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ABSTRACT
The extracellular matrix protein biglycan (BGN) has oncogenic or tumor suppressive potential depending
on the cellular origin. HER-2/neu overexpression in murine fibroblasts and human model systems is
inversely correlated with BGN expression. Upon its restoration BGNhigh HER-2/neuC fibroblasts were less
tumorigenic in immune competent mice when compared to BGNlow/neg HER-2/neuC cells, which was
associated with enhanced immune cell responses and higher frequencies of immune effector cells in
tumors and peripheral blood. The increased immunogenicity of BGNhigh HER-2/neuC fibroblasts appears to
be due to upregulated MHC class I surface antigens and reduced expression levels of transforming growth
factor (TGF)-b isoforms and the TGF-b receptor 1 suggesting a link between BGN, TGF-b pathway and HER-
2/neu-mediated downregulation of MHC class I antigens. Treatment of BGNlow/neg HER-2/neuC cells with
recombinant BGN or an inhibitor of TGF-b enhanced MHC class I surface antigens in BGNlow/neg HER-2/
neu-overexpressing murine fibroblasts, which was mediated by a transcriptional upregulation of major
MHC class I antigen processing components. Furthermore, BGN expression in HER-2/neuC cells was
accompanied by an increased expression of the proteoglycan decorin (DCN). Since recombinant DCN also
elevated MHC class I surface expression in BGNlow/neg HER-2/neuC cells, both proteoglycans might act
synergistically. This was in accordance with in silico analyses of mRNA data obtained from The Cancer
Genome Atlas (TCGA) dataset available for breast cancer (BC) patients. Thus, our data provide for the first
time evidence that proteoglycan signatures are modulated by HER-2/neu and linked to MHC class
I-mediated immune escape associated with an altered TGF-b pathway.
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Introduction

The biglycan (BGN) gene localized on chromosome X in
humans and mice1 encodes an extracellular matrix (ECM) pro-
tein of the small leucine-rich proteoglycan (SLRP) family char-
acterized by cysteine residues in the N-terminus and a protein
core with side chains containing chondroitin and/or dermatan
sulfate. It is expressed in most tissues in particular in the ECM
of epithelial cells. Major functions of BGN include modulation
of matrix assembly, cell migration, adhesion, bone mineraliza-
tion, inflammation, cell growth, autophagy regulation as well as
apoptosis.2 Consequently BGN is involved in several physio-
logic and pathophysiologic processes such as tumorigenesis.3

SLRPs including BGN interact with a number of receptors that
regulate growth, motility and immune responses. Conse-
quently, proteoglycans can induce a cross talk among various
families of receptors and interact with natural receptor ligands.4

In their soluble form, proteoglycans can become stress signals
and may e.g. act as ligands for toll-like receptors (TLR) thereby
regulating innate immunity. Furthermore, BGN has been
shown to enhance antigen-specific T cell activation thereby
triggering autoimmune peri-myocarditis.5,6

The role of BGN in tumorigenesis is currently controver-
sially discussed. In some tumor types, higher levels of BGN
expression have been detected when compared to normal coun-
terparts7-9, which was associated with enhanced migration and
invasion in vitro and in vivo. Overexpression of BGN in e.g.
colorectal cancer (CRC) cells possesses pro-angiogenic proper-
ties by binding to vascular endothelial growth factor (VEGF)-A
leading to an activation of vascular endothelial growth factor
receptor (VEGF-R) signaling and the extracellular signal-regu-
lated kinase (ERK) pathway.4, 10 Furthermore, BGN can pro-
mote tumorigenesis via enhanced Wnt/b-catenin signaling.11

Thus, BGN plays an important role in cancer progression and
metastasis.12

In contrast, in bladder cancer silencing of BGN resulted in
enhanced tumor cell proliferation indicating that BGN acts as a
growth suppressor in this disease.13 In vivo BGN expression
might inhibit tumor growth of established tumors by creating a
TLR2/4-mediated pro-inflammatory microenvironment.14

Decorin (DCN) is another member of the SLRP family and was
first described in dcn/p53 double knock out mice, which devel-
oped tumors faster than wild type (wt) counterparts.3 BGN
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shares > 65% homology with DCN in mouse and human.15 Like
BGN, DCN exert pro-angiogenic activities16. In addition,
impaired DCN expression was found in many solid tumor enti-
ties including CRC17-20 and breast cancer (BC).21 Due to the
inhibitory properties against receptor tyrosine kinases (RTK) and
cancer growth pathways other SLRP members have been shown
to have tumor suppressive effects in vivo and in vitro.16,22-25

These data were further confirmed using a comparative
proteomic approach of Ki-ras-transformed mouse fibroblasts
and respective controls: BGN expression was downregulated
when compared to parental NIH3T3 cells or mock transfec-
tants.26 Similar results were also obtained upon HER-2/neu
transformation of fibroblasts.27 Restoration of BGN expression
in HER-2/neuC cells reduced their growth and migration capac-
ity27 when compared to BGNlow/neg HER-2/neuC cells, which
was due to the enhanced expression and function of the cAMP
response element binding protein (CREB).28 HER-2/neu amplifi-
cation and/or overexpression were found in a variety of human
epithelial tumors of distinct origin including breast and lung
cancer, which was in the majority of studies associated with a
more aggressive disease and poor patients’ outcome.29 Poor sur-
vival patients’ outcome was also correlated with an overexpres-
sion of the transforming growth factor (TGF)-b in breast
cancer,30 which is required for the activation of the epidermal
growth factor receptor (EGF-R).31 In in vitro models high levels
of HER-2/neu expression in murine fibroblasts and human
HER-2/neu-overexpressing tumor cells caused a downregulation
of MHC class I surface expression leading to a reduced T cell
recognition.32-35 This inverse expression of HER-2/neu and
MHC class I surface antigens was caused by a transcriptional
downregulation of major components of the MHC class I
antigen processing machinery (APM) and controlled by
activation of the mitogen-activated protein kinase (MAPK) path-
way.32, 36, 37

Since a link between the lack of BGN expression and
impaired MHC class I expression in HER-2/neuC cells has not
yet been described, the role of BGN in murine and human
HER-2/neu-overexpressing cells on MHC class I APM compo-
nents in vitro and/or in vivo was determined by overexpressing
BGN in BGNlow/neg HER-2/neuC cells or by their treatment
with recombinant BGN.

Results

BGN-mediated induction of MHC class I expression in HER-
2/neu overexpressing cells

In order to determine the effect of BGN on the MHC class I sur-
face expression of HER-2/neuC cells, both a BGN expression vec-
tor and a vector control were stably transfected into BGNlow/neg

HER-2/neuC cells followed by analyses of the BGN and MHC
class I mRNA and/or protein expression. The BGNlow/neg

HER-2/neuC cells showed low transcription levels of MHC class
I antigens (Fig. 1A), whereas BGN overexpression in HER-2/
neuC cells resulted in an upregulation of MHC class I heavy
chain transcription (Fig. 1A) as well as MHC class I surface
expression (Fig. 1B, C). In addition, treatment of BGNlow/neg

HER-2/neuC cells with exogenous recombinant BGN signifi-
cantly increased MHC class I surface expression (Fig. 1D, S1A).

Vice versa, silencing of BGN expression in BGNhigh NIH3T3
fibroblasts by shRNA resulted in a downregulation of MHC class
I surface expression in these cells (Fig. 1E).

BGN-mediated upregulation of MHC class I antigens due to
transcriptional increase of APM components

To test whether the BGN-mediated increase of MHC class I
surface antigens was due to a transcriptional upregulation of
MHC class I APM components, mRNA expression and/or pro-
moter activity of selected APM components were determined
by qPCR and promoter reporter assays, respectively37. As
shown in Fig. 2A and 2B, the transcript and protein expression
levels of TAP1 and TAP2 were increased in BGN transfectants
when compared to BGNlow/neg HER-2/neuC cells, but to a dif-
ferent extent. This was further confirmed by enhanced TAP1
and TAP2 promoter activities in BGN transfectants using lucif-
erase (luc) reporter assays (Fig. 2C), which was more pro-
nounced for TAP2. In contrast, LMP2 transcription (Fig. 2A)
and promoter activity (Fig. 2C) were reduced in BGN transfec-
tants, while the expression of TPN (data not shown) and other
APM components (Figure S2) were comparable in BGN trans-
fectants and BGNlow/neg HER-2/neuC cells.

Inverse correlation of BGN expression with HER-2/neu
expression in human tumor cells

To confirm the inverse correlation of BGN and HER-/neu expres-
sions in the murine model system, human HER-2/neu-overex-
pressing breast cancer cells were selected for further experiments.
As expected, an inverse correlation of BGN and HER-2/neu
expression was detected in wt HER-2/neu (HTB122 E2), but not
in mut HER-2/neu (HTB122 E2A)-transfected HTB122 cells
(Fig. 3). In addition, qPCR analysis of a large panel of melanoma
cells with known HER-2/neu status demonstrated an inverse cor-
relation of HER-2/neu and BGN expression levels (Figure S3).

Role of BGN expression in vivo

In order to assess whether BGN overexpression in BGNlow/neg

HER-2/neuC cells also affects the in vivo tumorgenicity,
BGNlow/neg HER-2/neuC cells, mock and BGN transfectants were
injected into both immune competent (DBA-1) and immune defi-
cient mice (Fox 1 nude), respectively, and tumor growth regarding
incidence and tumor diameter was monitored over time. BGNhigh

HER-2/neuC cells exhibited a reduced frequency of tumor forma-
tion and tumor diameter in immune competent mice, which was
associated with an increased survival of mice (Fig. 4A) when com-
pared to BGNlow/neg HER-2/neuC cells. Despite the tumor forma-
tion in immune deficient mice was an early event in mice injected
with BGNlow/neg HER-2/neuC cells compared to those injected
with BGNhigh HER-2/neuC cells, all mice injected with either
BGNlow/neg or BGNhigh HER-2/neuC cells, respectively, developed
tumors at later stage without a significant difference in tumor
diameter. The expression of HER-2/neu and BGN in tumors was
determined by qPCR, western blot (Fig. 4B) and/or immunohis-
tochemistry (IHC) demonstrating high levels of HER-2/neu
expression in all tumor lesions analyzed independent of the pres-
ence of BGN, while BGN expression was only detected in the
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BGN-transfected HER-2/neuC cells. Along with BGN expression,
IHC analysis displayed also a higher frequency of CD3C cells in
BGNhigh HER-2/neuC cells when compared to BGNlow/neg or
BGNhigh HER-2/neuC cells (Fig. 4C, 4D). Analysis of the immune
cell infiltration in tumor tissues determined by qPCR revealed
higher transcript levels of CD3 and CD8, but reduced CD4
mRNA levels in BGNhigh HER-2/neuC cells, which were accompa-
nied by high MHC class I heavy chain mRNA expression in these
tumors (Fig. 4E). This was further supported by the fact that the
mice bearing tumors induced by BGNhigh HER-2/neuC cells
showed an enhanced CD8C T cell frequency and slight reduction
of CD4+/CD25high cells in peripheral blood (Fig. 4F).

Correlation of BGN expression with TGF-b-mediated MHC
class I downregulation

BGNlow/neg HER-2/neuC cells expressed significantly higher
mRNA levels of TGF-b1, TGF-b3 and TGF-bR1 than parental
NIH3T3 cells and BGNhigh HER-2/neuC cells suggesting that
BGN overexpression inhibits the HER-2/neu-mediated TGF-b
signaling (Fig. 5A). These in vitro data were further confirmed
in vivo demonstrating a significant downregulation of

molecules of the TGF-b pathway in the BGNhigh HER-2/neuC

tumor lesions (Fig. 5B).
In order to study a possible link between BGN and MHC

class I expression with the TGF-b pathway BGNhigh cells were
treated with recombinant TGF-b1, while BGNlow HER-2/neuC

cells were treated with the TGF-b1 inhibitor SB431542. IFN-g
treatment of the cells served as positive control. As expected
IFN-g significantly enhanced the expression of MHC class I
surface antigens (Fig. 5C, S1B) in these cells, while it was down-
regulated in the presence of TGF-b1 (Fig. 5D) and slightly
increased in the presence of SB431542 (Fig. 5E, S1C). The com-
bination of TGF-b1 and IFN-g treatment demonstrated that
IFN-g counteracted the TGF-b1-mediated inhibition of MHC
class I surface antigens (Figure S4H) suggesting that IFN-g
overcomes the TGF-b-mediated downregulation of MHC class
I surface expression. These results were further confirmed in
human HER-2/neu model systems (Figure S4).

BGN-mediated upregulation of DCN expression

Since the SLRP member DCN has been shown to exhibit a
tumor-suppressive activity,24, 25 it was analysed whether BGN

Figure 1. Induction of MHC class I expression upon BGN overexpression in BGNlow/neg HER-2/neuC cells. A. mRNA expression levels of the MHC class I heavy chain in
BGNlow/neg vs. BGNhigh HER-2/neuC cells. Transcription of H-2Lq was analysed by qPCR as described in Materials and Methods. B. BGN-mediated regulation of MHC class I
surface antigen expression MHC class I surface expression was assessed by flow cytometry as described in Materials and Methods. C. A representative histogram of MHC class
I surface expression. D. Influence of recombinant BGN on MHC class I surface antigens. Cells were left untreated or treated with recombinant BGN (1 mg/mL) for 24 h before
MHC class I expression was assessed by flow cytometry using an anti-H-2Lq mAb as described in Materials and Methods. E. Downregulation of MHC class I surface expression
upon silencing of BGN. BGN expression was silenced in parental BGNhigh HER-2/neulow/neg NIH3T3 cells using shBGN and transfectants were analysed by qPCR for the expres-
sion of H-2Lq as described in Materials and Methods. The results were displayed as bar diagrams and represent the mean § SE format of three independent experiments.
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overexpression influences DCN expression. As shown in
Fig. 6A, BGNhigh HER-2/neuC cells expressed higher levels of
DCN at mRNA and protein levels than BGNlow HER-2/neuC

cells (Fig. 6A) suggesting a link between BGN and DCN expres-
sion in these cells. The BGN-induced DCN expression was also
found in in vivo in BGNhigh HER-2/neuC tumor lesions
(Fig. 6C) and in the human melanoma model systems
(Fig. 6B). Analogous to recombinant BGN, treatment of

BGNlow/neg HER-2/neuC cells with recombinant DCN
enhanced MHC class I surface antigens (Fig. 6D, S1A).

Correlation of BGN and DCN expression with clinical
parameters

In order to determine the clinical relevance of ERBB2, BGN,
DCN, HLA-B, HLA-C, CD3, CD8, CD25, TGF-b1 and Foxp3

Figure 3. Downregulation of BGN expression in HER-2/neu overexpressing human tumor cells. A. Effect of HER-2/neu overexpression on BGN transcription in melanoma
cells. Wt and mut HER-2neu-overexpressiong melanoma cells were subjected to qPCR as described in Materials and Methods. The qPCR data are expressed in bar charts
relative to parental cells (set 1) and represent the mean § SE format from 3 independent experiments. B. Effect of HER-2/neu overexpression on BGN protein expression
in melanoma cells. For Western blot analysis 50 mg protein/cell line was separated by 10% SDS-PAGE and transferred onto a nitrocellulose membrane, before immunos-
taining with a BGN specific mAb was performed as described in Materials and Methods. Staining with a mAb directed against b-actin served as control.

Figure 2. Transcriptional upregulation of MHC class I APM components by BGN overexpression in BGNlow/neg HER-2/neuC cells. A. Relative mRNA expression levels of
selected APM components in BGNlow/neg and BGNhigh HER-2/neuC cells. The mRNA expression levels of APM components in BGNlow/neg vs. BGNhigh HER-2/neuC cells were
analysed by qPCR as described in Materials and Methods. The results represent the mean of 3 independent experiments. B. Western blot analysis. Protein expression was
determined as described in Materials and Methods. A representative Western blot staining is presented. C. Transcriptional upregulation of APM components by BGN over-
expression. The activity of selected APM promoters was determined in BGNlow/neg HER-2/neuC cells, mock transfectants and two independent BGN transfectants (clones 2
and 3) as described in Materials and Methods. APM promoters were transiently co-transfected with the b-gal vector using lipofectamine in the respective cells 48 h prior
to determination of the luc activity. The data were normalized to b-gal activity. The experiments were performed at least 3 times. Error bars in all panels indicate standard
error. rel luc activity, relative luc activity.
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expression, in silico analysis of TCGA data from BC patients
was performed by correlating the mRNA expression levels with
the clinical outcome of BC patients. As shown in Figure S5,
high BGN (nearly significant; p 0.061) and DCN (significant p
0.008) expression levels along with nearly significant expression
levels of HLA-B, HLA-C, CD3 and CD8 had prognostic value
and were considerably associated with an increased progression
free survival (PFS) of patients. This was not the case for
ERBB2, TGF-b1 and Foxp3, where their lower expression levels
might support a higher patient’s survival.

Discussion

HER-2/neu amplification and/or overexpression has been
shown to be associated with altered growth properties and a

reduced immunogenicity of tumors, which might be at least
partially mediated by a HER-2/neu-induced downregulation of
MHC class I surface expression due to transcriptional suppres-
sion of major APM components leading to escape from
immune surveillance.39, 40 Furthermore, the tumor-induced
modification of the tumor microenvironment (TME) is accom-
panied by a reduced activation, migration and cytotoxic activity
of T cells, while the frequency of immune suppressive cells, e.g.
Treg, M2 macrophages and myeloid suppressor cells, is
increased.41 Thus, there is an urgent need to recover the
immune escape phenotype of tumors to enhance the efficacy of
T cell-based immunotherapies.42

The SLRP BGN has a broad range of functions. It links solu-
ble matrix with innate immune responses via TLR 2 and 4
thereby inducing “danger” signals14, 43. Furthermore, BGN has

Figure 4. Reduced tumor growth of BGN transfectants in vivo in immune competent mice. A. Frequency and diameter of tumors 1 £ 106 BGNlow/neg and BGNhigh HER-2/
neuC cells/mouse were subcutaneously injected as described in Material and Methods. Tumor growth was monitored overtime regarding frequency and diameter of the
tumors. B. mRNA and/or protein expression of HER-2/neu and BGN in BGNlow/neg vs. BGNhigh HER-2/neuC tumors. The mRNA and/or protein expression of HER-2/neu and
BGN was determined in theBGNlow/neg and BGNhigh tumors as described in Materials and Methods using qPCRand Western blot analysis. C. Immunohistochemical staining
of BGN and CD3 in BGNlow/neg and BGNhigh HER-2/neuC cells. IHC of tumors was performed as described in Materials and Methods using anti- BGN, anti-HER-2/neu and
anti-CD3 specific mAbs, respectively. D. Analysis of the number of CD3C immune cells. The number of CD3C immune cells was determined upon staining with an anti-
CD3 mAb at 400 x magnification (HPF) considering preferentially areas with higher intra-tumoral immune cell density. E. Determination of the mRNA expression of
immune markers and MHC class I expression in BGNlow/neg and BGNhigh HER-2/neuC cells. MRNA expression of the different immune cell markers CD3, CD4, CD8, IL-2,
FoxP3 and the MHC class I HC was determined by qPCR as described in Materials and Methods. The expression levels of these markers were compared in BGNlow/neg vs.
BGNhigh HER-2/neuC tumor lesions. F. Immune marker expression in peripheral blood of tumor bearing mice. The expression of levels of percentages of CD4, CD8 and
CD4/CD25 were determined after injection of BGNlow vs. BGNhigh HER-2/neuC tumor cells in the peripheral blood of mice using flow cytometry as described in Materials
and Methods.
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Figure 5. Changes of the TGF-b pathway and MHC class I surface antigens by treatment with TGF-b and IFN-g . A. mRNA expression of TGF-b isoforms 1 (TGF-b1 and 3)
and the TGF-bR1 in BGNlow/neg and BGNhigh HER-2/neuC cells. The expression of components of the TGF-b pathway was analysed by qPCR as determined in Materials and
Methods. The results represent the mean of three independent experiments and expressed relative to NIH3T3 cells (set 1). B. Analysis of TGF-b and Treg in BGNlow vs.
BGNhigh HER-2/neuC cells. The expression levels of TGF-b isoforms (TGF-b1 and 3) and receptor (TGF-bR1), were analysed in BGNhigh HER-2/neuC tumor lesions in vivo
using qPCR. C. Enhanced MHC class I surface expression upon IFN-g treatment. Untreated and 20ng/ml IFN-g-treated cells were subjected to flow cytometry as described
in Materials and Methods. MFI was determined and expressed relative to NIH3T3 cells (100%). D. Effects of TGF-b on MHC class I surface expression. Untreated and 40ng/
ml TGF-b-treated cells were subjected to flow cytometry as described in Materials and Methods. E. Influence of the TGF-b inhibitor on MHC class I surface expression.
NIH3T3, BGNlow/neg and BGNhigh HER-2/neuC cells were either left untreated or treated with 20 ng/ml TGF-b inhibitor (SB431542), before MHC class I surface expression
was determined by flow cytometry. MFI of MHC class I surface expression of untreated and SB431542-treated BGNlow/neg and BGNhigh HER-2/neuC cells was correlated to
MFI of untreated NIH3T3 cells, which was set 100%. The experiments were at least performed three times and results represent the mean of these experiments.

Figure 6. Induction of DCN expression in BGN transfectants. A. Determination of DCN expression in BGNhigh HER-2/neuC cells. Relative mRNA and protein expression of
DCN were determined by qPCR and Western blot, respectively. DCN mRNA expression was analyzed in the NIH3T3 BGNlow/neg and BGNhigh HER-2/neuC cells and transcrip-
tion was correlated to NIH3T3 cells (set 1). For protein expression, 50 mg protein/cell line was separated by 10% SDS-Page, transferred onto a nitrocellulose membrane,
before immunostaining was performed with an anti-DCN-specific mAb as described in Materials and Methods. Staining of the Western blot with an anti-b-actin-specific
mAb served as loading control. B. Downregulation of DCN expression by HER-2/neu overexpression in human tumor cells. The mRNA and protein expression of DCN was
determined in human HER-2/neu model systems as described in Materials and Methods. C. Enhanced expression of DCN in BGNhigh HER-2/neuC cells in vivo. DCN mRNA
and protein expression was determined in BGNlow and BGNhigh HER-2/neuC tumors as described in Materials and Methods. D. Increased MHC class I surface expression in
the presence of DCN and/or BGN. Cells were treated with recombinant DCN (1.5 mg/mL) alone or in combination with recombinant (1 mg/mL) BGN for 23h, before MHC
class I expression of untreated DCN and DCN/BGN-treated cells was determined by flow cytometry using an anti-H-2Lq mAb. MFI of untreated NIH3T3 cells and BGNlow

HER-2/neuC cells was set 100%.
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been shown to promote angiogenesis via VEGF signaling44 and
tumorigenesis via the wnt/b-actin pathway.11 In contrast,
HER-2/neu-transformed cells with high angiogenic activity
expressed decreased levels of BGN in a PKI/CREB-dependent
manner.28 In the present study, the lack of BGN expression in
HER-2/neu transformants was associated with reduced MHC
class I surface expression, which could be reverted by BGN
overexpression or by the addition of exogenous BGN. In vivo,
BGN overexpression in HER-2/neuC cells resulted in reduced
tumorigenicity of these cells in immune competent mice when
compared to BGNlow/neg HER-2/neuC cells suggesting that
BGN acts as a tumor suppressor and enhances immunogenic-
ity. This might be explained by a stronger immune cell infiltra-
tion as shown by an increased frequency of CD3C cells and
higher mRNA expression levels of CD3 and CD8 in BGNhigh vs
BGNlow/neg HER-2/neuC tumors. Particularly the presence of T
cells (CD3C) and T cell subpopulations (CD8C) are indicators
for a better prognosis,45 strongly suggesting that the anti-
tumoral immune responses could be exploited as a therapeutic
option. It is noteworthy that CD4 transcription was low in
BGNhigh HER-2/neuC cells. These data suggest that the reduced
frequency and size of BGNhigh HER-2/neuC tumors might be
due to an increased immunogenicity of these cells accompanied
by a strong infiltration of effector T cells when compared to
BGNlow/neg HER-2/neuC tumors. Since CD4 transcription was
reduced in BGNhigh HER-2/neuC tumors, one might speculate
that BGN restoration downregulates the frequency of immune
suppressive CD4C FoxP3C Treg. In addition, overexpression of
BGN in HER-2/neuC cells was accompanied by an upregulation
of DCN expression suggesting a link between BGN and DCN
expression. Treatment of BGNlow/neg HER-2/neuC cells with
recombinant BGN or DCN resulted in an upregulation of
MHC class I surface antigens due to increased expression of
major APM components including TAP1 and TAP2 demon-
strating that both SLRPs have an immune modulatory
potential.

Neoplastic malignancies often overexpress TGF-b and its
receptor.46 In a murine neu-driven BC model, TGF-b can
accelerate metastasis formation possibly through the synergistic
activation of PI3K/AKTand Ras/MAPK pathways with neu-
dependent signaling.47 Furthermore, TGF-b signaling is acti-
vated in HER-2/neu-overexpressing BC cells,48 which is accom-
panied by increased tumor cell motility and metastatic
progression. The crosstalk between HER2 and TGF-b not only
alters intracellular signaling in cancer cells, but also influences
components of the TME through the induction of several pro-
invasive growth factors. In BGNlow/neg HER-2/neuC cells high
transcript levels of TGF-b and of the TGF-b receptor were
detected, while BGN expression in HER-2/neuC cells reduced
their expression. This is in line with the regulation of BGN by
the ALK5-Smad2/3 TGF-b1 signaling pathway49 and its func-
tion as a TGF-b repressor.50 Thus, BGN expression could be
linked to changes in the TGF-b pathway known to negatively
interfere with MHC class I surface expression51 and anti-
tumoral immune responses.52 These data confirm the TGF-
b-mediated escape from immune surveillance due to downre-
gulation of MHC class I expression53 and an induction of the
epithelial mesenchymal transition53 as demonstrated by
increased SNAIL expression and activation of MMP954. So far,

there exist no data on the effect of BGN in this context. Inter-
estingly, TGF-b inhibition induced MHC class I expression in
BGNlow/neg HER-2/neuC cells. Such data highlight the impor-
tant the role of microenvironmental TGF-b signaling on escape
of tumor cells from immune surveillance leading to
progression.

On the other hand, DCN has also been shown to block TGF-
b transcription and protein expression in glioblastoma cells,
which was accompanied by a strong inhibition of tumor forma-
tion in vivo.55 DCN-expressing glioblastoma showed an altered
TME characterized by an increased frequency of infiltrating T
and B cells. Furthermore, the DCN-induced inhibition of TGF-
b was accompanied by significantly enhanced anti-glioblastoma
immune responses in tumor necrosis factor-a-converting
enzyme signaling.55 These data are in line with our BGNhigh

HER-2/neu model demonstrating an increased DCN expres-
sion in these cells. Thus, a better understanding of the contex-
tual networks of BGN and DCN in tumors is required to
modulate immunogenicity by targeting the MHC class I surface
expression.

TGF-b1 binds to its receptors (TGF-bRI and TGF-bR2) and
induces the phosphorylation of the tumor necrosis factor-
a-converting enzyme (TACE) (Fig. 7), which resulted in its
translocation to the cell surface, where TACE induces integrins
and cleaves the epidermal growth factor receptor (EGF-R) pro-
ligands56. EGF-R ligands will initiate an autocrine and para-
crine EGF-R signaling, which is amplified in HER-2/neu-over-
expressing cells (BGNlow/neg HER-2/neuC cells). In BGNhigh

HER-2/neuC cells, BGN and DCN bind to TGF-b1 and restrict
HER-2/neu signaling, which might induce tumor suppression
(Fig. 7). It can be suggested that TGF-b by signaling via the
TGF-b receptor enhances the HER-2/neu-initiated signal trans-
duction by increasing HER-2/neu ligand shedding, HER-2/neu-
containing heterodimers, and their cross talk with integrins.57

In our study, an enhanced expression of TGF-b1 and its recep-
tor TGF-bR1 was found in BGNlow HER-2/neu, which could be
reverted to normal levels by BGN overexpression. Both BGN
and DCN regulate the TGF-b availability in BGNhigh HER-2/
neu cells. In BGNhigh HER-2/neuC cells, the amount of BGN
and DCN in the ECM increases and both proteoglycans bind to
TGF-b and sequester it to the ECM. In this way both DCN and
BGN translocate TGF-b from the membrane thereby reducing
the binding to its receptor resulting in a decreased TGF-b

Figure 7. Schematic representation of BGN- and DCN-mediated inhibition of the
TGF-b pathway and restriction of HER-2/neu signaling. TGF-b1 binds to its recep-
tors (TGF-bRI and TGF-bR2) and induces phosphorylation of TACE, resulting in its
translocation to the cell surface, where TACE induces integrins and cleaves EGFR
pro-ligands. EGFR ligands will initiate autocrine and paracrine EGFR signaling,
which is amplified in HER2-overexpressing cells (BGNlow/neg HER-2/neuC cells). In
BGNhigh HER-2/neuC cells, BGN and DCN bind to TGF-b1 and restricts HER-2/neu
signaling, thus allowing tumor suppression to occur.
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signaling and restricting HER-2/neu-mediated carcinogenic
effects.

In cancer, contradicting data exist regarding the clinical sig-
nificance of BGN expression. In some tumors an increased
BGN expression was linked to poor prognosis,58 whereas in
others its overexpression was associated with inhibition of can-
cer cell growth and a good prognosis.10,59 The expression of
BGN was increased in liver, ovarian, endometrial, pancreatic
and gastric cancer60 suggesting an important role of BGN in
the pathogenesis of these malignancies. In contrast, several
other studies demonstrated an anti-tumoral activity of BGN
associated with anti-proliferative capacity. Similar results were
obtained in our HER-2/neu model system suggesting that BGN
has tumor suppressive activity, which might be associated with
an increased immunogenicity. In silico analysis of TCGA data
from BC patients demonstrated a prognostic value of BGN and
DCN, which is in line with our in vitro results. Based on these
reports BGN displays very contradicting roles, which might
depend on the cellular context. Thus further in vitro and in
vivo studies are required to elucidate the precise underlying
molecular mechanisms of BGN in the tumor development and
progression.

Material and methods

Cell culture and treatment

Murine NIH3T3 fibroblasts were purchased from ATCC,
while the HER-2/neu-overexpressing NIH3T3 cells (termed
BGNlow/neg HER-2/neuC) were kindly provided by H. Bern-
hard (University Hospital of the Technical University,
Munich, Germany) and have been described elsewhere.32

BGN-overexpressing HER-2/neuC cells (HER-2/neuC BGNC

Clone 2 and HER-2/neuC BGNC Clone 3, termed BGNhigh

HER-2/neuC) were cultured in Eagle’s modified essential
medium (EMEM; Lonza) supplemented with 10% (v/v)
heat-inactivated fetal calf serum (FCS), 2 mmol/L L-gluta-
mine, 100 U/mL penicillin, and 100 mg/mL streptomycin
(PAA). Human breast cancer cells, HTB122 transfected
with wild type (wt) HER-2/neu (HTB122 E2) and mutant
(mut) HER-2/neu (signal transduction deficient; HTB122
E2A) were employed and have been previously described.35

All experiments were carried out during the logarithmic
growth phase of the cells. For IFN-g stimulation, cells were
treated for 24 to 48 h at 37�C with 20 – 40 ng/mL murine or
human recombinant IFN-g (Roche Diagnostics), respectively.
In addition, cells were treated with 20 ng/mL human and 50
ng/mL murine TGF-b1 for 24 h, respectively, 1.0 mg/mL
recombinant BGN (R&D Systems), 1.5 mg/mL recombinant
DCN (R&D Systems) and 20 ng/mL TGF-b1 inhibitor
(SB431542).

RNA extraction and real-time quantitative PCR

Total cellular RNA was isolated using the NucleoSpin RNA II
kit (Macherey-Nagel). An equal amount of total RNA (2 mg)
was reverse transcribed into cDNA using the Revert H Minus
First Strand cDNA synthesis kit (Fermentas) and oligo(dT)18
primer according to manufacturer’s instructions. Real-time

PCR was performed as previously described37 using gene-spe-
cific and control primers (Table S1). Comparative quantifica-
tion of gene expression was performed as previously
described.61 The experiments were independently performed
three times with two technical replicates.

Western blot analyses

For Western blot analysis 5 £ 106 cells were harvested as previ-
ously described26, proteins were solubilized according to
Laemmli62. 50 mg protein/lane were separated in 10% SDS-
PAGE gels29, transferred onto nitrocellulose membranes
(Schleicher & Schuell) and stained with Ponceau S as previously
described.61 Membranes were incubated over night at 4�C with
primary monoclonal antibodies (mAb) directed against BGN
(Proteintech), DCN (Sigma-Aldrich), TAP1 (Santa Cruz Bio-
technology Inc.), TAP2 (kindly provided by K. Fr€uh (Howard
Johnsson, La Jolla, CA)), b-actin (Sigma-Aldrich) and GAPDH
(Cell Signaling Technology) followed by incubation for 1h with
horseradish peroxidase-linked secondary antibody and devel-
oped using the ECL method. Chemiluminescence signals were
visualized with the Lumi-Light Western Blotting Substrate
(Roche Diagnostics) and recorded with a LAS3000 system
(Fuji). For quantification of the protein expression, the respec-
tive area of the signal was integrated using an AIDA image ana-
lyser (Raytest) and subsequently normalized to b-actin or
GAPDH.

Flow cytometry

The mAbs used for flow cytometry were the phycoerythrin
(PE)-labeled anti-H-2Ld/q (Cedarlane Laboratories LTD) and
the respective PE-labeled isotype mouse immunoglobulin
(Beckman Coulter). Whereas, human cells were stained with a
FITC-labeled HLA class I-specific mAb (Beckman Coulter)
using a FITC-labeled lgG2a mAb (Beckman Coulter) as con-
trol. Flow cytometric analysis was performed as recently
described.26 Briefly, 5 £ 105 cells were incubated with the
appropriate amount of antibodies at 4�C for 30 minutes, before
the stained cells were measured on a FACScan unit (Becton
Dickinson) and subsequently analyzed with the CellQuest soft-
ware (Becton Dickinson). The data are represented as mean
specific fluorescence intensity (MFI) from three independent
experiments.

Promoter assay

TAP1/LMP2, TAP2, and TPN promoter sequences were ampli-
fied from genomic DNA and then cloned into the pGl3 lucifer-
ase (luc) vector (Promega) as recently described.32 For
transient transfections, 1 £ 105 cells were incubated overnight
in 100 mL OptiMEM (Invitrogen), followed by transfection
with 0.3 mg promoter construct and 0.016 mg b-galactosidase
(b-gal) using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Forty-eight hours after transfec-
tion, the luc activity was determined with the luc substrate
(Promega) using a luminometer and normalized to the trans-
fection efficiency determined by b-gal enzyme activity.26
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In vivo tumor formation

All animal experiments described were approved by the Regional
Council of Halle (Germany). The animals were maintained in
accordance with the Guides for the Care and Use of Laboratory
Animals. Adult (2-3-month old, 20 § 4g body weight, male and
female), specific pathogen-free in-bred and immune competent
DBA/10IaHsd mice (Harlan Laboratories) and immune deficient
mice (Fox 1 nude) were used for analysis of tumor formation.
These mice were randomly split into three groups, with 10 mice
in groups I and II [group I: HER-2/neuC cells; group II: BGN-
transfected HER-2/neuC cells (Bgn clone 3) and 5 mice in group
III (mock-transfected HER-2/neuC cells), and 1 £ 106 cells in
200 mL PBS/mouse were subcutaneously injected into the left
lateral abdominal wall. The right lateral abdominal wall was
used for sham injections with PBS. Tumor diameter was moni-
tored three times a week by caliper measurements of the greatest
longitudinal diameter.

Immunohistochemistry staining and analysis

For staining with anti-HER-2/neu, anti-BGN and anti-CD3 anti-
bodies 5 mm tissue sections of the tumors were deparaffinized
with xylol and transferred via alcohol into aqua dest (Elix 5 Filter
System, Merck-Millipore). Antigen decloaking for mAb CD3 was
performed by steaming the slides with a preheated T-EDTA
buffer (ZUC029-500, 1:10 dissolved, Zytomed Systems) at pH 6.0
at 98�C for 30 minutes in an oven (Braun, type 3216). No antigen
decloaking was required for staining with BGN and HER-2/neu
mAbs. The slides were blocked for 7-10 minutes with 3% H2O2.
Following a rinsing step and application of washing buffer
(ZUC202-2500, 1:20 solution, Zytochem Plus HRP Kit / Plus
Polymer System, Zytomed), the primary mAbs were added drop-
wise on the tissue area. For BGN the primary mAb 16409-1-AP
(Proteintech) was incubated at 1:50 for 60 minutes at room tem-
perature (RT). The HER-2/neu staining was performed as previ-
ously described.63 For CD3 the primary mAb SP7 (RM-9107-S,
Thermo-Fisher) was incubated at 1:200 for 60 minutes at RT.
After vacuuming and washing off the primary Ab, the slides were
incubated with a HRP-polymer secondary antibody (POLHRP-
100, Zytochem Plus HRP Polymer System Mouse/Rabbit,
Zytomed) for 15 (BGN, HER-2/neu) and for 30 minutes (CD3),
respectively, at room temperature. After a washing step, the epit-
opes were visualized with DAB (10 minutes of DAB Substrate
Kit, Zytomed), followed by a counterstain with hemalaun (Dr. K.
Hollborn & Sons) for 30 seconds, then transferred into xylol and
slip covered (Eukitt, ORSAtec). Negative controls were obtained
by omitting the primary antibody. Microscopic analysis of the
staining was independently performed by two pathologists (CW,
DB). The staining intensity of BGN and HER-2/neu expression
was scored as absent, weak, moderate or strong. The distribution
of intra-tumoral CD3C T cells was scored as homogenous or
non-homogenous, while their density was scored as number of
CD3C cells per 10 high power fields (HPF, 400x).

Blood preparation and analysis

Between day 36 - 41 tumor bearing mice were anesthetised
with 2.5% (v/v) isofluran and blood was collected by cardiac

puncture into heparin containing tubes. Following lysis of
erythrocytes in erythrocyte lysis buffer (c-c-pro GmbH,
Germany), the cells were incubated with the rat anti-mouse
CD16/32 (Beckman Coulter, Brea, CA, USA) to block non-
specific antibody binding. Anti-CD4 PeCy7 (eBioscience/
ThermoScientific), anti-CD8a FITC (Beckman Coulter) and
anti-CD25 eFluor450 (eBioscience/ThermoScientific) were
used. Before acquisition on a Navios flow cytometer (Beck-
man Coulter), the cells were stained with propidium iodide
to exclude dead cells. Analysis was performed using the
Kaluza software package (Beckman Coulter).

In silico analysis

The R2 web tool (http://r2.amc.nl) was used to predict the
association of ERBB2, BGN, DCN, HLA-B, HLA-C, CD3,
CD8, CD25, TGF-b1 and Foxp3 expression with survival of
patients with breast cancer. R2 calculates the optimal cut-
off in the expression level for each gene and are divided
into two groups. The statistical differences in the gene
expression values between the patient groups with ‘High’
and ‘Low’ mRNA expressions were evaluated by ANOVA
tests implemented in the R2 web tool. The p-values were
corrected for multiple testing according to the false discov-
ery rate. All of the cut-off expression levels and their result-
ing groups are analyzed according to the patients’ survival.
The cut-off level is reported and was used to generate the
Kaplan-Meier curves, which allowed to discriminate patients
into ‘good’ and ‘bad’ prognosis cohorts59. Kaplan scan anal-
ysis was performed to estimate the overall survival accord-
ing to the breast cancer microarray dataset called ‘Mixed
Tumor Breast’ that included 104 breast cancer and 17 nor-
mal breast biopsies with different clinical characteristics.

Statistical analysis

Microsoft Excel version 2010, R (programming language),
GenStat 15th Edition were used for student’s t-test and one-
way ANOVA. A p-value of< 0.05 was considered as significant
result (�, p < 0.05; ��, p < 0.01; ���, p < 0.001).
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