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Abstract

Cushion formation is the initial step for the development of valvuloseptal structures in mam-

malian hearts. TGFβ signaling plays critical roles in multiple steps of cushion morphogene-

sis. We used a newly developed conditional immortal atrioventricular cushion mesenchymal

cell line, tsA58-AVM, to identify the TGFβ regulatory target genes through microarray analy-

sis. Expression of ~1350 genes was significantly altered by TGFβ1 treatment. Subsequent

bioinformatic analysis of TGFβ activated genes revealed that PDGF-BB signaling is the top

hit as the potential upstream regulator. Among the 37 target molecules, 10 genes known to

be involved in valve development and hemostasis were selected for quantitative reverse

transcription polymerase chain reaction (qRT-PCR) analysis. Our results confirmed that

they are all upregulated by TGFβ1 stimulation in tsA58-AVM cells and in primary atrioven-

tricular cushion cells. We focused on examining regulation of Pdgfrb by TGFβ1, which

encodes a tyrosine kinase receptor for PDGF-BB. We found that the ~150bp Pdgfrb pro-

moter can respond to TGFβ stimulation and that this response relies on the two SP1 binding

sites within the promoter. Co-immunoprecipitation analysis confirmed SP1 interacts with

SMAD2 in a TGFβ-dependent fashion. Furthermore, SMAD2 is associated with the Pdgfrb

promoter and this association is diminished by knocking down expression of Sp1. Our data

therefore collectively suggest that upon TGFβ stimulation, SP1 recruits SMAD2 to the pro-

moter of Pdgfrb to up-regulate its expression and thus Pdgfrb is a direct downstream target

of the TGFβ/SMAD2 signaling.

Introduction

Normal development of valvuloseptal structures is essential for a mammalian heart to be prop-

erly partitioned into four chambers. Up to 30% of congenital heart defects are caused by mal-

formation of valves [1]. Valvulogenesis in mice is initiated with cushion formation in the

atrioventricular (AV) canal region at E9.0 and the outflow tract region at E10.0. Shortly after, a

group of endocardial cells in the AV cushion and OFT conal cushion undergo epithelial-
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mesenchyme-transition (EMT) to become cushion mesenchymal cells [1–12]. These cellular-

ized cushions serve as the primordia of valves and septa to ensure unidirectional blood flow in

embryos. At later developmental stages, cushions go through complicated remodeling pro-

cesses to mature into the final valve and septum structures.

Transforming Growth Factor beta (TGFβ) signaling plays critical roles in many biological/

pathological processes, including development of valvuloseptal structures. TGFβ signaling is

initiated when homo-dimers of ligands (including TGFβ1, 2 and 3) bind to and bring together

the type I and II receptors at cell membranes. The type II receptor phosphorylates (activates)

the type I receptor, which subsequently phosphorylates SMAD2 and SMAD3, which are also

known as TGFβ Receptor-activated SMADs (R-SMADs). Phosphorylated R-SMADs associate

with SMAD4 (co-SMAD) and translocate to the nucleus to regulate transcription of target

genes [13–18]. SMAD3 and SMAD4 can directly bind to DNA target sites, called SMAD-Bind-

ing Elements (SBEs) [19, 20]. Unlike SMAD3, SMAD2 does not directly interact with SBEs;

SMAD2 can be loaded to DNA through interaction with other sequence-specific transcription

factors to modulate gene expression [18, 21].

The functions of TGFβ signaling in regulating cushion development in the AV canal region

have been well documented. In ex vivo collagen gel analyses, TGFβ ligands can substitute for

the overlying myocardium to activate EMT [22–24]. Inhibition of TGFβ signaling with an anti-

sense oligonucleotide against TGFβ3 mRNA or with neutralizing antiserums against TGFβ
ligands, receptors, or co-receptors blocks EMT [25–28]. Tgfb2-/- mice display complex heart

defects, including double-outlet-right-ventricle, atrial septal defect, ventricular septal defect,

an overriding tricuspid valve and failure in myocardialization [29, 30]. The overriding of tri-

cuspid valve observed in 25% of Tgfb2-/- mice conclusively demonstrated that TGFβ signaling

is required for normal AV valve development. A later study further showed that Tgfb2 is

required for normal cushion mesenchymal cell differentiation [31]. TGFβ1-/- [32] and TGFβ3-/-

[33] mice do not display obvious valvular defects. The discrepancy between in vivo mouse

studies and ex vivo explant assays are likely due to complementation of by the remaining TGFβ
ligands present in mice. Our previous study showed that endothelial/endocardial inactivation

of Tgfbr2 leads to a double-inlet-left-ventricle defect, which is at least partially due to abnormal

cell proliferation in AV cushion mesenchymal cells [34]. Endothelial inactivation of Acvr1
(Alk2), which encodes a type I receptor capable of mediating both TGFβ and Bone Morphoge-

netic Protein (BMP) signaling, significantly reduced cushion mesenchymal cell formation in

the AV canal region [35]. A similar hypocellular AV cushion defect was observed in mice with

Tgfbr1 (Alk5) deleted in the endothelial cells [36]. Evaluation of the role of SMAD proteins in

valve development has primarily focused on SMAD4. Endothelial deletion of Smad4 led to

hypocellular AV cushions [37, 38]. Since SMAD4 is a co-SMAD acting with both TGFβ- and

BMP- activated R-SMADs, the observed AV defects can be potentially due to the combined

effect of impaired TGFβ and BMP activities.

Compared to the myocardial cells in mouse embryonic hearts, the number of AV cushion

mesenchymal cells is greatly limited. To facility large scale molecular and cellular analyses on

these types of cells, we developed a conditional immortal AV cushion mesenchymal cell line,

tsA58-AVM [39]. These cells express temperature-sensitive mutant large T antigen under the

control of a γ-interferon inducible promoter. They can be maintained and stored like immor-

tal cells under the permissive condition (at 33˚C with γ-interferon), while under the restrictive

condition (at 37˚C without γ-interferon), they behave like primary cultured cells. In this study,

we used tsA58-AVM cells to identify TGFβ regulatory target genes through microarray analy-

sis. Our bioinformatic analysis revealed that platelet-derived growth factor (PDGF)-BB is the

top upstream regulator of TGFβ-activated genes in tsA58-AVM cells and our combined func-

tional tests identified Pdgfrb as a direct target of the TGFβ/SMAD2 signaling cascade.

TGFβ signaling regulates expression of Pdgfrb
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PDGF-BB refers to the PDGF-B homodimer cytokine, whose activity can be mediated

through PDGFRA and PDGFRB tyrosine kinase receptors [40, 41]. Inactivation of Pdgf-B or

Pdgfrb in mice led to complex cardiac defects, including underdeveloped AV valves, impaired

development of coronary arteries, abnormal alignment of the outflow tract, and hypoplastic

ventricles [42–45]. Functional interaction between PDGF signaling and TGFβ/SMAD signal-

ing has been well documented in various cell types (e.g. [46–48]). Our study represents the

first, to our knowledge, in which a gene encoding a receptor of PDGF, Pdgfrb, is shown to be

directly regulated by TGFβ/SMAD2 signaling.

Materials and methods

Cell culture, DNA transfection and co-immunoprecipitation (co-IP)

Derivation and characterization of tsA58-AVM cells from AV cushion mesenchymal cells

were described previously [39]. These cells were maintained in DMEM with 10% Fetal Bovine

Serum (FBS) and 5 units/ml γ-interferon (Peprotech) at 33˚C. Before experiments, cells were

shifted to the restrictive condition (37˚C without γ-interferon) for three days to allow the large

T antigen to be degraded. Cells were used between 4 and 14 days after being shifted to the

restrictive condition. Transfection of DNA and short-inhibitory RNAs (siRNAs) was achieved

through electroporation using the Neon transfection system (Invitrogen), as described previ-

ously [39]. Electroporation was performed with 1300 volts for 20ms, two pulses. The pre-made

Dicer-Substrate siRNAs (DsiRNAs) against mouse Sp1, including mm.Ri.Sp1.13.1 and mm.Ri.

Sp1.13.2, and a scrambled DsiRNA were purchased from IDT. The mm.Ri.Sp1.13.1 and mm.

Ri.Sp1.13.2 DsiRNAs target bp7562-7586 and bp722-746 of Sp1 cDNA, respectively. For co-IP

analyses, tsA58-AVM cells growing under the restrictive condition were treated with 5ng/ml

TGFβ1 or BSA for 30 minutes and lysed with lysis buffer (50mM Tris-HCl, pH 7.4, 0.1% Tri-

ton, 0.1% NP40, 0.1% Tween-20, 5mM EDTA, 10% glycerol, 1 x proteinase inhibitor from

Roche). The lysate was incubated with a SP1 antibody (1/50, Abcam, ab13370) overnight at

4˚C. The next day Protein A/G beads were added to the samples. After a four hour incubation,

the beads were spun down and washed three times with lysis buffer. Proteins were then eluted

using Laemmli buffer followed by Western analysis using an antibody against SP1 (1/1000) or

SMAD2 (1/1000, Cell Signaling, #5339).

Microarray and quantitative reverse transcription-polymerase chain

reaction (qRT-PCR) analyses

tsA58-AVM cells grown under the restrictive condition were treated with 5ng/ml TGFβ1

(R&D) or BSA for eight hours. Total RNA was isolated from the cells using the RNeasy-Plus

kit (Qiagen). Microarray analysis was performed using the Affymetrix GeneChip-Mouse-

Genome-420-2.0 Array by the UAB Heflin Genomic Core Facility, as described in our previ-

ous studies [39, 49]. Data were averaged from three independent biological samples for each

condition. Isolation of primary AV cushion mesenchymal cells was performed as described in

[50]. Briefly, AV canal tissues from E9.5 mouse embryos were isolated, cut to open longitudi-

nally and placed onto hydrated type I collagen gels with the endocardial layer facing down.

After 12 hour incubation at 37˚C in a cell culture incubator, the muscle layer of the AV

explants was carefully removed and the remaining cells were then treated with 5ng/ml TGFβ1

(R&D) or BSA for six hours. Total RNA was isolated from these cells using Arcturus PicoPure

kit (Life Technologies). RNA signals were linearly amplified using the Illumina RNA amplifi-

cation kit (Life Technologies). For qRT-PCR analyses, RNA samples acquired from tsA-

V58-AVM cells or primary AV cushion cells were reversely transcribed using SuperScript™ III

TGFβ signaling regulates expression of Pdgfrb
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First-Strand Synthesis System (Invitrogen, #18080051) followed by PCR using LightCycler1

480 SYBR Green I Master (Roche, #4707516001). qPCR was performed on the Roche LightCy-

cler480 Real Time PCR machine. Hprt was used as the loading control for all qRT-PCR studies.

The relative amount of PCR product was calculated using the ΔΔCt method, as performed pre-

viously [51]. The qRT-PCR primers are listed in S1 Table. Hprt was used as the loading control

for all qRT-PCR assays.

Luciferase assay

The ~150bp Pdgfrb promoter (bp-116 to +25, relative to the transcription start site) [52] was

PCR amplified using an upstream primer (5’-ATCGACGCGTCCACCCTCCCTGCTCCACCGC)

and a downstream primer (5’-AGCTCTCGAGGAGCTCACACCACTGTGGGCTTTCTCTG),

digested with MluI and XhoI, and cloned into the pGL3-basic luciferase reporter vector (Pro-

mega). The mutant constructs, in which the two SP1 binding sites were disrupted individually

or in combination, were acquired through PCR-directed mutagenesis using the wild type

reporter construct as the parental plasmid. All constructs were confirmed with DNA sequenc-

ing. tsA58-AVM cells were electroporated with reporter constructs and then treated with dif-

ferent concentrations of TGFβ1 for 48 hours, at which point luciferase activity was measured

using the Luciferase Assay kit (Promega). A plasmid expressing a lacZ reporter under the con-

trol of a constitutively active promoter was co-transfected for normalization of transfection

efficiency. The beta-gal activity was measured using the Beta-Glo Assay System (Promega).

We examined 3–5 independent cell cultures for each condition. For each culture, luciferase

activity was measured in triplicate.

Chromatin immunoprecipitation followed by quantitative PCR (ChIP

qPCR) analysis

ChIP analysis was performed using ChromaFlash High-Sensitivity ChIP Kit (Epigentek, #P-

2027-24) following the manufacturer’s protocol. Briefly, 2x105 tsA58-AVM cells grown under

the restrictive condition were treated with 1.0% formaldehyde to cross-link proteins to DNA

for 10 minutes at room temperature. Crosslinking reactions were stopped by adding glycine

solution (final concentration 0.125M). Cells were spun down and lysed using the lysis buffer

(0.2ml) provided in the kit. After incubating for 10 minutes on ice, samples were spun down to

acquire chromatin pellet, which was resuspended in 0.2ml ChIP buffer (provided in the kit).

Genomic DNA was sheared using Bioruptor XL sonicator (Diagenode) for 10 min at the M2

intensity level to acquire optimal DNA fragment size of ~300bp. 2ul of anti-SMAD2 antibody

was added to 50ul antibody buffer (provide in the kit) to produce antibody solution, which

was then added to assay-strip wells. After 1 hour incubation at room temperature, DNA-pro-

tein samples were then added to the wells that were pre-incubated with the anti-SMAD2 anti-

body. Precipitation of the DNA-protein complexes was performed overnight at 4˚C followed

by intensive washing. Samples were then digested with RNAase and Proteinase K. DNA was

then purified using the column provided in the kit. DNA samples were analyzed by qPCR

using Roche LightCycler480 Real Time PCR machine (UAB Heflin Genomic Core). The rela-

tive DNA amount was calculated using the ΔΔCt method. The primers to amplify the Pdgfrb
promoter are 5’-TGAAAACAGACACACGCGTCC and 5’- CACACCACTGTGGGCTTTCTC.

Pre-immune IgG was used as a negative control.

Statistical tests

The array analysis was performed after quality control and normalization by Robust Multi-

array Average (RMA) methods using Partek Genomics Suite (PGS). Group comparison as

TGFβ signaling regulates expression of Pdgfrb
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1-way ANOVA was conducted assuming non-equal variances. False discovery rate (FDR) p
value correction was performed for multi-hypothesis purpose. The gene list (p<0.05) was gen-

erated using pathway analysis including canonical pathway, gene-gene interaction network,

and upstream regulator/inhibitor, organ-related functional changes, etc., by using Ingenuity

Pathway Analysis (IPA, Redwood City, CA) software package. The heatmap was generated

by hierarchical clustering methods after r-normalization of intensity. For all other studies,

unpaired Student’s tests were performed to compare the control and experimental groups with

p<0.05 considered as statistical significance. Data were averaged from at least 3 independent

biological replicates and were shown as mean ± standard error (SEM).

Results and discussion

Identification of TGFβ regulatory target genes in tsA58-AVM cells

We recently established a conditional immortal AV cushion mesenchymal cell line, tsA58-

AVM [39]. To identify regulatory target genes of TGFβ signaling, we treated tsA58-AVM cells,

under the restrictive condition (37˚C, without γ-interferon), with 5ng/ml of TGFβ1 or BSA

followed by microarray analysis. The results in S1 Table and Fig 1A shows that expression of

~1,350 genes was significantly altered (False Discovery Rate P<0.01) between TGFβ-treated

and control groups. Many known TGFβ downstream targets, such as Jag1, Smad7, Snai1, and

Runx1, were identified. We next analyzed the data using the Ingenuity Pathway Analysis (IPA)

software to reveal the biological functions that are mostly affected by TGFβ signaling. The top

Fig 1. Identification of TGFβ regulatory targets in tsA58-AVM cells through microarray analysis. (A) tsA58-AVM cells were treated with

5ng/ml TGFβ1 or BSA for eight hours followed by microarray analysis. Data were averaged from three independent biological samples. This

panel shows the heat map generated from microarray data. (B) Data from microarray analysis were analyzed with IPA to reveal the top five

highest scoring hits in “Molecular and cellular functions”.

https://doi.org/10.1371/journal.pone.0175791.g001
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five highest scoring hits in “Molecular and Cellular Functions” are shown in Fig 1B. TGFβ1

treatment altered many genes involved in cellular growth, proliferation, death, survival and

movement. This result supports the complex roles of TGFβ signaling in regulating AV cushion

development and demonstrate the effectiveness of using tsA58-AVM cells to study the molecu-

lar/cellular mechanisms regulating cushion mesenchymal cells. This is particularly important

given the limited quantity of cushion mesenchymal cells versus cardiomyocytes found in

embryonic hearts. Moreover, a major advantage of using tsA58-AVM cells is that they resem-

ble primary cells under the restrictive condition [39].

PDGF-BB is the top upstream regulator of TGFβ activated genes in

tsA58-AVM cells from “Upstream Regulator” analysis

TGFβ signaling can both activate and inhibit gene transcription [16, 17], as observed in our

microarray analysis (Fig 1, S2 Table). In this study, we primarily focused on the genes that are

activated by the TGFβ1 ligand. We used the IPA software to perform “Upstream Regulator”

analysis, which is used to identify the potential upstream regulators that are connected, directly

or indirectly, to dataset genes [53]. The top 10 potential upstream regulators are shown in Fig

2A. PDGF-BB is the highest scoring excluding TGFB1, with a p-value of overlap as 5.45E-20.

A total of 37 genes, which are activated by TGFβ signaling in tsA568-AVM cells, are predicted

to be activated, directly or indirectly, by PDGF-BB (S3 Table). Based on the definition of “Up-

stream Regulator” analysis, upregulation of these genes by TGFβ1 treatment can potentially be

explained as increased PDGF-BB signaling in these cells. Essential functions of PDGF-BB dur-

ing atrioventricular valve development was demonstrated in a previous gene inactivation

study [42]. We chose to perform qRT-PCR analysis on 10 genes from the 37 to test whether

they are truly upregulated by TGFβ signaling. These selected genes are known to be involved

in heart valve development and/or hemostasis. The result in Fig 2B shows that expression of all

these genes was significantly increased by TGFβ treatment in both tsA58-AVM cells and pri-

mary AV cushion cells, validating the result acquired from our microarray analysis. The bioin-

formatic analysis result suggests a potentially functional interaction between TGFβ and PDGF

signaling pathways during heart valve development. In future studies we will use mouse

genetic approaches to test their interaction.

The Pdgfrb promoter is responsive to TGFβ stimulation

We noticed that Pdgfrb is among the list of 37 genes in S3 Table. Our qRT-PCR analysis con-

firmed that expression of Pdgfrb is increased by ~60% upon TGFβ stimulation (Fig 2B). This

gene encodes a cell-surface tyrosine kinase that can be activated by PDGF-BB [41], and there-

fore upregulated expression of this gene will lead to increased PDGF-BB signaling activity in

tsA58-AVM cells. It was previously shown that overexpression of TRF1 increased expression

of PDGFRB to ~1.6-fold over the control level and PDGFRB is a direct target of TRF1 in medi-

ating its angiogenic activity [54]. This result suggests that the moderate increase in Pdgfrb
expression may sufficiently lead to biological effects. As an initial step to determine whether

Pdgfrb is a directly regulated by TGFβ signaling, we showed that upregulated expression of

Pdgfrb by TGFβ1 does not rely on de novo protein synthesis (Fig 3A). Expression of Pdgfrb in

cells treated with cycloheximide was still enhanced by TGFβ stimulation. Our next step was to

use reporter analysis to show that the ~150bp promoter region of Pdgfrb [52] is responsive to

TGFβ stimulation in a dose-dependent fashion in tsA58-AVM cells (Fig 3B). In addition to

Pdgfrb, expression of several other genes involved in PDGF signaling, including Pdgfa and

Pdgfb, were also upregulated by TGFβ stimulation (S2 Table). Upregulation of the two genes

likely also contributes to the increased PDGF signaling in TGFβ treated cells. How TGFβ/

TGFβ signaling regulates expression of Pdgfrb
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Fig 2. PDGF-BB is predicted to be the upstream regulator of TGFβ target genes. (A). The top 10 hits of the

upstream regulators (excluding TGFβ ligands) of TGFβ regulatory targets revealed by bioinformatic analysis using

TGFβ signaling regulates expression of Pdgfrb
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SMAD signaling regulates expression of Pdgfb and Pdgfa will be further addressed in future

studies.

The SP1 sites within the Pdgfrb promoter are required for its

responsiveness to TGFβ stimulation

We examined the Pdgfrb promoter using multiple cis-element prediction programs and failed

to identify any potential SBEs within the promoter. It is well established that the ~150bp pro-

moter contains two functional SP1 binding sites and they play essential roles in activating tran-

scription of Pdgfrb [52]. The two SP1 target elements binds SP1 in a gel-mobility-shift assay

and loss of the two sites eliminates the response of the Pdgfrb promoter to overexpression of

SP1 [52]. Furthermore, SP1 co-operates with NF-Y to upregulate Pdgfrb transcription and the

additive effect between the two factors relies on the presence of the two SP1 binding sites [52].

Considering that SP1 physically interacts with TGFβ R-SMADs in multiple cell types [55–57],

we speculate that SP1 may co-operate with TGFβ-R SMADs to regulate Pdgfrb transcription.

We decided to test whether SP1 recruits TGFβ R-SMADs to the Pdgfrb promoter to upregulate

its expression upon TGFβ stimulation. In Fig 4A, we performed co-IP assays and show that

SMAD2 is co-purified with SP1 in tsA58-AVM cells. Interaction between SMAD2 and SP1

relies on TGFβ treatment; this is expected as only when TGFβ signaling is activated, can

SMAD2 be phosphorylated and transferred into the nucleus. In Fig 4B, we generated three

mutant reporter constructs using the wild type construct as the parental plasmid. The two SP1

binding sites were mutated individually or in combination. Our reporter analysis showed that

disruption of each single SP1 site or both of them simultaneously significantly reduced the

basal activity of the Pdgfrb promoter. Furthermore, mutant reporters were unable to respond

to TGFβ treatment. The results shown in Fig 4 collectively support the idea that TGFβ
R-SMADs act through the SP1 sites to upregulate the activity of the Pdgfrb promoter.

SMAD2 is associated with the Pdgfrb promoter and this association

relies on SP1

To directly test whether Pdgfrb is a direct regulatory target of TGFβ/SMAD2, we performed

ChIP-qPCR analysis using an anti-SMAD2 antibody. As shown in Fig 5A, TGFβ stimulation

significantly increased association of SMAD2 with the Pdgfrb promoter. Furthermore, we

showed that knocking down expression of SP1 with two independent DsiRNAs significantly

reduced association between SMAD2 and the Pdgfrb promoter. The efficiency of the two inde-

pendent siRNAs to knock down SP1 expression was confirmed by Western analysis, shown in

Fig 5C.

The interaction between TGFβ and PDGF signaling pathways in different cell types has

been well documented in the literature (e.g. [46–48]). Our current study provides multiple

lines of evidence showing for the first time, that TGFβ/SMAD2 can directly upregulate expres-

sion of Pdgfrb. We showed that upregulation of Pdgfrb mRNA expression by TGFβ does not

require de novo protein synthesis. Subsequent reporter, co-IP and ChIP studies suggest that

SMAD2 is recruited to the Pdgfrb promoter through interaction with SP1. Considering the

established function of PDGF signaling in heart valve development [42], we speculate that

the IPA software. (B) tsA58-AVM cells were treated with 5ng/ml TGFβ1 or BSA for eight hours followed by qRT-PCR

analysis. The level of signals in cells treated with BSA was set at 100%. (C) The primary AV cushion cells were

treated with TGFβ1 or BSA for six hours followed by qRT-PCR analysis. In panels B and C, data were averaged from

three to five independent cultures with error bars indicating standard error (SEM). #: p<0.01, &: p<0.05, Student’s t

test.

https://doi.org/10.1371/journal.pone.0175791.g002
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Fig 3. TGFβ signaling enhances Pdgfrb expression in tsA58-AVM cells. (A) tsA58-AVM cells were

treated with TGFβ1 (5ng/ml) and/or cycloheximide (40ug/ml) for eight hours followed by qRT-PCR analysis to

detect expression of Pdgfrb. The level of Pdgfrb expression in cells without TGFβ and cycloheximide

treatment was set at 100%. (B) The Pdgfrb promoter region (bp-116 to +25, relative the transcription start site)

was inserted into the pGL3-basic luciferase reporter vector (Promega). The reporter construct was then

transfected into tsA58-AVM cells, which were then treated with different concentrations of TGFβ1 for 48

hours. Luciferase activity was measured. The level of luciferase activity observed in cells without TGFβ1

treatment was set at 100%. Data were averaged from three to five independent cultures with error bars

indicating SEM.

https://doi.org/10.1371/journal.pone.0175791.g003
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PDGFRB acts as a critical downstream target of TGFβ signaling during valvulogenesis. Our

study thus reveals a novel mechanism underlying the interaction between TGFβ and PDGF

signaling pathways. Whether such a mechanism also exists in other cell types and/or during

other biological processes warrants further investigation.

Supporting information

S1 Table. Primers used in this study.

(DOCX)

S2 Table. The list of genes whose expression is significantly altered by addition of TGFβ1.

(XLS)

Fig 4. The SP1 sites are required for the Pdgfrb promoter to response to TGFβ stimulation. (A) tsA58-AVM cells were treated with TGFβ1 (5ng/ml) or

BSA for 0.5 hours followed by co-IP analysis using an anti-SP1 antibody. Pre-immune rabbit IgG was used as the control. IP’d samples and inputs were

subjected to Western analysis using antibodies to SP1 or SMAD2. (B) The promoter of Pdgfrb (bp-116 to +25, relative to the transcription start site) contains

two SP1 binding sites. Various reporter constructs (wt, mut 1, mut 2 and mut 1+2) were electroporated into tsA58-AVM cells, which were then treated with or

without TGFβ1 (5ng/ml) for 48 hours. Luciferase assay was then performed. The level of luciferase activity measured in cells harboring the wild type

promoter construct without TGFβ1 treatment was set at 100%. Data were averaged from four to six independent cultures with error bars indicating SEM. #:

p<0.01, Student’s t test.

https://doi.org/10.1371/journal.pone.0175791.g004

Fig 5. Association of the Pdgfrb promoter with SMAD2. (A) tsA58-AVM cells were treated with or without TGFβ1 (5ng/ml) for 1 hour followed by ChIP

analysis using an anti-SMAD2 antibody. Pre-immune rabbit IgG was used as the control. ChIP’d samples were subjected to qPCR analysis using primers

that corresponded to the Pdgfrb promoter. Data were normalized against input DNA. (B) tsA58-AVM cells were electroporated with DsiRNAs against Sp1 or

a scrambled control. Cells were then treated with TGFβ1 (5ng/ml) for 1 hour followed by ChIP-qPCR analysis to examine the association between SMAD2

and the Pdgfrb promoter. (C) Western analysis was performed to confirm that the two siRNAs can efficiently knock down expression of SP1. Data in panels A

and B were averaged from three independent cultures with error bars indicating SEM. #: p<0.01, Student’s t test.

https://doi.org/10.1371/journal.pone.0175791.g005
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