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Summary
Platelet-derived growth factor receptor-beta (PDGFRb) is required for the development of mesenchymal cell types, and plays a diverse
role in the function of fibroblasts in tissue homeostasis and regeneration. In this study, we characterized the expression of PDGFRb in

fibroblasts derived from human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), and showed that this
expression is important for cellular functions such as migration, extracellular matrix production and assembly in 3D self-assembled
tissues. To determine potential regulatory regions predictive of expression of PDGFRb following differentiation from ESCs and iPSCs,

we analyzed the DNA methylation status of a region of the PDGFRB promoter that contains multiple CpG sites, before and after
differentiation. We demonstrated that this promoter region is extensively demethylated following differentiation, and represents a
developmentally regulated, differentially methylated region linked to PDGFRb expression. Understanding the epigenetic regulation of

genes such as PDGFRB, and identifying sites of active DNA demethylation, is essential for future applications of iPSC-derived
fibroblasts for regenerative medicine.
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Introduction
Platelet-derived growth factor (PDGF) is a mitogen and

chemoattractant that stimulates the recruitment of mesenchymal

cells (Betsholtz, 2004; Heldin and Westermark, 1999), and

facilitates the development and repair of several stromal tissue

types (Andrae et al., 2008; Gao et al., 2005). Activation of the PDGF

receptor plays a central role in modulating a broad range cellular

functions, including extracellular matrix (ECM) production,

angiogenesis, osteogenesis and mesengenesis in a variety of tissue

environments (Ball et al., 2007; Trojanowska, 2008). Many of these

functions are controlled by signaling pathways activated by the beta

isoform of the PDGF receptor (PDGFRb) (Abramsson et al., 2003;

Gao et al., 2005), which is required for the normal embryonic

development of mesenchymal cell types (Betsholtz, 2004). Beyond

this role in mesenchymal lineage commitment, PDGFRb-mediated

signaling participates in the differentiation of cells to specific

mesenchymal fates by directing fibroblasts to myofibroblasts that

increase production of ECM proteins needed for repair (Betsholtz,

2004; Gao et al., 2005). Precise control of PDGFRb expression and

activity is required for proper remodeling during connective tissue

repair because it is known that tissues lacking PDGFRb show a

deficiency in production of granulation tissue after wounding (Gao

et al., 2005) and aberrant upregulation of PDGFRb has been

implicated in fibrotic diseases owing to over-production of ECM

proteins (Trojanowska, 2008).

In light of these PDGFRb-mediated cellular functions,

elucidating how expression of this receptor is regulated during

development of mesenchymal cell types is of potential

therapeutic value in understanding the mechanisms involved in

tissue regeneration (Majore et al., 2011). However, as a result of

numerous shortcomings of cells currently used for tissue repair

strategies, deriving mesenchymal cells that manifest PDGFRb-

related functions from novel sources, such as induced pluripotent

stem cells (iPSCs) and human embryonic stem cells (ESCs),

might provide a renewable source of therapeutic cells for such

regeneration strategies (Barberi et al., 2005; Riazi et al., 2009).

Recent findings have shown that fibroblasts differentiated from

iPSCs restore their replicative potential (Suhr et al., 2009),

improve their mitochondrial function (Suhr et al., 2010) and

gain the ability to prevent ischemic injury (Lian et al., 2010).

In addition, we recently found that ESC-derived fibroblasts

exhibited a repair-promoting phenotype in 3D skin-equivalent

tissues (Shamis et al., 2011). These findings suggest that

fibroblasts derived from iPSCs or ESCs display phenotypic

properties or repair potential that might exceed that of the cells

from which they were initially reprogrammed. However, it is not

known whether the regenerative properties of iPSC-derived

fibroblasts can be modulated by PDGFRb or what role regulation

of PDGFRb expression might play during differentiation of

fibroblasts from iPSCs.
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The establishment and maintenance of cellular identity following
differentiation from pluripotent cell types is dependent on global

epigenetic changes that ‘landscape the genome’ to streamline
specific functional programs and maintain a specified cell-lineage

fate (Khavari et al., 2010). Differentiation of ESCs and iPSCs
towards stable mesenchymal lineages is dependent on changes in
DNA methylation of CpG islands that result in characteristic

methylation profile that can be used to distinguish specific cells
from normal and diseased states (Fernandez et al., 2012). Changes

in DNA methylation at specific regions of the genome, known as
differentially methylated regions (DMRs), are required for cells to

undergo differentiation, because in the absence of DNA
methylation, pluripotent cell types will not differentiate and they
retain their pluripotent status (Chen et al., 2003; Pawlak and

Jaenisch, 2011). Recently published DNA methylation screens
performed using iPSC-derived cells have revealed that specific

DMRs within iPSCs might also be resistant to reprogramming
(Lister et al., 2011), and these DMRs might lead to aberrant gene
expression as cells are differentiated from them, which is linked to

retention of an epigenetic memory of the somatic cell type from
which they were reprogrammed (Ohi et al., 2011). However, less is

understood about specific epigenetic changes during the process of
differentiation of iPSCs to specific cell types, and the impact of

specific changes in DNA methylation on the function of these
differentiated cells is still poorly understood. Furthermore, it is
unclear whether differences in DNA methylation of specific gene

promoters between ESCs and iPSCs will result in variation in the
function of cells differentiated from them. Therefore, analysis of

DNA methylation at specific CpG sites within gene promoters of
cells differentiated from iPSCs will be a vital step to better

understand their phenotypic stability. Beyond this, comparing these
DNA methylation signatures in iPSC- or ESC-derived cells with
their adult counterparts will further establish their identity, and will

elucidate the significance of these DNA methylation signatures in
iPSC- or ESC-derived cells. Specifically, the identification of gene

promoters involved in lineage specification and function of iPSC-
and ESC-derived fibroblasts will allow discernment of the
importance of epigenetic rearrangement and DNA methylation

during differentiation from pluripotent stem cells.

We have studied changes in DNA methylation of the PDGFRB

promoter upon differentiation from iPSCs or ESCs and
concomitant changes in the function of the resultant fibroblasts
derived from them. We have done this by performing detailed

characterization of the methylation status of the PDGFRB

promoter before and after differentiation from both ESCs and

iPSCs, and by assaying PDGFRb-mediated functions in the
fibroblasts derived from them. We have previously shown that

ESC- and iPSC-derived fibroblasts exhibit the function of stromal
fibroblasts as demonstrated by their capacity to support the
development of 3D skin equivalent tissues in vitro (Hewitt et al.,

2009), and to enhance the repair of these tissues through their
production of paracrine factors (Shamis et al., 2011). We now

report that PDGFRb expression is increased in ESC- and iPSC-
derived fibroblasts, and knockdown of PDGFRb impaired the

ability of ESC- and iPSC-derived fibroblasts to assemble 3D
stroma-like ECM, and limited their cellular migration in response
to PDGF stimulation, which are both essential functions for tissue

regeneration and maintenance. We also found that the PDGFRB

gene, which is known to mediate pericyte and mesenchymal stem

cell (MSC) function, is more than 95% demethylated at 12 CpG
sites within its promoter. Thus, we have identified a novel

developmentally controlled DMR where CpG sites upstream of
the transcription start site (TSS) that is demethylated following

differentiation. The presence of this DMR within the PDGFRB

promoter might have predictive value in identifying cells that
can undergo mesenchymal lineage commitment and provide

mesenchymal cell functions upon their differentiation from ESC
and iPSCs.

Results
PDGFRb is expressed in ESC- and iPSC-derived fibroblasts

Several independent mesenchymal cell lines were derived from
ESCs and iPSCs using a direct differentiation protocol. These
ESC- and iPSC-derived cell lines demonstrated morphological
features characteristic of stromal fibroblasts (Fig. 1A) and

expressed the mesenchymal cell and pericyte marker PDGFRb
in a majority of ESC-derived (EDK) and iPSC-derived (iPDK)
cells upon immunohistochemical staining (Fig. 1B). Foreskin-

derived stromal fibroblasts (BJ), which were the parental, somatic
cells from which iPSCs were initially reprogrammed, also
expressed PDGFRb in an intracellular staining pattern similar

to EDK and iPDK cells (Fig. 1B). PDGFRb expression in EDK
and iPDK cells derived from three independent differentiation
experiments was also analyzed by real-time RT-PCR and

compared with that in ESC and iPSC cells before
differentiation. All ESC- and iPSC-derived cell lines showed
expression of PDGFRb that was elevated by at least 20-fold when
compared with ESCs and iPSCs, and expression was similar

to that seen in BJ fibroblasts (Fig. 1C). In addition to gene
expression changes, we also observed high levels of protein
expression of PDGFRb in ESC- and iPSC-derived cells that was

undetectable in ESCs and had very low expression in unrelated
HaCat epithelial cells (Fig. 1D). We next analyzed the surface
protein expression by flow cytometry to determine the percentage

of cells in which PDGFRb was expressed following
differentiation from ESCs and iPSCs. We found that at least
90% of EDK and iPDK cells expressed high levels of PDGFRb
that were similar to those seen in control BJ fibroblasts (Fig. 1E).

These results indicated that expression of PDGFRb was
upregulated following the directed differentiation of fibroblasts
from these pluripotent cells. The expression of PDGFRb in ESC-

and iPSC-derived cells supports previous findings establishing
that PDGFRb expression is a useful marker of mesenchymal fate
in adult-derived MSCs and fibroblasts.

PDGFRb induces migration of ESC- and iPSC-derived
fibroblasts

Because MSCs, pericytes and fibroblasts are known to respond to
PDGFRb by migrating towards a PDGF-BB gradient (Ball et al.,
2007), we studied whether ESC- and iPSC-derived cells could also

demonstrate cell migration in response to a PDGF-BB stimulus.
We used a Boyden Chamber assay to compare the migration of
ESC- and iPSC-derived cells to BJ fibroblasts in response to 50 ng/

ml of PDGF-BB. We found that ESC- and iPSC-derived cells
demonstrated enhanced migration across a fibronectin-coated
membrane in response to PDGF-BB exposure (Fig. 2A). When

we quantified the average number of cells that migrated across the
membrane after 6 hours, we found that BJ, EDK and iPDK cells
migrated at a similar rate in the absence of PDGF-BB stimulation

(Fig. 2B). In response to PDGF-BB, we observed a threefold
induction of migration of EDK cells, and a twofold induction in
migration of iPDK cells (Fig. 2B). To establish that this migratory
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response was dependent on PDGFRb, we pre-incubated these cells

with a PDGFRb blocking antibody and observed that the induction

of migration to PDGF-BB was completely abrogated for all cell

types (Fig. 2B). To determine whether the PDGF-BB-dependent

migratory response of EDK and iPDK cells was specific for a

fibronectin-coated surface, we compared the response to PDGF-

BB on a fibronectin-coated membrane with that seen when cells

were seeded on either uncoated membranes or membranes coated

with type I collagen. We found that uncoated and collagen-coated

membranes did not induce migration in response to a PDGF-BB

stimulus for EDK, iPDK or BJ fibroblasts, indicating that the effect

of PDGF-BB stimulation was dependent on the presence of

fibronectin (Fig. 2C). These findings demonstrated that iPSC- and

ESC-derived fibroblasts were similar to mature fibroblasts in their

migratory response to PDGF-BB and that this migration was

mediated through the PDGFRb receptor in a substrate-specific

manner.

shRNA-mediated knockdown of PDGFRb results in

downregulation of PDGFRb in EDK and iPDK cells and

decreased cell migration

We next generated EDK and iPDK cells with decreased expression

of PDGFRb to confirm the specificity of expression of this

receptor on their migratory properties. Parental BJ fibroblasts,

EDK and iPDK fibroblast lines were infected with two distinct

shRNA lentiviral constructs (shb1 or shb2) directed against the

PDGFRB gene and the effect of this knockdown was compared

with expression in cells infected with a non-specific, scrambled

shRNA (scram). The extent of this knockdown in infected EDK

and iPDK cell lines was determined by flow cytometric analysis,

which demonstrated that levels of PDGFRb on the cell surface

using either shb1 or shb2 constructs were downregulated in at least

70% of EDK cells and 75% of iPDK cells (Table 1). Additionally,

PDGFRb knockdown did not significantly alter the mesenchymal

identity of these cells, because we did not observe any changes in

the CD profile typical of cells with a mesenchymal phenotype in

knockdown cells (Table 1). To show that PDGFRb knockdown

could alter PDGFRb-related function, we incorporated these cells

into our Boyden Chamber migration assay. We found that

PDGFRb-knockdown cells showed a 50% decrease in their

ability to migrate across a fibronectin-coated membrane towards

a PDGF-BB stimulus in BJ, EDK and iPDK cells (Fig. 2D). These

changes in migration were not related to changes in cell

proliferation in knockdown cells because no significant

differences were seen in BrdU incorporation when PDGFRb-

knockdown cells were compared with scram control cells grown

Fig. 1. Expression of PDGFRb in ESC- and iPSC-

derived cells correlates with mesenchymal phenotype.

Cells differentiated from ESCs (EDKs) and iPSCs

(iPDKs) were morphologically similar to control

fibroblasts (A) and expressed PDGFRb as detected by

immunofluorescence staining (B). (C) Analysis of mRNA

levels of PDGFRB by real-time RT-PCR, showed that

EDK, iPDK and BJ fibroblasts expressed significantly

higher levels of PDGFRB compared with pluripotent cell

types (ESCs and iPSCs). Error bars represent s.d.

*P#0.05 compared with ESCs. (D) Western blot analysis

showed that PDGFRb is similarly expressed in BJ, EDK

and iPDK cells, is not expressed in ESCs and is expressed

at very low levels in an unrelated epithelial cell line,

HaCat. (E) These results were also confirmed by flow

cytometry showing that greater than 90% of EDK and

iPDK cells expressed detectable levels of PDGFRb at the

cell surface, similar to control fibroblasts (BJ).
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Fig. 2. Migration of ESC- and iPSC-derived

fibroblasts towards PDGF stimulation is dependent

on PDGFRb activity and fibronectin. Cells were

seeded on a polycarbonate membrane with 8 mM

pores, and allowed to migrate for 6 hours towards

either no stimulus or 50 ng/ml PDGF-BB in the lower

chamber. (A) Migration of BJ, EDK and iPDK cells

was determined by washing cells from the upper

chamber, fixing cells in 4% paraformaldehyde, and

staining cells that had migrated through the membrane

with 0.1% Crystal Violet. (B) We quantified these

results by counting and averaging migrated cells in

three separate experiments and showed a significant

increase in migration towards PDGF-BB, and this

effect was abrogated with a PDGFRb blocking

antibody. (C) Fibronectin-coated membranes showed

the highest level of migratory induction in response to

PDGF-BB compared to uncoated or collagen-coated

membranes. (D) EDK and iPDK cells with stable

knockdown of PDGFRb showed reduced migration

compared to scrambled controls. Significant changes

over control conditions were determined using a two-

tailed t-test. *P#0.05.
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on coverslips (supplementary material Fig. S1). These findings

further demonstrate that PDGFRb plays a role in mediating the

migration of ESC- and iPSC-derived fibroblasts in a manner

similar to that seen in parental, BJ fibroblasts.

Knockdown of PDGFRB in ESC- and iPSC-derived cells

reduces expression of genes involved in ECM protein

production

In addition to cell migration towards a PDGF-BB stimulus, ECM

production is an essential feature of stromal fibroblast function

that is needed for tissue maintenance and repair. Our initial

comparison revealed that both EDK and iPDK cell lines

expressed high levels of genes involved in ECM production

(Fig. 3A). Compared with BJ fibroblasts, EDK and iPDK cell

lines expressed at least twice as much COL3A and fibronectin,

whereas they expressed lower levels of tenascin C, and

comparable levels of COL1A1 and COL1A2 (Fig. 3A). To

determine whether PDGFRb was important in the regulation of

ECM production in EDK and iPDK cell lines, we analyzed ECM

gene expression following shRNA-mediated knockdown of

PDGFRb with the shb1 and shb2 constructs described above.

We confirmed by real-time RT-PCR that levels of PDGFRb
expression were downregulated at least fivefold in all cell types

following their infection with each of the lentiviral shRNA

constructs (shb1 and shb2) compared with knockdown with

control scram shRNA (Fig. 3B). This degree of PDGFRb
knockdown resulted in significantly decreased expression of a

broad spectrum of ECM proteins including type I collagen a1

chain (COL1A1), type I collagen a2 chain (COL1A2), type III

collagen a1 chain (COL3A1), fibronectin (FN) and tenascin C

(TENC) (Fig. 3B). Downregulation of type I collagen was most

dramatic upon PDGFRb knockdown as seen by the 50–60%

decrease in expression in ESC-derived cells and 60–90%

decrease in iPSC-derived cells. These findings demonstrated

that PDGFRb was important for the expression of a broad range

of ECM proteins acquired upon the differentiation of iPDK and

EDK fibroblasts from ESCs and iPSCs, and was similar to effects

seen in control fibroblasts.

PDGFRb knockdown decreases the production of type I

collagen and fibronectin in a self-assembled ECM grown

as a 3D stromal tissue

To assess the ability of ESC- and iPSC-derived cells to produce a

self-assembled ECM in a 3D tissue microenvironment, and to

determine whether the organization of this stroma-like tissue was

dependent on PDGFRb, we seeded EDK and BJ cells onto a PET

membrane in the presence of ascorbic acid and cultured cells for 5

weeks. In this way, it was possible to assess the self-assembly of

ECM produced by EDK, iPDK and BJ fibroblasts under more

stringent experimental conditions than in 2D monolayer cultures

alone. BJ, EDK and iPDK cell lines infected with either control

shRNA or PDGFRb-knockdown shRNA were examined for the

degree to which they could organize well-structured, stromal

architecture and for tissue thickness following hematoxylin and

eosin (H&E) staining. Tissues self-assembled from EDK cells

infected with scram, shb1 or shb2 developed a well-organized and

compact, cellular tissue (Fig. 4B), and cells within these tissues

demonstrated an elongated, fibroblast-like appearance (Fig. 4B,

inset, arrows), similar to tissues assembled using iPDK cells

(Fig. 4C). By contrast, tissues harboring BJ fibroblasts developed a

more fibrillar connective tissue compared with those assembled by

EDK cells (Fig. 4A). In addition, tissues generated with both

PDGFRb-knockdown vectors assembled stromal tissues with

significantly reduced ECM production with both EDK and BJ

cells, although the general organization of the matrix was

comparable between scrambled and knockdown conditions for

each cell type (Fig. 4A–C). To quantify these findings, we serially

sectioned tissues from several independent experiments and

measured tissue thickness, area and cellularity. Tissue thickness

was significantly reduced in shb1- or shb2-infected cells by 50% in

tissues harboring BJ fibroblasts, and by 40% in EDK and iPDK cell

lines (Fig. 4D). When overall tissue production was quantified, by

determining the average area of tissue deposited on a per cell basis,

we observed a significant decrease in tissue production of 43% in

shb1- and 32% in shb2-infected EDK cells, and 44% in shb1-

infected and 38% in shb2-infected iPDK cells. Interestingly, we

did not observe any change in tissue deposited on a per cell basis in

control BJ fibroblasts, or in either shb1- or shb2-infected cells,

although the tissues were significantly thinner (Fig. 4E). These

differences in ECM deposition were not due to an increase in cell

numbers as a result of proliferation, because there was no

significant difference in proliferation between any of the three

cell types in scram and PDGFRb-knockdown tissues as determined

by BrdU incorporation assays (supplementary material Fig. S1).

In addition to overall matrix production, it is known that the

organization and structure of stromal tissues is dependent on

the levels of production of individual ECM proteins within

that tissue. An important property of fibronectin during ECM

Table 1. Flow cytometric analysis of cells transfected with shRNA to knock down the PDGFRB gene

Cell type PDGFRb CD10 CD73 CD90 CD105

BJ untransfected 99.5 99.9 99.8 100 99.9
BJ scrambled 99.6 99.9 99.9 100 99.8
BJ shb1 32.4 99.4 99.9 100 99.8
BJ shb2 27.9 99.4 99.9 100 99.8
EDK untransfected 95.3 97.3 94.6 99.7 68.3
EDK scrambled 92.4 92.7 97.9 99.9 57.3
EDK shb1 9.3 99.8 99.7 99.9 65.5
EDK shb2 19.4 99.8 99.7 99.9 79.5
iPDK untransfected 87.7 99.7 99.5 99.8 98.4
iPDK scrambled 89.7 99.4 99.4 99.3 98.9
iPDK shb1 19.9 99.7 99.6 99.8 99
iPDK shb2 24.5 99.7 99.4 99.3 98.9

Values represent overall percentage positive cells for each marker within a cell population.

Journal of Cell Science 125 (9)2280

J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e



development is its capacity to organize other ECM proteins such

as type I collagen within developing stromal tissues (Sottile et al.,

2007). To provide a more detailed assessment of the composition

of self-assembled tissues with and without PDGFRb knockdown,

we analyzed protein levels of type I collagen and fibronectin by
western blot analysis within self-assembled tissues following

ECM self-assembly for 5 weeks. Protein lysates from these
tissues revealed a distinct change in the composition of ECM
proteins assembled by both BJ fibroblasts and EDK cell lines
harboring PDGFRb knockdown, as seen by the significantly

decreased levels of Type I collagen and fibronectin in PDGFRb-
knockdown tissues (Fig. 5A). In addition, protein levels of
fibronectin were 2- to 2.5-fold greater in tissues constructed with

EDK cells than in tissues constructed with BJ fibroblasts
(Fig. 5B). Taken together, these results indicate that PDGFRb
can regulate type I collagen and fibronectin and overall

production of stroma-like tissues, further demonstrating that
PDGFRb expression plays an important role in the function
of ESC- and iPSC-derived fibroblasts and is required for
optimization of ECM production and organization.

Developmentally controlled DMR within the PDGFRB
promoter is demethylated at 12 CpG sites during fibroblast
differentiation from iPSCs and ESCs

The functional importance of PDGFRb in establishing the
phenotypic properties of iPDK and EDK fibroblasts upon

their differentiation from ESCs and iPSCs, directed us to
study mechanisms that might regulate its expression upon
differentiation. Because epigenetic regulatory elements are
known to control differentiation and lineage commitment

through the modulation of DNA methylation at CpG sites
within the promoter, we performed a detailed characterization of
the DNA methylation status of the PDGFRB promoter by

bisulfite sequencing and compared iPSCs to iPDK, ESCs to
EDK, and both iPDK and EDK cells to BJ fibroblasts. Because
methylation patterns of this promoter have not been previously

studied, PCR primers were designed against the upstream
regulatory region of a specific region of the promoter, from
position 2353 to 2105 relative to the TSS of the PDGFRB gene

(Fig. 7A). Methylation patterns were determined for each cell
population by analyzing the amplified PCR product of isolated
DNA in eight bacterial clonal isolates, for one ESC line and each
of two independently reprogrammed iPSC lines. We found that

all of these pluripotent cell lines were methylated at multiple
CpG sites within the PDGFRB promoter (Fig. 6A). By contrast,
these CpG sites in the PDGFRB promoter in both iPDK and EDK

cell lines were nearly entirely unmethylated in all eight clonal
isolates studied from one EDK cell line and two iPDK cell lines,
with most clones not demonstrating any methylation (Fig. 6B).

Importantly, this pattern of demethylation was similar to that
seen in BJ fibroblasts, yet differed greatly from that seen in
primary keratinocytes (NHKs) (Fig. 6C). In addition, bisulfite
sequencing of neural progenitor cells derived from iPSCs (iPSC-

NPs), as well as differentiated neurons derived from these iPSC-
NPs (supplementary material Fig. S2), revealed that 20% of CpG
sites in the PDGFRB promoter were methylated (Fig. 6D). Thus,

these neural progenitors demonstrated an intermediate level of
methylation in this DMR that was greater than that seen in
fibroblasts derived from iPSCs but less than methylation seen in

the iPSCs. This suggests that the complete demethylation seen in
the developmentally controlled DMR of the PDGFRB promoter
was specific for cells with a fibroblast phenotype, because this

did not occur during differentiation of other cell types from
iPSCs. When the average overall methylation along 12 CpG sites
in the promoter was quantified, it confirmed that although nearly

Fig. 3. Knockdown of PDGFRb results in decreased expression of

matrix-related genes. EDK and iPDK cells were analyzed by real-time RT-

PCR for RNA expression levels of genes involved in ECM production, and

compared to control fibroblasts (BJ). (A) EDK and iPDK expressed similar

levels of COL1A1, elevated levels of COL3A1 and FIB and reduced levels of

TENC compared with BJ fibroblasts. (B) shRNA knockdown of PDGFRb was

confirmed in BJ, EDK and iPDK cells. Following shRNA knockdown, EDK

and iPDK cells had reduced levels of ECM-related gene expression in a

majority of knockdown cells using two different shRNA constructs. Error bars

represent standard deviation from two independent experiments, and

significance was determined compared with scrambled control-infected cells

using a two-tailed t-test. *P#0.05.
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60% of CpG sites were methylated in pluripotent cells, on

average fewer than 5% of CpG sites were methylated in

fibroblast cell types (Fig. 6E). This pattern of demethylation

seen in EDK, iPDK and BJ fibroblasts contrasted with the DNA

methylation pattern within the PDGFRB promoter of NHK cells,

where 30% of all CpG sites were methylated, and this population

was 100% methylated at position 12 (Fig. 6C), indicating that the

unmethylated state at this region of the PDGFRB promoter did

not occur in unrelated cell types. These findings indicated that the

specific patterns of DNA methylation and demethylation seen at

the promoter region of PDGFRB represents a developmentally

controlled DMR in cells with properties of stromal fibroblasts

following their differentiation from ESCs and iPSCs. OCT4,

which is known to be expressed specifically in ESCs and iPSCs,

was methylated following differentiation, consistent with other

reports following differentiation of ESCs and iPSCs (Fig. 7B).

The nearly complete demethylation of the PDGFRB promoter

following differentiation, establishes that the shift in the CpG

methylation profile is a developmentally regulated epigenetic

event that occurs during the differentiation of fibroblasts from

pluripotent cells.

To determine whether this pattern of developmentally

regulated demethylation seen in these fibroblast lineages was

specific for the PDGFRB promoter, we performed bisulfite

sequencing to analyze DNA methylation patterns in the promoter

regions of other genes linked to a mesenchymal cell phenotype

following their differentiation from iPSCs and ESCs.

Interestingly, DNA methylation patterns at multiple CpG sites

in the promoter region of both the a1 chain of type I collagen

Fig. 4. Knockdown of PDGFRb reduces thickness of tissues generated in a 3D matrix-assembly assay. BJ, EDK and iPDK cells infected with either non-

specific shRNA controls (scram) or shRNA directed against PDGFRb (sh-b1 and sh-b2) were seeded on a 24-well Millicell (Millipore) hanging cell culture insert

with 1.0 mM pore size at a density of 15,000 cells/insert. (A–C) Paraffin-embedded tissue sections of cells after 5 weeks in culture were analyzed by hematoxylin

and eosin (H&E) staining to compare tissue thickness and architecture. At 206 magnification, we observed a reduction in the overall thickness of tissues infected

with either sh-b1 or sh-b2. At 406 magnification (insets), overall tissue architecture remained unchanged with PDGFRb knockdown. Arrows indicate

characteristic elongated fibroblast morphology typical of healthy stromal tissue. (D,E) When we quantified the changes in matrix deposition between cell types

with scram, sh-b1 or sh-b2 infections, we found a significant reduction in tissue thickness and overall tissue matrix deposited per cell in PDGFRb-knockdown

cells. Results represent mean 6 s.d. of five sections per tissue, and four tissues per condition. Significant changes compared with scrambled control tissues were

determine using two-tailed paired t-test. *P#0.05.

Fig. 5. PDGFRb knockdown reduces secretion of extracellular matrix

genes in self-assembled tissues. Self-assembled tissues were homogenized

by sonication and protein was extracted and run on a gradient 4–12%

polyacrylamide gel. (A) Western blot analysis of tissue lysates after 5 weeks

of growth confirmed the stability of the PDGFRb knockdown in tissues, and

also demonstrated reduction in the levels of production of fibronectin and type

I collagen. (B) Densitometry analysis confirmed this decrease in production of

fibronectin and type I collagen in EDK cells, and also showed that EDK cells

with scrambled infections produced higher levels of both fibronectin and type

I collagen compared with BJ scrambled controls.
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(COL1A1) and the a1 chain of type III collagen (COL3A1) were

unchanged following differentiation of iPSCs and ESCs to iPDK

and EDK cells (Fig. 7B). Type I and type III collagen have

previously been shown to be dramatically upregulated following

differentiation of iPSCs to a fibroblast phenotype (Hewitt et al.,

2011). These data indicate that this upregulation is probably not

linked to the demethylation of their promoters. MSX1, a key

regulator of limb formation and craniofacial morphogenesis

during embryonic development, which is known to be expressed

in adult mesenchymal cells, did not undergo demethylation and

remained in a methylated state following differentiation

(Fig. 7B). These results indicate that differentiation towards

mesenchymal cell fate is linked to changes in DNA methylation

of specific sites within the PDGFRB promoter that might be

characteristic of its emerging fibroblastic phenotype, whereas

other gene promoters associated with the mesenchymal

phenotype remain unchanged following differentiation.

Discussion
In the present study, we have found that PDGFRb is an important

marker of mesenchymal lineage fate that is linked to the cellular

function of fibroblasts following their differentiation from iPSCs

and ESCs. We demonstrate that a region of CpG sites in the

PDGFRB gene promoter underwent hypomethylation upon

differentiation from these pluripotent cells as they acquired the

properties of stromal fibroblasts. In doing so, we have identified a

novel, differentiation-controlled, differentially methylated region

(DMR) that is predictive of PDGFRb expression during lineage

commitment to fibroblasts. Beyond this, we have found that

PDGFRb is important for the function of iPSC- and ESC-derived

fibroblasts, because shRNA-mediated knockdown of PDGFRb
expression decreased the capacity of these cells to produce ECM

proteins and undergo cell migration. We also found an overlap in

the methylation profiles in the region of the PDGFRB promoter

studied between iPDK and EDK cell lines and foreskin

fibroblasts, suggesting that this profile is a common feature of

fibroblasts and that demethylation at these sites might be an

important regulatory event in the specification and differentiation

of fibroblasts during development.

The process of reprogramming fibroblasts to iPSCs is linked to

changes in DNA methylation that are necessary to revert cells to

an embryonic-like state (Maherali et al., 2007; Mikkelsen et al.,

2008). Subsequent differentiation of specific cell types from

iPSCs is dependent on epigenetic remodeling, including large

changes in the DNA methylation, which restricts the expression

of pluripotency genes and enables expression of tissue-specific

genes needed to establish cellular fate and phenotype (Aranda

et al., 2009; Gan et al., 2007). Furthermore, the process of

DNA demethylation at certain promoters has been shown to

be predictive in determining gene expression in a cell-type-

specific manner (Wiench et al., 2011). By comparing the

methylation profiles of CpG sites at specific gene promoters in

cells differentiated from pluripotent stem cells to profiles seen in

foreskin-derived fibroblasts, mechanisms involved in the

Fig. 6. DNA methylation profile of the PDGFRb gene promoter in pluripotent and pluripotent-derived cells. Bisulfite sequencing analysis of the PDGFRb

gene promoter was performed on ESC, iPSC, EDK, iPDK, primary fibroblasts (BJ) and keratinocyte (NHK) cell types, as well as iPSC-derived neural progenitors

(iPSC-NPCs) and neurons following 18 days of differentiation (NPC-d18). Each dot represents one CpG site in the promoter region of PDGFRb and each row

represents a clonal isolate of DNA fragments from indicated cell types. Methylated CpGs are indicated by a black circle, and unmethylated CpGs are indicated by

a white circle. (A) PDGFRb is methylated in pluripotent cell types h9-hES, iPS2 and iPS3. (B) PDGFRb is unmethylated in hES-derived EDK, iPS2-derived iPDK

and iPS3-derived iPDK. (C) In adult cell types, PDGFRB promoter was unmethylated in BJ fibroblasts, compared with primary keratinocytes (NHK), which are

relatively highly methylated. (D) iPSC-derived neural progenitors (NPCs) and neurons following 18 days of differentiation (NPC d18), demonstrated an

intermediate level of methylation at the PDGFRb promoter. (E) Quantification of bisulfite sequencing results showed greater than 50% methylation in pluripotent

cell types, and 0–5% methylation in pluripotent-derived EDK and iPDK cells, and adult fibroblasts, but not neurons derived from iPSCs.
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establishment of lineage commitment and cell function of iPSC-

and ESC-derived cell types can be determined (Aranda et al.,

2009). Our results extend recent findings showing changes that

occur in the methylome of pluripotent cells following

differentiation (Hewitt et al., 2011; Laurent et al., 2010) by

demonstrating that the changes in DNA methylation within a

specific gene promoter that occurs upon their differentiation from

pluripotent cells to fibroblast lineages are similar to methylation

signatures seen in somatic fibroblasts.

Demethylation events similar to those we have characterized

upon differentiation of iPSCs and ESCs to fibroblasts have also

been found upon differentiation of adult progenitor cells to

mesenchymal lineage fates. For example, gene promoters related

to mesenchymal cell fate determination, such as LEP and

PPARG2, demonstrate demethylation upon differentiation of

mesenchymal cells but not other cell types or lineages (Noer et al.,

2006). In addition, it has been shown that DNA demethylation in

myoblasts can activate mesenchymal gene expression and induce

trans-differentiation to osteogenic and adipogenic fates (Hupkes

et al., 2011). Interestingly, it has recently been shown that

differences exist in methylation at lineage-specific genes between

adult MSCs and putative MSCs derived from ESCs that might

account for differences in differentiation potential of MSC

populations (Sørensen et al., 2010). In light of these findings, the

CpG methylation status of lineage-specific promoters is likely to

have consequences for mesenchymal cell function and fate upon

differentiation from ESCs and iPSCs, thus highlighting the need

for further characterization of the methylation profile of cell

types derived from pluripotent stem cells that might be important

in determining their lineage stability for future therapeutic

applications. Interestingly, we did not observe any significant

differences between ESC- and iPSC-derived cells in the CpG

profile at the PDGFRB promoter. Whereas some reports indicate

that iPSCs at early passage can retain epigenetic memory of their

cell-of-origin, this is not seen in late-passage iPSCs, such as those

used in these studies (Polo et al., 2010). Our findings on the

epigenetic changes at the PDGFRB promoter during fibroblast

differentiation demonstrate the potential use of DNA methylation

as a marker of lineage commitment, although further work is

necessary to show that specific DNA methylation events are

crucial for cell lineage commitment during development.

The early events directing cell and tissue repair following injury

are dependent on the spatially and temporally controlled

production and deposition of ECM proteins by mesenchymal

cells and through the recruitment of a variety of cell types through

cell migration (Egging et al., 2006; Friedl and Bröcker, 2000). It is

known that PDGFRb plays a role during multiple stages of wound

healing, because loss of PDGFRb function impairs fibroblast

migration (Gao et al., 2005) and stimulation of this receptor by

recombinant PDGF-BB accelerates the healing of chronic wounds

through deposition of ECM proteins (Pierce et al., 1992; Steed,

1995). Although it is known that PDGFRb signaling activates a

cascade of events that are crucial for cellular responses, such as

ECM production and cell migration, inappropriate activation of

this response has been linked to the pathogenesis of fibrotic

conditions, including lung fibrosis and pulmonary arterial

hypertension (Bonner, 2004; Trojanowska, 2008) that are, in

part, due to transient collagen deposition linked to an acute fibrotic

response (Yi et al., 1996). These aberrant responses signify the

central role that PDGFRb plays in maintaining the balance

between ECM production and remodeling in the establishment

and restoration of optimal tissue function. In this light, future

therapeutic strategies using ESC- and iPSC-derived fibroblasts for

repair and regeneration will require that regulation of PDGFRb be

better understood to reach optimal tissue outcomes.

Recently, the importance of PDGFRb in MSC function has been

recognized in many tissues, because it is known to be a marker of

pericytes that are essential in directing these cells to blood vessels

where they support neo-vascularization and vessel maturation

(Veevers-Lowe et al., 2011). It has been proposed that pericytes

are MSCs that migrate from the vessel wall following injury to

become stromal constituents (da Silva Meirelles et al., 2008),

where they provide paracrine support needed to direct tissue repair

(Bernardo et al., 2009). Thus, in addition to the role PDGFRb plays

in ECM production and cell migration demonstrated in our study

of ESC- and iPSC-derived fibroblasts, PDGFRb plays a more

ubiquitous role in repair by possibly directing the functional

outcome of related cell types such as pericytes and MSCs. We

Fig. 7. Promoter methylation profile of genes associated with mesenchymal lineage. (A) Bisulfite sequencing analysis of the OCT4, MSX1, COL1A1 and

COL3A1 gene promoters were performed on ESC, iPSC, EDK and iPDK cells, and representative schematic images are shown. The position in the genome of the

promoter sites analyzed relative to the TSS of each gene is shown, along with the number of CpG sites that were present in the amplified region. (B) OCT4

showed increased methylation upon differentiation, whereas MSX1 and COL1A1 remained unmethylated upon differentiation. COL3A1 was methylated in both

ESC and EDK cells. Each dot represents one CpG site in the promoter region of PDGFRB and each row represents a clonal isolate of DNA fragments from

indicated cell types. Methylated CpGs are indicated by a black circle, and unmethylated CpGs are indicated by a white circle.
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suggest that DNA demethylation of the PDGFRB promoter
correlates with PDGFRb expression during differentiation, and

might represent a marker of lineage specification towards a
spectrum of mesenchymal cells with related functions. In this
context, we also suggest that hypermethylation of the PDGFRB

promoter in iPSCs following their reprogramming is important in
establishing the pluripotent state, and demethylation is a requisite
step for the establishment of lineage commitment.

The use of in vitro 3D tissues holds many advantages
over 2D monolayer culture, because it provides a life-like
microenvironment that is more highly predictive of cellular

functions in tissues. It has previously been shown that self-
assembled, ECM constructs harboring adult fibroblasts are
composed primarily of type I collagen and fibronectin, and
displayed features similar to human dermis (Pouyani et al.,

2009). With this in mind, we have generated 3D, self-assembling
stromal tissues as a way to assay ECM production and organization
and provide a more physiologically relevant microenvironment to

characterize the generation of stroma-like tissues from ESC- and
iPSC-derived fibroblasts. Furthermore, using shRNA-knockdown
strategies, we have demonstrated the importance of this system to

assess functional tissue outcomes associated with PDGFRb during
tissue assembly. Beyond this, it appears that the proportions of
fibronectin and type I collagen deposited by EDKs in these self-
assembly assays are also regulated by PDGFRb and might be

important for tissue assembly and repair. One potential function
linked to PDGFRb suggested by these findings is that elevated
levels of fibronectin produced by EDK fibroblasts might enhance

interactions between fibronectin and type I collagen to generate
more compact stromal tissues.

Understanding and directing the differentiation of mesenchymal

cell types such as fibroblasts is of great interest in furthering
therapeutic applications in regenerative medicine. First, pluripotent
stem cells offer a plentiful source of cells, as a result of

their unlimited replicative capacity, which can be reproducibly
differentiated for cell-based therapies. Second, the ability to
generate patient-specific cells upon differentiation of iPSCs to

specified lineage fates might allow for improved, individualized
cell-based therapies and development of human in vitro disease
models (Bajada et al., 2008). Although it is known that adult-

derived mesenchymal cells are capable of a wide range of
physiologic functions that depend on their tissue type and context
(English et al., 2010), these cells have limited proliferative
potential. Understanding how to best harness their potential

requires detailed characterization of key phenotypic modulators
of cell behavior. Our findings extend previous observations that
showed the importance of PDGFRb on the function of MSCs and

mature fibroblasts, by establishing that demethylation of the
PDGFRB promoter is a common feature of ESC- and iPSC-
derived fibroblasts. By studying additional changes in DNA

methylation following differentiation, we hope to identify key
modulators of events that can direct lineage fate and functional
properties of ESC- and iPSC-derived cell types towards predictable

outcomes. However, future work will require a more detailed
understanding of methylation-mediated control of a broad spectrum
of promoters important for fate and function determination.

Materials and Methods
Cell culture

Human iPSCs and ESCs were maintained on a mouse embryonic fibroblast (MEF)
feeder layer as described (Thomson et al., 1998). iPSCs were generated from
human foreskin cells (BJ fibroblast cell line) (ATCC, Manassas, VA) using four

(OSKM, iPS-1) or five (OSKMN, iPS-2) retroviral reprogramming vectors
(Maherali et al., 2007). The H9 line of ESCs used in this study were purchased
from the WiCell Institute (Madison, WI). Differentiation of cells was performed as
described previously (Hewitt et al., 2009). Briefly, iPSCs (iPS-1, passage 12, iPS-
2, passage 30) or ESCs were plated as aggregates onto fixed MEFs, and cultured in
medium consisting of 3:1 DMEM:F12 (Invitrogen, Carlsbad, CA), 5% FCII
(Hyclone, Logan, UT), 0.18 mM adenine, 0.5 mg/ml hydrocortisone, 10210 M
cholera toxin, 10 ng/ml EGF, 5 mg/ml insulin for 7 days and supplemented on days
4–7 with 0.5 nM BMP-4. Fibroblasts derived from ESCs (EDKs) or iPSCs
(iPDKs) were then propagated for an additional 7 days on fixed MEFs, plastic and
type I collagen (BD Biosciences, San Jose, CA). Fibroblast cell lines were
maintained in DMEM medium containing 10% FBS (Hyclone, Logan, UT) and
0.18 mM adenine. All experiments were performed on these cells from passage
5–8.

Neural progenitors were derived from iPSC clone 8330-8 [derived from Coriell
GM08330 fibroblasts and characterized as described (Sheridan et al., 2011)]
expanded under feeder-free conditions to remove iMEFs by growth directly on
Matrigel (BD Biosciences) in mTeSR1 culture medium (StemCell Technologies).
Expandable neuronal progenitors were isolated by direct manual picking of neural
rosette structures upon initiation of differentiation by overgrowth of the iPSC
colonies. Isolated cells were expanded in neural expansion medium (70% DMEM
(Invitrogen), 30% Ham’s F-12 (Mediatech) supplemented with B-27 (Invitrogen),
20 ng/ml each EGF (Sigma) and bFGF (R&D Systems) on poly-ornithine (Sigma)-
and laminin (Sigma)-coated culture plates. Terminal neural differentiation was
achieved by plating expanded cells plated at a seeding density of 40,000 cells per
cm2 on polyornithine-laminin plates as above in expansion medium lacking both
EGF and bFGF, with medium replacement every 3–5 days for a total of 18 days.
Cell samples were collected by scraping followed by pelleting and quick-freezing.

Real-time RT-PCR

Cells were lysed directly from a 10 cm plate, and RNA was isolated using an RNA
purification kit (Qiagen, Valencia, CA). 0.5 mg RNA was used to generate cDNA
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to
the manufacturer’s instructions. PCR reactions were done in triplicate with
SYBRgreen Supermix and run on an iQ5 Real-Time PCR detection system (Bio-
Rad, Hercules, CA). Error bars represent standard deviation of three biological
replicates, and statistical significance was determined using a paired t-test with
P#0.05.

shRNA knockdown

Stable shRNA knockdowns of PDGFRb in EDK, iPDK and BJ cells were
generated by stable infection with lentivirus carrying predicted PDGFRb-
interacting sequences. Following infection, cells were selected by addition of 1
mg/ml of puromycin (Sigma, St Louis, MO) for 4 days. Viruses were obtained from
MISSION shRNA Lentiviral Particles (Sigma). Out of five predicted sequences,
two were selected (TRCN1999 and TRCN2000) based on degree of knockdown,
verified by real-time PCR and flow cytometry.

Construction of self-assembled tissues

EDK, iPDK and BJ cells infected with lentivirus containing either non-specific

control scrambled shRNA or shRNA directed against PDGFRb (sh-b1 and sh-b2)
were seeded onto 24-well polyethylene terephthalate (PET) inserts (Millipore,
Billerica, MA) at a density of 16,000 cells per insert. Medium was supplemented
with 10 mg/ml ascorbic acid, and cells were allowed to grow on the membrane for
5 weeks before analysis. Of six biological replicates, three were fixed in 4%
paraformaldehyde, processed and paraffin-embedded for sectioning, whereas three
were used for protein extraction and western blot analysis.

Western blotting

Self-assembled tissues were scraped off membranes, and solubilized in
deoxycholate following five rounds of sonication to homogenize protein.
Purified protein lysates were run on a 4–12% gradient polyacrylamide gel and
transferred to a nitrocellulose membrane for staining and analysis. Primary
antibodies used were against PDGFRb (Abcam, Cambridge, MA), type I collagen
(R&D Systems, Minneapolis, MN), Fibronectin (R&D Systems, Minneapolis,
MN) and ERK (Santa Cruz Biotechnology, Santa Cruz, CA).

Immunofluorescence

Cells were grown on coverslips until approximately 80% confluency, washed and
fixed in 4% paraformaldehyde. Cells for analysis of proliferation using bromo-
deoxyuridine (BrdU) labeling were pre-incubated with BrdU nucleotides for
6 hours before fixation. For staining, cells were permeabilized in 0.1% Triton X-
100, blocked using 0.2% BSA, and incubated in primary antibodies against
PDGFRb (Abcam, Cambridge, MA) or BrdU (R&D Systems, Minneapolis, MN)
for 1 hour. Secondary antibodies used were rabbit Alexa Fluor 594 and mouse
Alexa Fluor 488. Coverslips were mounted using Vectashield DAPI-containing
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mounting medium (Vector Labs, Burlingame, CA) and visualized on a Nikon
Eclipse 80i microscope.

Flow cytometry

EDK and iPDK cell lines were trypsinized, resuspended in 2% FBS in PBS, and
stained with PE-conjugated antibodies against CD10, CD73, CD90, CD105,
CD140b (PDGFRb) and IgG1k (BD Pharmingen, San Jose, CA). Cells were
incubated for 40 minutes at 4 C̊ in the dark and washed with 2% FBS in PBS
solution. All data were generated using a FACSCalibur and analyzed using
Summit V4.3 software (Dako, Houston, TX). Analysis was performed on 200,000
cells per sample, and results are representative of two independent experiments.

Cell migration assay

Migration was assessed using a 96-well Transwell migration plate (Millipore,
Bellerica, MA) with 8 mm pore size. Polycarbonate membranes were coated one
day before seeding cells with fibronectin or type I collagen (BD Biosciences,
Bedford, MA) and cells were prepared by serum starvation in serum-free medium
overnight, trypsinized and incubated with or without an PDGFRb neutralization
antibody (AF385, R&D Systems) 1 hour before seeding. Recombinant PDGF-BB
protein (BD Biosciences, Bedford, MA) in serum-free medium was added to the
lower chamber at 50 ng/ml, and 16104 cells per insert were added to the upper
chamber. Cells were incubated at 37 C̊ for 6 hours, washed, fixed with 2%
paraformaldehyde, stained with 0.1% Crystal Violet for 10 minutes, and counted
manually at 106 magnification. Data represent an average of three experiments
and six technical replicates per experiment.

Bisulfite sequencing

DNA was purified and bisulfite treated using EZ DNA methylation (Zymo, Irvine,
CA). Converted DNA was amplified by RT-PCR to include CpG islands within the
promoter region of specified genes PDGFRB, OCT4, COL1A1, COL3A1 and
MSX1. Amplification primers were designed to span regions of the promoter
containing high CpG content using Methprimer (http://www.urogene.org) and the
sequences are listed in supplementary material Table S1. PCR products were
analyzed clonally by inserting amplified promoter DNA into TOPO TA cloning
vectors (Invitrogen, Carlsbad, CA) and performing sequencing on at least eight
bacterial clones using an ABI 3130XL sequencer (Applied Biosciences, Carlsbad,
CA). Alignment of sequences was performed using BiQ analyzer (Bock et al.,
2005) and methylation data is displayed to show methylated (black) or
unmethylated (white) circles at each CpG site within the promoter.
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