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ABSTRACT
Perlecan/HSPG2, a heparan sulfate proteoglycan typically found at tissue borders including those separating epithelia and connective tissue,
increases near sites of invasion of primary prostatic tumors as previously shown for other proteins involved in desmoplastic tissue reaction.
Studies of prostate cancer cells and stromal cells from both prostate and bone, the major site for prostate cancer metastasis, showed that cancer
cells and a subset of stromal cells increased production of perlecan in response to cytokines present in the tumor microenvironment. In silico
analysis of the HSPG2 promoter revealed two conserved NFkB binding sites, in addition to the previously reported SMAD3 binding sites. By
systematically transfecting cells with a variety of reporter constructs including sequences up to 2.6 kb from the start site of transcription, we
identified an active cis element in the distal region of theHSPG2 promoter, and showed that it functions in regulating transcription ofHSPG2.
Treatment with TNF-a and/or TGFb1 identified TNF-a as a major cytokine regulator of perlecan production. TNF-a treatment also triggered
p65 nuclear translocation and binding to the HSPG2 regulatory region in stromal cells and cancer cells. In addition to stromal induction of
perlecan production in the prostate, we identified amatrix-secreting bonemarrow stromal cell type that may represent the source for increases
in perlecan in the metastatic bone marrow environment. These studies implicate perlecan in cytokine-mediated, innate tissue responses to
cancer cell invasion, a process we suggest reflects a modified wound healing tissue response co-opted by prostate cancer cells. J. Cell. Biochem.
115: 1322–1333, 2014. © 2014 Wiley Periodicals, Inc.
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Prostate cancer progression is marked by increasing interaction
of stroma with the tumor, and an accompanying phenotypic

shift of associated stromal cells first in the prostate then at sites of
metastasis [Dakhova et al., 2009]. Activated stromal cells involved in
such desmoplastic reactions are variously named cancer-associated
fibroblasts, tumor-associated fibroblasts, or reactive stromal cells
[Olumi et al., 1999]. A hallmark of desmoplastic stroma in cancer
[Coulson-Thomas et al., 2011] is deposition of a fibrotic matrix that
closely mimics the wound healing response including the heparan
sulfate proteoglycan, perlecan, encoded by the gene HSPG2
[Yamazaki et al., 2004]. The parallels between the actions of the

fibroblasts in wound healing with the persistence of reactive stromal
cells during disease has led some to describe cancer as “the wound
that never heals” [Schafer and Werner, 2008]. Inflammatory cell
recruitment is crucial to the process of wound healing
[DiPietro, 1995], and is inextricably woven into tumor progression
in prostate cancer [Comito et al., 2013]. Cytokines and growth factors
produced at the wound [Siegbahn et al., 1990 ; Kohyama et al., 2004]
or the tumor [Shaw et al., 2009] recruit and activate stromal cells
whose role is to produce extracellular matrix (ECM) to encase the site
of the perceived wound. The ECM deposition profile of proteins
present in reactive stroma includes fibronectin, collagens, and

Grant sponsor: National Institutes of Health/National Cancer Institute (MCFC Project 2); Grant number:
P01CA098912; Grant sponsor: Rice University.
*Correspondence to: Mary C. Farach-Carson, PhD, Department of Biochemistry and Cell Biology, Rice University,
MS-140, 6100 Main Street, Houston, TX 77251-1892. E-mail: farachca@rice.edu
Manuscript Received: 24 December 2013; Manuscript Accepted: 10 February 2014
Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 17 February 2014
DOI 10.1002/jcb.24788 � © 2014 Wiley Periodicals, Inc.

1322

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 115:1322–1333 (2014)



various proteoglycans [Lagace et al., 1985; Brown et al., 1999].
Heparan sulfate proteoglycans, such as perlecan, facilitate growth
factor delivery during tissue remodeling or repair [Zcharia
et al., 2005; Jung et al., 2013] in addition to filling various
extracellular scaffolding [Farach-Carson and Carson, 2007], adhe-
sive [Chen et al., 2005], and boundary setting [Farach-Carson
et al., 2013] roles that establish tissue function.

Perlecan is a large (�200 nm, 400–800 kDa) [Farach-Carson and
Carson, 2007] heparan sulfate proteoglycan found in all basement
membranes [Yurchenco et al., 2002]. It is particularly abundant in
the bone marrow, where it is the predominant heparan sulfate
proteoglycan [Schofield et al., 1999], and in cartilage, where it resists
vascular invasion [Brown et al., 2008]. The perlecan core protein has
a modular structure that shares homology with other ECM proteins
[Murdoch et al., 1992] while the attached heparan sulfate chains
function as a reservoir for growth factors useful in wound healing
[Savoré et al., 2005; Yang et al., 2005 ; D‘Souza et al., 2008]. The
scaffolding function of the core protein [Farach-Carson and
Carson, 2007; Behrens et al., 2012] reinforces the barrier function
of the basement membrane—important to denying invasion and
metastasis of carcinoma in situ [Terranova et al., 1986]. Perlecan
helps promote prostate cancer cell viability [Savoré et al., 2005] and
is part of the reactive stroma gene expression profile seen in some
cancers [Sabit et al., 2001].HSPG2 gene expression also increases in
bone after fracture [Wang et al., 2006]. Given that bone marrow is
both a perlecan-rich environment [Schofield et al., 1999] and the
predominant site of prostate cancer metastasis [Bubendorf
et al., 2000], it is of interest to study regulation of HSPG2 gene
expression in the context of bone marrow stromal cells, as well as in
prostate stromal cells near sites of tumor. Because prostate cancer
cells encountering tumor stroma undergo epithelial mesenchymal
transformation (EMT) [Zhau et al., 2008], and EMT is associated with
expression of ECM [Freire-de-Lima et al., 2011], perlecan production
by the prostate cancer cells themselves also is of interest.

A previous study examined the role of local cytokines such as
transforming growth factor beta (TGFb) or tumor necrosis factor
alpha (TNF-a) onHSGP2 expression in the tumormicroenvironment
[Iozzo et al., 1997], a finding not yet examined in prostate cancer
although the role of these cytokines in this disease is clear [Yang
et al., 2010; Dayyani et al., 2011]. The proximal promoter region of
the perlecan gene contains a functional binding site for SMAD3
[Iozzo et al., 1997]. In the context of bone metastasis, we previously
found that TGFb signaling is dynamically regulated in the bone
marrow tumor stroma through down regulation of the TGFb co-
receptor endoglin, which also reduces signaling through SMAD2/3,
suggesting that it is unlikely that SMAD3 elements in the perlecan
promoter are directly responsible for increases in perlecan expres-
sion in the desmoplastic tumor microenvironment [O‘Connor
et al., 2007]. Both TGFb and TNF-a can recruit and activate immune
and stromal cells at primary and secondary tumor sites [Post-
lethwaite and Seyer, 1995; Andrades et al., 1999], triggering further
increases in inflammatory cytokines and increasing ECM production
in an attempt to heal the perceived wound. TNF-a, produced by
many immune cells, induces apoptosis in the human bone marrow
hematopoietic cell line, HS-5, and in some cancer cells, but not in the
HS-27a bone marrow stromal cell line [Sumitomo et al., 1999; Byun

et al., 2005]. TNF-a signaling, acting through NFkB, activates
transcription of many target genes including that encoding the ECM
protein, tenascin [Nakoshi et al., 2008], but its ability to activate
HSPG2 gene expression has never been examined. In this study, we
systematically examined HSPG2 expression in the tumor microen-
vironment and by prostate and bone marrow stromal cells in the
presence of cytokines, TNF-a and/or TGFb. We present evidence for
inflammatory cytokine-mediated stimulation of HSPG2 expression
and perlecan secretion, with implications for wound healing and
cancer progression.

MATERIALS AND METHODS

IMMUNOHISTOCHEMISTRY
Formalin fixed, paraffin embedded prostate cancer and normal
adjacent tissue sections were processed as previously described
[Tuxhorn et al., 2002] with the following modifications. Antigen
retrieval was achieved by incubating the tissue in 0.1mg/ml bovine
testicular hyaluronidase (Sigma–Aldrich, St. Louis, MO) and tissue
was blocked with Background Punisher (BioCare Medical, Concord,
CA). Anti-perlecan HSPG2 Prestige Rabbit polyclonal antibody
(Sigma) was diluted 1:100 in antibody diluent (Ventana Medical
Systems, Tucson, AZ) and incubated overnight at 4°C. Tissue was
incubated with the Diagnostic Biosystems (Pleasanton, CA) Polymer
Penetration Enhancer and incubated with Anti-mouse/Rabbit
PolyVue HRP (Diagnostic Biosystems). Tissues were mounted in
Cytoseal 60 (Fisher Scientific, Hampton, NH).

CELL CULTURE
The bone marrow stromal cell lines HS-5 and HS-27a, the prostate
cancer cell lines LNCaP and C4-2B and the prostate stromal cell line
WPMY-1 were cultured as previously described [Webber et al., 1999;
O‘Connor et al., 2007]. Although isolated from the same bone
marrow aspirate, the hematopoietic stem cell-supporting HS-5 cell
line secretes many growth factors and cytokines, and the HS-27a cell
displays a structural secretory profile, including rich production of
ECM components [Roecklein and Torok-Storb, 1995]. The prostate
stromal cell line, WPMY-1, (ATCC), which expresses a-smooth
muscle actin characteristic of reactive stromal cells [Webber
et al., 1999], was used to represent stromal cells at the site of the
primary tumor. LNCaP cells originate from a lymph node metastasis
of prostate cancer and C4-2B cells are adapted to growing in the bone
marrow [Thalmann et al., 2000].

For all treatments, cells were plated into six-well plates and
allowed to grow for 48 h (until 90% confluent). Media was then
changed to 1% (v/v) serum and antibiotic-free medium overnight,
and then treatments initiated the next day. Recombinant TNF-a
produced by E. coli (Roche Applied Science, Indianapolis, IN,
#11371843001) was stored at�20°C at 10 ng/ml stock solution, and
cell treatments used a final concentration of 10 ng/ml. TGFb1 (R&D
Systems, Inc., Minneapolis, MN, #100-B) purified from human
platelets was reconstituted in 4mM HCl and 0.1% (w/v) bovine
serum albumin (BSA) at 10 ng/ml. TGFb1 treatments were carried
out at 10 ng/ml. BSA was dissolved in phosphate buffered saline
(pH 7.4) at 1mg/ml to serve as the vehicle control.
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PLASMID CONSTRUCTION
Genomic DNAwas purified fromHS27a cells using the DNeasy Blood
& Tissue kit (Qiagen, Valencia, CA). The 2627 and 2,393 base pair
upstream region (hereafter referred to as the 2.6 and 2.4 kb HSPG2
promoter constructs) of the HSPG2 proximal promoter was
amplified by genomic polymerase chain reaction (PCR) (for primer
pairs see Supplementary Table I). This PCR product then was cloned
into pCR

1

2.1 TOPO (Life Technologies). This insert ligated into the
promoterless pGL4.10 firefly luciferase reporter vector (Promega,
Madison, WI). Site directed mutagenesis was performed using the
Quickchange II Site-Directed Mutagenesis Kit (Agilent, Santa Clara,
CA) according to the manufacturer’s instructions (for primers see
Supplementary Table I).

TRANSIENT TRANSFECTION
Cells were transiently transfected with luciferase constructs using
LipofectamineTM 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. A ratio of 1mg of total DNA to 2ml
(for HS-27a and HS-5 cells) or 3ml (for WPMY-1, C4-2B, and LNCaP
cells) of Lipofectamine was used for each well in six-well culture
plates. For experiments using the perlecan promoter constructs, the
control Renilla luciferase was driven by the thymidine kinase
promoter in a pHRG-TK vector (Promega). For experiments using
insertions of HSPG2 promoter elements into pGL4.74 with the
HSV-TK promoter driving expression of the Renilla luciferase,firefly
luciferase expression driven by the CMV promoter was used as the
control luciferase.

LUCIFERASE REPORTER ASSAY
The Dual-Luciferase

1

Reporter Assay system (Promega) was used to
measure luciferase activity in transiently transfected cells, according
to the manufacturer’s instructions.

QUANTITATIVE PCR
Quantitative PCR was performed as previously described [Savoré
et al., 2005]. Reverse transcription reactions were performed using
the QScript cDNA Supermix kit (Quanta Biosciences, Gaithersburg,
MD). The final concentration of primers (sequences found
in Supplementary Table I) was 200 nM (HSPG2) and 400 nM
(ACTB). IQ SYBRMix (Quanta Biosciences) was used according to the
manufacturer’s instructions, to equal half of the final reaction
volume. The thermal cycling program was as follows: 95°C for
3min, then 40 cycles of the following two steps: 95°C for 30 s,
63°C for 45 s. Relative transcript levels were determined by the
Pfaff method, using ACTB as a constitutively expressed gene
control.

IMMUNOBLOTTING FOR SECRETED PERLECAN PROTEIN
Dot blotting was performed to analyze accumulation of extracellular
perlecan as previously described [Savoré et al., 2005]. For dot
blotting, equal volumes of medium were loaded into each well.
Medium was diluted 1:10 in phosphate buffered saline (PBS), and
100ml of the diluted solution were loaded into each well. Perlecan
antibody A7L6 (Santa Cruz Biotechnology, Santa Cruz, CA) was
diluted 1:5,000 in blocking buffer and incubated with the membrane
overnight at 4°C while shaking.

WST-1 ASSAY FOR METABOLICALLY ACTIVE CELL CONTENT
Assays were performed in parallel with conditioned medium
collection. First, conditioned medium was removed for use in dot
blotting for perlecan secretion. Serum- and phenol red-free medium
was returned to the well, with 10% (v/v) WST-1 reagent (Roche)
added. Cells were incubated for 1 h at 37°C and then medium was
transferred to a 96-well plate, where dual wavelength measurements
were taken at 440 nm (measurement wavelength) and 610 nm
(reference wavelength). Per the manufacturer’s instructions, only
metabolically active cells will metabolize this salt at the cell surface,
resulting in a spectrophotometric shift in the medium. This allows
determination of a ratio of metabolically viable cells during
treatment compared to cells treated with the vehicle control.

TNF-a ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)
Cells were grown to 80% confluence in normal growth medium,
then medium was removed and cells were prepared for medium
collection during which time they typically reached confluency.
Cells in six-well culture plates continued to grow for 24 h in 1ml
serum-free medium, and this conditioned medium was collected and
assayed for TNF-a production. At the same time, the cells were
trypsinized from the plates, and counted using a hemocytometer.
TNF-a levels were assayed and quantified using the human TNF-a
ELISA kit (Thermo Scientific) according to the manufacturer’s
instructions.

IMMUNOSTAINING FOR NFkB
Cells were grown in eight-well chamber slides (NUNC–Thermo
Scientific) in normal growth medium and subsequently treated in
serum-free medium supplemented with TNF-a (10 ng/ml) for 30min
at 37°C. Cells were rinsed with PBS and fixed with paraformalde-
hyde. After rinsing, they were permeabilized with Triton X-100
(0.2% v/v) at room temperature for 10min, blocked with 3% (w/v)
BSA for 40min at room temperature then incubated with anti-p65
(Santa Cruz Biotechnology, sc109) in a 1:200 dilution at 4°C
overnight. Slides then were washed and incubated with a goat anti-
rabbit Alexa-Fluor 488 secondary antibody (Invitrogen) in a 1:200
dilution, DAPI (Invitrogen) in a 1:500 dilution, and Phalloidin
633 (Invitrogen) at a 1:500 dilution for 40min at room temperature.
Slides were mounted in SlowFade Gold (Invitrogen) and
imaged using a LSM 710 confocal microscope (Zeiss, Oberkochen,
Germany).

CHROMATIN IMMUNOPRECIPITATION (CHIP)
The Chromatrap1 kit (Porvair Sciences, Leatherhead, Surrey,
England) was used for ChIP assays. LNCaP cells were grown to
�70% confluency and serum-withdrawn overnight, then treated for
24 h with TNF-a (10 ng/ml) or vehicle control prior to collection of
chromatin. Fixation, DNA shearing and ChIP were performed
following the manufacturer’s instructions. Antibodies included the
anti-p65 SC-109X antibody (Santa-Cruz), as well as the control
antibodies anti-polII SC-9001 (Santa Cruz) and anti-H3K4me3
39159 (Active Motif, Carlsbad, CA). Primer sequences used to
amplify various gene regulatory regions are included in Supple-
mentary Table 1. The NFKBIA gene promoter served as a positive
control for p65 immunoprecipitation, and the GAPDH promoter was
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used a positive control for RNA polymerase II immunoprecipitation.
The HBB gene was the negative control for nonspecific pulldown by
either the antibody or adsorption by the column.

STATISTICS
All reporter assays, quantitative PCR, and dot blotting were analyzed
using a one-way ANOVA followed by Tukey’s post-test. Tissue
microarray data were analyzed by the Cedars Sinai statistics group
funded through the NIH/NCI P01CA098912. Stain concentrationwas
normalized using square root transformation. These values were
analyzed by ANOVA and two-sample test.

RESULTS

PERLECAN ACCUMULATES IN DESMOPLASTIC STROMA OF PCa
Figure 1A shows immunostaining for perlecan in paraffin-embedded
sections of PCa (right panel) and normal adjacent tissue (left panel)
from the same patient. In sections of normal tissue, perlecan is
expressed diffusely in the stroma. In this section containing Gleason
grade 4 cancer, stromal cells surround and infiltrate the tumor, a
hallmark of reactive stroma. Perlecan immunostaining surrounding
these stromal cells is intense, noted by the rich brown color, in
contrast to what is seen in normal stroma. The increase in perlecan
deposition in tumor stroma versus normal stroma was statistically

significant in this representative microarray (P¼ 0.0018, Fig. 1B)
comprising tissue from 57 patients. This finding adds perlecan to the
growing list of ECM proteins deposited into the desmoplastic stroma
formed at primary sites of prostate cancer.

PERLECAN SECRETION AND HSPG2 mRNA EXPRESSION INCREASE
IN RESPONSE TO CYTOKINE TREATMENT
Cells representing tumor and stromal compartments of the tumor
microenvironment were treated with TNF-a and TGFb, alone and in
combination, and perlecan production and HSGP2 gene expression
were assessed. Because of the size and heterogeneity of the perlecan
proteoglycan (�900 kDa) Western blots are very difficult to use for
quantification of perlecan protein and dot blotting is the preferred
method.

When cell populations of the prostate stromal cell line, WPMY-1,
were treated with TNF-a and TGFb (Fig. 2A), we observed a dramatic
loss of viable cells compared to controls (Supplementary Fig. S1). For
those survivingWPMY-1 cells, there was a clear increase in perlecan
production on a per cell basis in response to TNF-a, but not TGFb,
treatment. In HS-27a bone marrow stromal cells, perlecan secretion
was increased in response to TNF-a treatment alone, and even more
so when cells received both TNF-a and TGFb (Fig. 2A,B). Thus, for
both cells resembling the stromal cells present in the prostate
(WPMY-1) or bone marrow (HS-27a), TNF-a increased perlecan
secretion within 48 h of treatment.

Fig. 1. Perlecan accumulates in the reactive stroma of prostate cancer. Perlecan staining (brown) with nuclear counterstain (blue) in Gleason grade 4 prostate cancer (PCa, right
panel) and normal adjacent tissue (Normal, left panel) from the same patient. Increased deposition of perlecan is observed in the regions surrounding PCa when compared to
regions of normal morphology. Quantification of perlecan staining in the tissue microarray is shown in (B). This microarray included 34 sections of normal prostate and 23
sections of prostate cancer. Perlecan staining in normal stroma was compared to perlecan staining in tumor stroma in each of these sections. Perlecan staining was significantly
higher in tumor stroma than in normal stroma with a P-value of 0.0018. Scale bar¼ 100mm.
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During the course of these experiments, we observed that the
stromal cell response to TNF-a in terms of perlecan protein
production, mRNA levels and reporter activity diminished over
time with increasing passage number, for example, see response
level in Figure 4 versus response level in Figure 6. These non-
transformed stromal cells appear to change phenotypically in cell
culture during prolonged passage, making this response difficult to
measure once outside the responsive window. For this reason,
experiments were performed routinely with lower passage (<20)
cells.

LNCaP prostate cancer cells increased perlecan protein secretion
during 48 h treatment with TNF-a (10 ng/ml, 588 pM) but not TGFb
(10 ng/ml, 781 pM) (Fig. 2A,B), concentrations consistent with those
used in other studies [Iozzo et al., 1997; Schmidt et al., 2006; Yagi
et al., 2010]. Per cell secretion of perlecan by LNCaP cells was not
increased further by TGFb either alone or when TNF-a was present.
LNCaP cells treated with TNF-a or TNF-a combined with TGFb
increased HSPG2 mRNA levels after 24 h, which returned to basal
levls by 72 h (Fig. 2C). The addition of TGFb magnified the mRNA
response at 24 h, but this effect was not seen at the level of absolute
protein secretion at either 24 or 48 h (Fig. 2D). As with the mRNA

levels, protein secretion returned to basal levels by 72 h. Thus for
LNCaP cells, TNF-a is able to acutely and transiently increase
perlecan production with increases in mRNA preceding changes at
the protein level that are best seen within 48 h of treatment.

THE HSPG2 PROMOTER HAS CONSERVED NFkB BINDING
ELEMENTS MORE THAN 2.4 kb UPSTREAM OF THE START
SITE OF TRANSCRIPTION
In silico analyses of theHSPG2 promoter revealed multiple potential
transcription factor binding sequences within 2.6 kb upstream of the
start site of transcription including those for NFkB and Smad3
(Fig. 3). This 2.6 kb of upstream promoter sequence plus 79 bp of the
50 untranslated region of the HSPG2 transcript were cloned into the
reporter vector used for the majority of these experiments (Fig. 3A).
Given the responses to TNF-a seen in a variety of cells, it was
interesting to find two conserved putative binding sites for NFkB
that were located more than 2.4 kb upstream of the transcriptional
start site. These two consensus sequences are separated by 28 bp
which were both deleted to produce the 2.4 construct (Fig. 3B). To
determine if these sites are functional NFkB sites, each was mutated
singly (Fig. 3C,D) then in tandem (Fig. 3E) to create three new

Fig. 2. Expression of HSPG2 mRNA and perlecan increase in HS-27a and LNCaP cells during TGFb1 and TNF-a treatment. Mediumwas collected and perlecan content assessed
by quantitative dot blot as described in Materials and Methods section (A). The fold change in perlecan secretion shown in (A) was divided by the live cell number to determine
perlecan secretion/cell (B). A time-course treatment was performed using LNCaP cells and cells were collected every 24 h for 72 h. Steady state HSPG2mRNA levels were assessed
(C) by qRT-PCR as described inMaterials andMethods section. Conditionedmediumwas collected from LNCaP cells over the same time periods, and protein assessed by dot blot as
above (D). Data are presented as the ratio of densitometric value of treated medium over the value for vehicle controls set to 1.0 (A,B,D) or Delta delta Ct (C). Bars represent the
mean� SEM, *P< 0.05 versus control, **P< 0.01 versus control, ***P< 0.001 versus control. At least three biological replicates were performed for each condition.
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promoter constructs, labeled 2.6mut1, 2.6mut2, and 2.6mut1,2. As
expected, two conserved putative SMAD3 binding sites also were
present, one site more than 1 kb upstream of the transcriptional start
site and one site approximately 200 bp upstream of the transcrip-
tional start site.

BONE MARROW STROMAL, PROSTATE STROMAL AND PROSTATE
CANCER CELL LINES SECRETE VERY LOW LEVELS OF TNF-a
Although it is expected that the bulk of the TNF-a in the tumor
microenvironment is produced by infiltrating immune cells, we
sought to measure the baseline levels of cytokine produced by the

Fig. 4. HSPG2 promoter activity increases in response to TNF-a in a dose-dependent manner. Cells were transfected with the 2.6 kb reporter plasmid shown in Figure 3A, and
treated for 24 h with TNF-a at the indicated final concentrations (A), before measuring luciferase activity in lysed cells as described in the text. Concentrations above 10 ng/ml
did not further increase activity (not shown). For experiments shown in (B), cells were treated with TGFb1 (10 ng/ml), TNF-a (10 ng/ml) or a combination of the two, then
luciferase activity was measured as described in Materials and Methods section. Data are reported as the fold change observed between cytokine treated and vehicle treated cells.
Bars represent the mean� SEM, *P< 0.05 versus 0.01, control, **P< 0.001 versus 0.1, 0.01, control, ***P< 0.001 versus 1, 0.1, 0.01, control. At least three biological replicates
were performed for each condition.

Fig. 3. Conserved NFkB consensus elements are present in the HSPG2 promoter. The schematic depicts the HSPG2 promoter that was used in the luciferase promoter-reporter
assays. The full-length reporter used in these studies (A) extends more than 2.6 kb upstream of the transcriptional start site, and includes two putative NFkB binding sites in the
most distal 200 base pairs. The 2.4 kb deletion construct (B) was created by removing the distal 200 base pairs of the 2.6 kb promoter. Directedmutants of the putative NFkB sites
include mutation of NFkB 1 (C), NFkB 2 (D) or both NFkB sites (E).
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various cancer and stromal cells used in this study (Supplementary
Fig. S2). Over 24 h, HS-27a, WPMY-1 and C4-2B cells each secreted
TNF-a at levels near 40 pg/ml (2.35 pM), a concentration near the
lower limit of detection for the assay. LNCaP cells secreted slightly
more at �60 pg/ml (3.5 pM), and HS-5 cytokine-secretory cells
secreted �70 pg/ml TNF-a (4.1 pM). Cells were counted in order to
calculate per cell secretion of TNF-a, and each of these cell lines
secreted less than 10 fg/ml TNF-a per cell per day. These very low
levels of TNF-a secretion were well below those required to increase
expression of perlecan. We previously published 24 h baseline levels
of TGFb produced by these lines: prostate cancer cells (0.4–4.8 pM,
0.01–0.12 pg/ml); bone marrow stromal cells (2.5–7 pM, 0.06–
0.175 pg/ml), or prostate fibroblasts (5 pM–0.125 pg/ml) [Chung
et al., 2009]. The endogenous production of TNF-a and TGFb was
more than 100-fold lower than the concentrations of these cytokines
used in our routine treatments.

THE HSPG2 PROMOTER IS ACTIVATED BY TNF-a IN A DOSE-
DEPENDENT MANNER
In untreated cells, the 2.6 kb promoter construct shown in Figure 3A
demonstrated the highest level of activity in the prostate stromal cell
line, WPMY-1, and the bone marrow stromal cell line, HS-27a, and
the lowest activity in the prostate cancer cell line, LNCaP
(Supplementary Fig. S3). Responsiveness of the HSGP2 2.6 kb
promoter to TNF-a treatment was measured by luciferase assay
using HS-27a and HS-5 cells (Fig. 4A). These data revealed that
promoter activity steadily increased during treatment of HS-27a
cells with up to 10 ng/ml (588 pM) TNF-a in HS-27a cells. At
concentrations above 10 ng/ml, no further increase in promoter-
reporter response was observed (data not shown). In contrast, HS-5
cells did not respond to TNF-a at any concentration, consistent with
the lack of effect on perlecan mRNA and protein levels (data not
shown).We used these cells as a negative control for NFkB activation
in immunofluorescence assays and reporter assays. We also studied
the response of the HSPG2 promoter to a variety of other growth
factors and cytokines (interleukin-1b, insulin-like growth factor 1,
b-2 microglobulin, receptor activator of NFkB ligand, interferon g,
and a synthetic Hedgehog pathway activator Hh-Ag1.5) as well as
co-culture with other prostate cancer and stromal cell lines. None of
these treatments or co-cultures provoked a significant perlecan
response in any of the cells tested here (data not shown).

THE HSPG2 PROMOTER IS ACTIVE IN STROMAL AND PROSTATE
CANCER CELLS
Next, TNF-a or TGFb (each at 10 ng/ml) were added singly or in
combination to relevant prostate and stromal cell lines transfected
with the 2.6 kb HSPG2 promoter (Fig. 4B). TNF-a treatment
increased HSPG2 promoter activity in HS-27a cells and in the
WPMY-1 prostatic stromal cells, but not in the growth factor and
cytokine producing bone marrow stromal cells, HS-5, used as a
negative control. TNF-a addition to prostatic cancer cell lines,
LNCaP and C4-2B, also increased reporter activity, but to a lesser
extent than seen in the responsive stromal cell lines. TGFb alone did
not increase promoter activity in any of these cell lines to a
statistically significant extent. When added in combination with
TNF-a, TGFb increased the HSPG2 promoter activity in the two

responsive stromal cell lines, but not in the cancer cells.
Interestingly, the stromal cell response to TNF-a increased in the
presence of TGFb whereas prostate cancer cells showed no
additional response to TGFb.

TNF-a TREATMENT OF HS-27a AND WPMY-1, BUT NOT HS-5,
STROMAL CELL LINES INCREASES NFkB NUCLEAR LOCALIZATION
Given the differential responses of the 2.6 kb promoter in HS-27a,
WPMY-1 and HS-5 stromal cells, we sought to determine if this was
attributable to inherent cell-specific differences in transcriptional
context for the promoter or to differences in the ability to respond to
the cytokine itself. As seen in Figure 5, cells in which the HSPG2
promoter responded to TNF-a (HS-27a, WPMY-1) also showed
nuclear translocation of NFkB in response to the cytokine. In
contrast, HS-5 cells which did not show HSPG2 promoter
responsiveness to TNF-a also failed to show a nuclear translocation
of NFkB. The antibody blocking peptide and secondary antibody-
only background controls were negative for fluorescence, indicating
that this signal is specific to p65 (data not shown).

HSPG2 PROMOTER RESPONSIVENESS TO TNF-a RESIDES MORE
THAN 2.4 kb UPSTREAM OF THE START SITE OF TRANSCRIPTION
IN THE MORE DISTAL NFkB BINDING SITE
The constructs shown in Figure 3B were used to dissect the nature of
the cis element(s) in theHSPG2 promoter that are responsible for the

Fig. 5. TNF-a treatment triggers nuclear translocation of NFkB in HS-27a
and WPMY-1, but not HS-5, cells. Cells were treated with TNF-a (10 ng/ml) in
serum-free medium for 1 h, permeabilized, and then stained with anti-NFkB as
described in Materials and Methods section. Cells were imaged by confocal
microscopy. Red, NFkB. Green, phalloidin. Blue, DAPI. Scale bar¼ 50mm.
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TNF-a response. As shown in Figure 6, neither treatment with TNF-a
nor TGFb nor a combination of the two activated the 2.4 kb
promoter-reporter in any of the four cell lines that demonstrated
responsiveness of the 2.6 kb promoter (Fig. 6A). In these experi-
ments, the full-length promoter construct responded to TNF-a
similarly to that seen in Figure 4 (data not shown).

To identify the functional cis element(s) in the distal promoter
region, the three mutant constructs shown in Figure 3 (2.6mut1,
2.6mut2, 2.6mut1,2) were transfected into the same four cell lines and
responses to cytokines measured. In both stromal cell lines, mutation
of NFkB site 1 (2.6mut1) or mutation of both NFkB sites completely
abrogated the response to TNF-a (Fig. 6B). In contrast, mutating
NFkB site 2 alone (2.6mut2) did not decrease the promoter response,
and actually increased the promoter response over that of the wild-
type promoter in each of the cell lines (Fig. 6B). The mutation of both
NFkB sites (2.6mut1,2) decreased responsiveness to TNF-a in the
prostate cancer cell lines LNCaP and C4-2B but mutation of NFkB
site 1 alone (NFkBmut1).

THE NFkB HSPG2 REGULATORY REGION IS BOUND BY p65
Chromatin immunoprecipitation (ChIP) was performed to validate
binding of NFkB to the elements identified above. LNCaP cells were
treated with TNF-a for 24 h. After immunoprecipitating with anti-
p65 antibody, the HSPG2 promoter was significantly enriched
compared to either the internal background control (HBB gene
promoter) or relative to cells treated with vehicle alone. Representa-
tive endpoint PCR is shown in Figure 7A and quantitative PCR is
shown in Figure 7B. Quantitative PCR data is presented as a
percentage of the input chromatin control. The column binding
control mock immunoprecipitation and no template controls are
shown in the replicate of endpoint PCR, and demonstrate very little
amplification. Chromatin from two endometrial cancer cell lines
were used as positive controls for NFkB activation, and the HSPG2

regulatory region was immunoprecipitated in these samples as well.
Collectively these data demonstrate that NFkB binds to the same
region identified in the reporter assays described above.

DISCUSSION

Metastatic tumors may be perceived by the host defense system in
similar ways as certain pathogens or foreign bodies that result in in
encapsulation of the tumor with dense matrix that resists tissue
penetration. The large proteoglycan, perlecan, is a key component of
this host defense, and has evolved a unique multi-domain structure
that allows it to perform a variety of functions in the desmoplastic
stroma [Terranova et al., 1986; Sabit et al., 2001; Farach-Carson
et al., 2013]. Here we examined the actions of cytokines present in
the tumor microenvironment that are most likely to contribute to
perlecan production. We found that prostate cancer cells, prostate
stromal cells, and a structural subpopulation of bonemarrow stromal
cells are programmed to increase HSPG2 mRNA expression and
perlecan production in response to a pro-inflammatory cytokine
stimulus.While TGFb, a key factor in connective tissue growth, plays
a major role in the stromal response to cancer and induction of
fibrosis [Ronnov-Jessen and Petersen, 1993], our work suggests that
TNF-a is the primary effector of increased HSPG2 expression in the
invasive prostate cancer microenvironment both in the prostate and
at sites of metastasis.

While resting stroma has low levels of perlecan, tumor stroma
shows high levels of perlecan deposition. In the context of the bone
microenvironment, it is interesting that the stromal cell line with a
phenotype supporting the structure of the bone marrow microenvi-
ronment, represented by HS-27a cells, rather than the cell line with a
phenotype supporting hematopoietic progenitor cells, represented
by HS-5 cells, were the ones most responsive to TNF-a induction of

Fig. 6. Deletion of the distal 200 base pairs of the HSPG2 promoter or mutation of NFkB consensus elements eliminates responsiveness to TNF-a and TGFb1. Cells in culture
were transfected with the 2.4 kb promoter seen in Figure 3B, or constructs in which the two NFkB sites were mutated as described above and responses to each cytokines alone
(10 ng/ml) or in combination (each at 10 ng/ml) weremeasured at 24 h of treatment. Panel A shows that removal of the entire region containing both sites eliminates responses to
cytokines in all four cell lines shown. Panel B shows that 2.6mut1 or 2.6mut1,2, but not 2.6mut2, loses activity, hence response to TNF-a is associated with the more distal of the two
putative NFkB sites. Bars represent the mean� SEM. **P< 0.01 versus wild-type, ***P< 0.001 versus wild type. At least three biological replicates were performed for each
condition.
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HSPG2. Bone marrow stromal cells with the structural phenotype
(HS-27a) also are resistant to TNF-a induced cell death (Supplemen-
tary Fig. S1), in contrast to the secretory bone marrow stromal cell
line HS-5 [Byun et al., 2005]. This finding is consistent with these
cells being the primary producers of perlecan-rich matrix at sites of
bonemetastases. Additional perlecan depositionmay be provided by
the cancer cells themselves, especially if they have undergone
epithelial mesenchymal transformation (EMT). This latter notion is
supported by our findings that the 2.6 kb perlecan promoter is five
times more active (at baseline levels compared to internal controls)
in C4-2B cells derived from bone-metastasis than in the parental
LNCaP line, despite the fact that basal HSPG2 mRNA levels are
similar in these cell lines [Savoré et al., 2005].

The highest basal activity of the 2.6 kb promoter was found in the
two stromal lines, WPMY-1 and HS-27a. Deletion of the distal 200
base pairs of the promoter decreased baseline reporter activity in all
cell lines (10-fold reduction in stromal cells; 5-fold reduction in
prostate cancer cells), highlighting the importance of this previously
unexplored region in regulation of HSPG2 transcription. The
upstream 2.5 kb of the HSPG2 promoter was examined previously
and determined to contain all of the elements of the core promoter
region [Iozzo et al., 1997]. Since this early report, the human genome
has been better annotated and it now made sense to reexamine the
promoter using currently available information and tools. Using the
ENCODE data track available on the UCSC genome browser (genome.
UCSC.edu) we were able to make new inferences concerning the
location of the HSPG2 promoter (Supplementary Fig. S4). Using the
H3K27Ac mark track (part of the ENCODE data set), it is evident that
there are activated histones (associated with activated enhancer
elements) located throughout the 40 kilobase intron 1 of the human
HSPG2 gene, as well as up to 7 kilobases upstream of the start site of
transcription, well beyond the core promoter region denoted by the
H3K4me3 histone mark. This suggests that complete regulation of
the HSPG2 gene cannot be fully understood until transcriptional
regulatory activities in this entire region are appreciated in cell-
specific context. It also may explain why addition of the distal 200

base pairs to the promoter construct used in this study increased
baseline reporter activity so greatly: important regulatory sequences
exist in this heretofore unstudied upstream region.

Along with other inflammatory cytokines, TGFb and TNF-a both
have been implicated in modulation of stromal cell activity at tumor
sites and in other pathologies [Ronnov-Jessen and Petersen, 1993 ;
Rodriguez Perez et al., 2011]. While TGFb is produced locally by
stromal cells and other connective tissue cells, TNF-a is secreted by
nearby tumor-associated macrophages that appear in the tumor
microenvironment in response to tissue stress from the perceived
wound. The HSPG2 gene promoter regulating perlecan expression
responds to TGFb [Iozzo et al., 1997], and we expect that local
secretion of TGFb maintains a basal level of perlecan production in
stromal and connective tissue cells through an autocrine signaling
loop.

NFkB activity plays a role in prostate cancer progression and
formation of reactive stroma, but direct effects of this transcription
factor on perlecan production at the level of the promoter have never
been reported. Here we showed that a consensus NFkB binding
sequence in the HSPG2 promoter is a key driver of the TNF-a
response in bone marrow stromal and prostate cancer cells. We also
showed that in stromal cell lines that respond to TNF-a treatment by
increasing perlecan expression, NFkB localizes to the nucleus,
whereas in the unresponsive stromal cell line, HS-5, there was no
nuclear translocation of NFkB in response to TNF-a treatment.
While the reason for the lack of TNF-a responsiveness in the HS-5
cell line is unclear, it nonetheless accounts for the lack of effect on
perlecan expression in these cells.

It is of note that the per-cell increase in perlecan secretion in the
WPMY-1 cells that survived treatment with TNF-awasmuch greater
than the increase in perlecan secretion in the whole population
which was dying off throughout the experiment (Fig. 2, panels A and
B). This distinction may have important implications in the
formation of reactive stroma during cancer invasion. It is
appreciated that a subpopulation of stromal fibroblasts reacting to
wounding can differentiate into myofibroblasts, which increases

Fig. 7. p65 binds the HSPG2 50 regulatory region in LNCaP cells during TNF-a treatment. Chromatin immunoprecipitation was used to detect p65 binding the perlecan
promoter. The HSPG2 regulatory region is significantly enriched compared to the background control (the HBB promoter) in LNCaP cells treated with TNF-a. Endpoint PCR (panel
A) indicates the HSPG2 regulatory region is amplified when p65 is pulled down in the chromatin of TNF-a treated cells, but not in that of cells treated with the vehicle control.
This amplification was quantified using quantitative PCR. The HSPG2 regulatory region was also pulled down in Ishikawa and Hec-50 endometrial cancer cells, used as positive
controls for NFkB activation. Three biological replicates were performed using LNCaP cells, and one replicate was used for each of the endometrial cancer cell lines.
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their desmoplastic ECM deposition profile [Tuxhorn et al., 2002].
Futureworkmight establishwhether the subset of stromal cells in the
prostate producing large amounts of perlecan are indeed
myofibroblasts.

Figure 8 shows a model that explains the up-regulation ofHSPG2
in the stromal environment. Our data indicate that none of these
stromal or cancer cell types can be the source of TNF-a in the
microenvironment. Tumor associated macrophages are known to
secrete inflammatory cytokines such as TNF-alpha, and are integral
components of tumor progression. This activity in concert with
stromal cell autocrine TGFb signaling could activate stromal cells to
secrete perlecan and perform the other functions of cancer-
associated fibroblasts. This model may further inform strategies
for targeting reactive stroma in prostate cancer.
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