be regulated
by several key transcription factors, one of which is AML1/
RUNX1, a well-established downstream target of BMP signalling
in hematopoietic lineage cells [8, 14, 15].

We found that DM inhibited 1L-2 production of Jurkat and
mouse CD4* T cells in a dose-dependent manner (Fig. 6A).
Interestingly, ICso of DM for inhibiting the IL-2 production was
smaller in mouse CD4" T cells (~0.73 uM) than in Jurkat cells
(~4.2 uM). Quantitative real-time PCR (qPCR) analysis of IL-2
mRNA revealed that DM markedly decreased IL2 transcript in
Jurkat cells at as early as 3h after stimulation at the concentra-
tion of 1C5 (Fig. 6B).

Interestingly, the dose-response curve of IL-2 production
upon TCR stimulation consistently showed a fluctuation at low

www.gji-journal.eu
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Figure 3. The effects of DM on cell cycle. (A} Jurkat cells were cultured for 2 days with anti-CD3 and -CD28 antibodies with DM (DM, 5 uM) or DMSO
as a control, then pulsed with BrdU for last 1h. Subsequently, cells were fixed, permeabilised, and stained with anti-BrdUJ and 7AAD. (B) Western
blotting analysis of p27¥", cyclin-dependent kinase inhibitor, in DM-treated Jurkat cells. Cells were treated with DM for 30 min, followed by
stimulation with anti-CD3 and -CD28 antibodies for 1h. Actin served as a loading control. (C, D) Analysis of apoptosis in DM-treated T cells by flow
cytometry. Freshly isclated CD4' CD25 " naive T cells cultured with DM (5 nM), plate bound anti-CD3 and soluble anti-CD28 antibodies for 2-7 days.
Cultured cells were fixed and permeabilised, and subsequently stained with AnnexinV and 7AAD. Contour plots in {A) are ungated data. All igures

are representative of two independent experiments.

concentrations of DM (0.1-2puM) in Jurkat cells, and were
poorly fit to typical dose-response curves using log-logistic
functions in this range, while those at relatively higher
concentrations did (Fig. 6A). This wave-like pattern of dose
response was alse observed in IL-2 production of Jurkat cells
cultured with recombinant BMP2 protein (rfBMP2, Fig. 6Q).
Treatment with a fixed concentration of either DM or
recombinant Noggin (rNoggin) shifted the multiphasic pattern of
1L-2 production by rBMP2 in Jurkat cells (Supporting Information
Fig. 4). Treatment with titrated doses of rNoggin showed that
there was a significant negative correlation between the
dose of rNoggin and IL-2 production (r= -0.57, p<0.001) by
Spearman’s correlation coefficient (Fig. 6C). In addition,
we have confirmed that knock down of SMAD1 and SMADS

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reduced BMP2-mediated IL-2 production (Fig. 6D). On the
other hand, mouse CD4" T cells were less responsive to rBMP2
and rNoggin, and the correlations between the doses of
rNoggin or rBMP2 and I1-2 production were not statistically
significant (Fig. 6C). Yet, they showed similar trends to
those of Jurkat cells (Fig. 6C). Considering that mouse CD4" T
cells were sensitive to DM in terms of IL-2 production, these
results suggest a possibility that the BMP milieu of mouse CD4" T
cells was functionally saturated by a number of BMP ligands.
These results collectively suggest that BMP-SMAD signalling
regulates IL2 transcription. The multiphasic effects of DM
and rBMP2 suggest that a complex feedback mechanism may
exist in BMP-SMAD signalling. Further studies are required to
address this point.
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Figure 4. Expression of T-cell activation marker CD25 in DM-treated
T cells upon TCR stimulation. Freshly isolated CD47CD25 naive T cells
were cultured with CD3 and -CD28 antibodies with DM (5 M) or DMSO
as a control. Cultured cells were stained with CD25-PE and analysed by
flow cytometry on days 1 and 4. These density plots are ungated data.
Numbers indicate MFL Representative results of two independent
experiments are shown.

Regulation of phosphorylation of AML1/ RUNX1 by
BMP signaling

The results above suggest that BMP signalling modulates RUNX1-
mediated IL2 transcription. As AML/RUNX proteins are reported
to be involved in BMP signalling in other tissues such as
hematopoitic stem cells [8] and RUNX1 is reported as an
important transcription factor for T-cell function including IL-2
production [15], we investigated the molecular mechanism of
BMP signalling by analysing RUNX1. The phosphorvlated form of
RUNX1 with phosphorylation sites including Ser249 is believed to
be the activated form of the transcription factor [16]. Thus, we
analysed the activity of RUNX1 by flow cytometric analysis with
an anti-phospho RUNX1 (pRUNX1, pS249) antibody.

Knock down of RUNX1 in Jurkat cells decreased the staining
of both anti-total RUNX1 and anti- pRUNX1 (Fig. 7A), whereas
DM decreased only the staining of anti- pRUNX1 (Fig. 7B and
7C). Time course analysis of pRUNX1 showed that BMP2
increased pRUNX1, while DM suppressed pRUNX1 in stimulated
Jurkat cells throughout the experiment (Fig. 7). Given that
RUNX1 activates IL2 wanscription [8] and that pRUNX1 is
increased by the activation of RUNX1 [16], these results
suggested that BMP signalling regulated IL-2 transcription via
activating RUNX1 in T cells.

Discussion

This study provides evidence for the multiple roles of BMP
signalling in T-cell activation including 1L-2 production, prolif-
eration, and T-cell differentiation. In this paper, some of the
evidence was obtained by a small molecule inhibitor of the BMP-
SMAD signalling pathway, DM. Therefore, we cannot exclude the
possibility that DM directly affects other kinases to achieve the
observed effects. However, many effects of DM are related to the
reported effects of BMP or other related genes. First, DM
inhibited known targets of BMP signalling including SMAD1/5/
8. Second, DM suppressed the transcription of 112, a RUNX1-
target gene [15]. Consistently, we have found that BMP
signalling increased the level of phorsphorylation of RUNX1
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protein, while DM decreased it. Moreover, both DM and the
extracellular BMP antagonist Noggin inhibited IL-2 production by
Jurkat cells, demonstrating that the influence of DM on IL2
transcription is by inhibition of endogenous BMP signalling.
Third, DM suppressed proliferation of T cells. In fact, previous
reports have suggested that BMPs regulate T-cell proliferation.
BMP4 and BMP6 have been reported to increase proliferation,
while BMP2 decreased proliferation [17, 18]. Considering the
diversity of BMP ligands and receptors, DM may have a profound
effect on T-cell proliferation by inhibiting BMP signal transduc-
tion via a wide range of BMP ligands and receptors.

DM differentially affected Th differentiation, relatively unaf-
fecting or even augmenting Th2 differentiation, while suppres-
sing Th17 and iTreg cell differentiation, especially in the early
phase of the culture, when DM is thought to have the maximal
activity in vitro. Although the differentiation of IFN-v producing
cells in the Th1 conditions was more obviously suppressed by DM
in the later phase (d4 and 8) of the culture, the decrease of Thbx21
by DM at 12 h after stimulation suggests that Thl differentiation
is in fact affected. These results collectively indicate that the
effects of DM are not simply the results of the inhibition of all
TCR signalling and/or the suppression of the expression of the
lineage-specific transcription factors. Rather, it is more likely that
DM differentially affects multiple mechanisms in T-cell activation
and differentiation.

The suppression of proliferation and differentiation by DM
was very remarkable at higher doses (ICso ~ 5 tM). However, the
doses are above 1Cso of DM on AMP activated kinase and vascular
endothelial growth factor kinase [19], although it is not known
whether these kinases have significant roles in T cells. Besides,
recombinant Noggin did not have remarkable effects in
suppressing proliferation and differentiation (data not shown).
Therefore, we do not exclude the possibility that the inhibition of
proliferation and differentiadon was due to disturbing not only
BMP signalling but also other signalling. Yet, it is an interesting
finding that low doses of DM mildly increased proliferation
(Fig. 2A and B), suggesting that mild and specific inhibition of
BMP signalling increased proliferative activity. The multiphasic
effect of BMP signalling at low doses of DM was more clearly
observed in IL-2 production in Jurkat cells, although this needs to
be addressed by more sensitive means. Importantly, DM
suppressed 1L-2 production in mouse CD4" T cells in low doses
with an ICsq similar to the one for the phosphorylation of Smad1/
5/8, suggesting that IL-2 was a direct target of the BMP-SMAD
signalling in these cells.

The analysis of RUNX1 and phospho-RUNX1 proteins suggests
that RUNX1 is an important downstream target of BMP signalling
in T cells. The level of the phosphorylated form, but not the total
amount, of RUNX1 was decreased at the high dose of DM (5 uM,
Fig. 7), where IL-2 production was profoundly suppressed
(Fig. 6). We previously reported that RUNX1 was involved in 1L-2
transcription, and that knockdown of RUNX1 completely
suppressed [1-2 production in Jurkat cells [15]. Thus, it is
interesting that the suppression of IL-2 by DM is coupled with the
decrease of the phosphorylated form of RUNXI. Also, this result
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Figure 5. Perturbation effects of DM on Th/Treg differentiation. (A) CD4 CD25 T cells were cultured with APCs and soluble anti-CD3 antibody,
with DM (5 uM) or DMSO as a control, under indicated polarization conditions for 4 days. Cells were then restimulated with PMA and ionomycin for
last 6h, stained for intracellular cytokines, and analysed by flow cytometry. (B) Time course analysis of Th/Treg differentiation of DM-treated
T cells. The frequency of polarized T cells (top), and % differentiation (middle and bottom) are shown. The latter is the value normalized to the
percentage of control cells. For the gating strategy, see Supporting Information Fig. 1B. (C) Expression of the lineage-specific transcription factors.
CD47CD25  naive T cells were cultured with DM or DMSO as a control under the indicated conditions for 12h, and levels of Thx21, GATA3, RORC
were measured by qPCR. HPRT was used as a reference gene. Data are shown as mean+SD of triplicates. Representative results of three {A, B) or

two (C) independent experiments are shown.

suggests that the phosphorylated form of RUNX1 is its
activated form as suggested by a previous study [16]. Although
we cannot exclude the possibility that DM directly
suppressed nuclear kinases that phosphorylate RUNX1, this
seems unlikely, given that rBMP2 upregulated the level of p-
RUNX1 (Fig. 7D). The fact that treatment with 1Noggin
suppressed 1L-2 production in the absence of rBMP2 indicates
that in Jurkat cells endogenous BMP secretion signals for IL-2

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

production. Our study suggests that RUNX1 integrates the milieu
of BMPs and its related proteins including Noggin via receiving
BMP signalling.

Although further studies are required, BMP ligands and related
morphogens from APCs may make morphogen milieus to modulate
the differentiation and activation processes of T cells. Previous
reports indicate that BMP-2, -4 and -7, and its endogenous inhibi-
tors, Noggin and Chordin, are expressed in thymic epithelial cells
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Figure 6. IL-2 production and transcription in DM-treated T cells. {A) Jurkat or mouse CD4" T cells were cultured for 18 h with DM or DMSO as a
control, anti-CD3 and -CD28 antibodies. Data were regressed to a four-parameter log-logistic function (solid line). Points at low doses of DM in
Jurkat cells were poorly fit to the log-logistic function, as demonstrated by dashed line. (B) Jurkat cells were stimulated for 3-18h by anti-CD3 and
-CD28 antibodies with DM (5uM) or DMSO as a control. Relative levels of 112 were measured by gPCR. (C) Jurkat or mouse CD4" T cells were
stimulated for 18 hours by anti-CD3 and -CD28 antibodies with titrated doses of recombinant BMP2 protein (rBMP2) or recombinant Noggin protein
{(rNoggin). IL-2 concentration in the culture supernatant was measured by ELISA. (D} IL-2 production by untreated cells (w/o siRNA) and siRNA-
transduced Jurkat cells (control or SMAD1/5-siRNA) with or without rBMP2. Western blotting of pSMAD1/5/8 and actin using siRNA-transduced and
non-transduced cells is shown (top). Densitometric analysis of the results of Western blotting of pSMAD1/5/8 and actin is shown {middle). IL-2
production of siRNA-transduced and non-transduced cells with or without rBMP2 (100 ng/mL) is shown (bottom). Data are shown as mean +SD of
triplicates. Representative results of three (A, B) or two (C, D) independent experiments are shown.

[2, 3]. We have found that some BMP ligands and their antagonists
are expressed by various immunocytes. For example, monocytes
express significantly higher amounts of Chordin (Chrd) mRNA than
all other cell populations analysed in the data set of T cells, B cells,
NK cells, Granulocytes, monocytes, and hematopoietic stem cells
(GSE6506, [20]). Also, among B cells, plasma cells express much
higher amounts of Bmpl and Gdf2 compared with naive B cells in
the data set GSE4142 [21]. Further studies are required to find
biological significance of the expression of these genes and
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understand the morphogen milieus in the immune system and their
influence on T-cell differentiation in vivo.

In conclusion, we show that BMP signalling is involved in
T-cell function and differentiation. DM, a specific inhibitor of BMPR
(which does not inhibit TGF-B signalling) suppressed specific
processes in T-cell activation and differentiation, and induced
unique processes in treated cells. We described differential effects of
DM and Noggin on T-cell activation and differentiation, demon-
strating a physiological role for BMP signalling in these processes
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Figure 7. Regulation of phosphorylation of RUNX1/AML1 by BMP
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siRNA (KD) or control siRNA {Ctr]) and cultured for 48h. Knocked down
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RUNX1 antibodies, and subsequently analysed by flow cytometry,
(B) Jurkat cells were cultured for 3h with DM (DM) or DMSO as a control
(Ctr]), and subsequently stained by either anti-pRUNX1 or anti-total
RUNX1 antibodies. {C) Mouse CD4" T cells were cultured for 3h
with DM or DMSO as a control, and stained by anti-pRUNX1 antibody.
(D) Time course analysis of levels of pRUNX1 in Jurkat cells with
rBMP2 and DM or DMSOQ. Jurkat cells were treated with rBMP2
{100ng/mL) and either DM (5 uM) or DMSO, and analysed for pRUNX1.
Representative results of two (A-C) or three (D) independent experi-
ments are shown.

Mouse, culture, and cell sorting

BALB/c mice were purchased from Japan SLC (Shizuoka, Japan),
maintained under specific pathogen-free conditions in accor-
dance with our institutional guidelines for animal welfare, and

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Molecular immunoclogy

were used between 5 and 8 wks of age. CD4" T cells were
isolated and cultured as previously described [15]. For CFSE
dilution assay, magnetically sorted mouse CD25 CD4" T cells
were labeled with 3uM CFSE (Dojindo and Invitrogen).
Irradiated, magnetically sorted mouse CD47CD90.27 cells were
used as APCs. DM was purchased from Calbiochem (San Diego).

Quantitative real-time PCR

Total RNA extracted and quantitated as previously described
[15]. Primers used for human samples are the followings: IL-2,
forward: 5'-TGCAACTCCTGT CTTGCATT-3', reverse: 5-TCCTG-
GTGAGTTT GGGATTC-3. HPRT, forward: 5-GCTGAGGAT TTG-
GAAAGGGTG-3/, reverse: 5-TGAGCACAC AGAGGGCTACAATG-
3. Primers used for mouse sample are the followings: 112,
forward: 5-CCTGAGCAGGATGGAGAATTACA-3, reverse:
5 -TCCAGAACATGCCGCAGAG-3'. Thx21, forward: 5'-CAACAAC-
CCCTTTGCCAA AG-3/, reverse: 5'-TCCCCCAAGCAGTTGACAG T-
3. Gata3, forward: 5'-AGAACCGGCCCCTTA TGAA-3', reverse:
5-AGTTCGCGCAGGATGT CC-8. Rorc, forward: 5'-ACCTCCA-
CTGCCA GCTGTGTGCTGTC-3/, reverse: 5'-TCATTTCT GCACTT-
CTGCATGTAGACTGTC-3'. HPRT, forward: 5-TGAAGAGCTACT-
GTAATGATC AGTCAAC-3, reverse: 5'-AGCAAGCTTGCAAC CTT-
AACCA-3

Western blotting and ELISA

Western blotting and ELISA were preformed as previously
described [15]. The following antibodies were used for immuno-
blot: anti-phospho SMAD1/5/8 (Cell Signallng Technology,
Danvers, MA, USA), ant- SMAD1 (Millipore, Billerica, MA,
USA), anti-phospho SMADZ (Cell Signaling Technology), anti-
SMAD2/3 (Cell Signaling Technology), anti- p27Ki"'E (BD
Bioscience, San Jose, CA, USA), or anti- Actin (Millipore). 11-2
was measured by ELISA with BD OptEIA™, Human IL-2 ELISA
(BD) or Mouse IL-2 ELISA (eBiosciene, San Diego, CA, USA)

Flow cytometric analysis of cell cycle and apoptosis

Cells were fixed with 70% ethanol, denatured, and stained with
7-Amino-actinomycin D {7AAD, Beckman Coulter, Brea, CA,
USA), FITC Mouse IgGlk isotype control (MOPC-21, BD
Pharmingen), FITC Mouse Anti-BrdU, (3D4, BD Pharmingen).
For Annexin staining, cells were stained with Annexin V-FITC
(Beckman Coulter), and 7AAD, according to manufacturer’s
instructions

Flow cytometric analysis of RUNX1

Anti-human and mouse phospho-AMLI/RUNX1 (p8249, M93-
568.4.27) and anti-human AML1/RUNX1 (N11- 683.51.51) are
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generous gifts from BD Pharmingen. Cells were fixed and stained
by using Fixation/Permeabilization concentrate (eBioscience),
and were subsequently analysed by flow cytometry

Knockdown of AML1/RUNX1 and SMAD1/5

For AML1/RUNXI1, Jurkat cells were transduced with AML1/
RUNX1 siRNA (Stealth Select RNAi" siRNA, Invicrogen) or
control siRNA (Stealth RNAL™ siRNA Negative Control Hi GC) by
the Amaxa nucleofector system according to the manufacturer’s
instruction. Transduced cells were cultured for 48 hours in the
medium, and were subsequently stimulated for 3h with plate-
bound anti-CD3- and soluble anti-CD28-antibodies. Subse-
quently, cells were stained by either anti-AML1/RUNX1 or anti-
phospho-AML1/RUNX1 (by anti-phospho- AMLI/RUNX1 only in
murine T cells), and were analysed by flow cytometry. For
knockdown of SMAD1/5, Jurkat cells were transduced with a
mixed siRNA for SMAD1 and SMADS (Stealth Select RNAI™) or
control sIRNA (Stealth RNAi™ siRNA Negative Control Lo GC)

Time course analysis of phopho-AML1/RUNX1

Cells were pre-heated in 2% FCS/PBS at 37°C for 3min.
Subsequently, recombinant BMP2 protein (100 ng/ml), and/or
DM (5 uM), or DMSO, were added, and cells were incubated for
indicated times. Immediately after incubation, cells were dipped
in pre-warmed fixation buffer (BD Phosflow Fix Buffer I, BD
bioscience), and incubated for 10min in 37°C. Subsequently,
cells were placed on ice for 30 min. Control cells were prepared
with neither BMP2 nor DM, but with an equivalent amount of
DMSO, and were fixed for 10min in 37°C. Cells were
permeabilised with chilled (-20°C) buffer (BD Phosflow Perm
{1 Buffer, BD Bioscience) and stained with antibodies

Th/Treg polarization

Freshly sorted mouse CD25 °CD4% T cells (5 x 10%) were co-
cultured with APG (1 x 10%) in the presence of 0.5 ug/mL soluble
anti-CD3 monoclonal antibody (mAb). In addition, the following
pairs of recombinant cytokines (20ng/ml) and monoclonal
mAbs (10ug/ml) were added: rIL-12 and anti-IL-4 mAb For
Thl; rll-4, anti (IFNL-y mAb for Th2; rIL-1B, rIL-6, rTGFB, and
1L-4 mAb, and ant IFN-y mAb for Thl7; TGFL-B and rlL-2
(1001U/mL, generous gift from Shionogi) for iTreg. Cytokines
and Foxp3 were stained as previously described [15]

Microarray analysis

Mouse CD4 ™ T cells were prepared and cultured with or without
stimulation by plate bound anti-CD3 mAb and soluble anti-CD28
mAb for 1Th. Subsequently, 4uM DM or DMSO was added and
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cells were incubated for 6h. Total RNA was isolated as previously
described [15]. Microarray data are available from the NCBI
Gene Expression Omnibus (GEO) repository under the series
accession number GSE27378

Bioinformatics for flow cytometric data

Flow cytometric data in Fig. 3A were processed by flowCore [22].
Data were normalised for the FL2 channel data (7AAD) by
SflowStats [23], using all the control and experimental groups
stained with 7AAD and with or without BrdU-FITC. FlowStats
normalises FCS data by adjusting the peaks of the channe] data
used for normalisation. By this normalisation process, the
variance of the biphasic signals of 7AAD between samples was
minimised without affecting FL1 data, thus enabling exactly same
gating for GO/1, S, M, and subGO in all the samples analysed.
Normalised data were visualised by flowViz [24]. For CFSE data
in Fig. 2, flowJo was used for model fit. The Mann-Whitney
U-test was used for comparing unpaired flow cytometric data of
(two groups

Analysis of dose-response curve

" Chemiluminescence intensities were quantified by ImageJ.

Regression analysis for dose response curve was performed by
the CRAN package drc [25]. Dose response data were fit to the
four-parameter log-logistic function, LL.4 in drc, by the following
equation (x is the dose).
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