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This study systematically analyzes platelet-derived
growth factor (PDGF) receptor expression in six
types of common tumors as well as examines associ-
ations between PDGF f-receptor status and clinico-
pathological characteristics in breast cancer. PDGF
receptor expression was determined by immunohis-
tochemistry on tumor tissue microarrays. Breast tu-
mor data were combined with prognostic factors and
related to outcome endpoints. PDGF «- and f-recep-
tors were independently expressed, at variable fre-
quencies, in the tumor stroma of all tested tumor
types. There was a significant association between
PDGF f-receptor expression on fibroblasts and
perivascular cells in individual colon and prostate
tumors. In breast cancer, high stromal PDGF S-recep-
tor expression was significantly associated with high
histopathological grade, estrogen receptor negativity,
and high HER2 expression. High stromal PDGF f-re-
ceptor expression was correlated with significantly
shorter recurrence-free and breast cancer-specific
survival. The prognostic significance of stromal PDGF
B-receptor expression was particularly prominent in
tumors from premenopausal women. Stromal PDGF
a- and f3-receptor expression is a common, but vari-
able and independent, property of solid tumors. In
breast cancer, stromal PDGF f-receptor expression sig-
nificantly correlates with less favorable clinicopatho-
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logical parameters and shorter survival. These findings
highlight the prognostic significance of stromal mark-
ers and should be considered in ongoing clinical devel-
opment of PDGF receptor inhibitors. (4m J Pathol 2009,
175:334-341; DOI: 10.2353/ajpath.2009.081030)

Platelet-derived growth factor (PDGF) a- and B-tyrosine
kinase receptors exert important control functions in mes-
enchymal cells, such as pericytes, fibroblasts and vas-
cular smooth muscle cells during development.! PDGF
receptor activation has also been shown to be involved in
multiple dimensions of cancer growth.? The clinical rele-
vance of these findings is enhanced by the recent ap-
proval of tyrosine kinase inhibitors with PDGF receptor
inhibitory activity, eg, imatinib, sunitinib, and sorafenib.
PDGF receptor-dependent growth stimulation is well
documented in malignant cells of some solid tumors,
such as glioblastomas,®” dermatofibrosarcoma protu-
berans®® and a subset of gastrointestinal stromal tu-
mors.'®"" Also, in hematological malignancies such as
chronic myelomonocytic leukemia and idiopathic eosin-
ophilic syndrome, PDGF «- or B-receptor signaling has
been shown to be activated through translocations or
deletions of the PDGF receptor genes.'®'* However, in
most common solid tumors PDGF receptor signaling ap-
pears to be most important for the pericytes of the tumor
vessels, and for the fibroblasts of the tumor stroma.
Concerning the role of PDGF B-receptor signaling in
pericytes, a series of experimental studies have demon-
strated that stimulation of PDGF receptors on pericytes
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increases pericyte coverage of vessels in a manner that
is associated with increased vessel function and, in some
cases, also increased tumor growth.'s~'” Furthermore,
vascular endothelial growth factor receptor-targeted an-
tiangiogenic approaches in experimental tumor models
appear to be most efficient on immature pericyte-poor
vessels.'® Finally, combinations of vascular endothelial
growth factor receptor- and PDGF-receptor inhibitors
have been demonstrated to exert synergistic antiangio-
genic effects.'9:2°

Studies in experimental tumor models have demon-
strated that paracrine activation of PDGF receptors on
fibroblasts acts as a potent signal for tumor stroma re-
cruitment.?"22 Other studies with PDGF antagonists have
also demonstrated direct antitumoral effects of stromal
PDGF receptor inhibition,?®?* as well as beneficial ef-
fects on tumor drug uptake.?>28

The biological effects of PDGF receptors in tumor fi-
broblasts and pericytes, together with the advent of
drugs with PDGF receptor-inhibitory activity thus moti-
vates a systemic characterization of the expression pat-
tern of PDGF a- and B-receptors in human tumors. In this
study we have characterized the fibroblast and pericyte
expression of PDGF a- and B-receptors in lymphomas
and in colon, ovarian, prostate, lung and breast cancers.
Furthermore the relationship between stromal PDGF B-re-
ceptor status and prognostic parameters and survival
was analyzed in breast cancer.

Materials and Methods
Paraffin Embedding of Cultured Cells

Porcine aortic endothelial (PAE) cells transfected with the
PDGF «- or B-receptor (PAE/PDGFaR and PAE/PDGFBR
cells) were kept in F12 (Sigma-Aldrich, Stockholm, Sweden)
media containing 10% fetal calf serum Sigma-Aldrich,
Stockholm, Sweden 1% glutamine, and antibiotics (peni-
cillin, 100 units/ml, Sigma-Aldrich) and streptomycin (100
wna/ml, Sigma-Aldrich). PAE/PDGFaR and PAE/PDGFBR
cells were starved overnight in medium containing 1%
fetal calf serum following stimulation with or without 100
ng/ml PDGF-BB (Peprotech, London, UK) on ice for 1
hour. Cells were then washed in cold phosphate-buffered
saline, (Medicago, Uppsala, Sweden) removed from the
plate, and centrifuged at 2000 rpm for 10 minutes. The
phosphate-buffered saline was discarded and cell pel-
lets incubated in 4% phosphate-buffered paraformalde-
hyde (WWR, Stockholm, Sweden) solution overnight. The
pellet was placed in a tissue embedding box in 70%
ethanol and then placed in higher grades of alcohol for
dehydration before being embedded in paraffin, sec-
tioned, and put on Superfrost Plus slides (Menzel-Glaser,
Braunschweig, Germany).

Tissue Microarrays (TMAS)

A tumor TMA (TARP 4) containing 450 tumor biopsies
were obtained from the National Cancer Institute Tis-
sue Array Research Program, National Institutes of
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Health. The TARP 4 comprises 0.6 mm core punch biop-
sies of normal tissues, glioblastoma multiforme, malignant
melanomas, lymphomas, breast, colon, lung, ovarian, and
prostate adenocarcinomas with 25 to 75 samples of each
tumor type. Clinical data were not available for these
specimens.

The breast cancer TMA was made from 512 consec-
utive cases of primary breast cancer diagnosed between
1988 and 1992 at the Department of Pathology, Malméo
University Hospital. Median age at diagnosis was 64.2
years (range, 27-96) and median follow-up time from
diagnosis until first breast cancer event was 106 months
(range, 0-207). Follow-up data regarding recurrence-
free survival and death was available for 507 patients.
This cohort is described in detail elsewhere.?® Complete
information regarding adjuvant systemic treatment was
available for 389 patients. Of these, 157 had received
adjuvant tamoxifen, 19 adjuvant chemotherapy, 209 had
not received any adjuvant treatment, and 4 patients had
received a combination of tamoxifen and chemotherapy.

Before TMA construction, all breast cancer cases
were histopathologically re-evaluated on hematoxylin
and eosin-stained slides. Areas representative of can-
cer were then marked and TMAs constructed as de-
scribed previously.®°

PDGF Receptor Immunohistochemistry

PDGF receptor immunohistochemistry was done as de-
scribed®! using either anti-PDGF B-receptor rabbit mono-
clonal (3169, Cell Signaling Technology, Danvers, MA) (2
pg/ml)) or anti-PDGF a-receptor rabbit polyclonal (3164,
Cell Signaling Technology) (1:50) antibodies. Nonim-
mune rabbit serum was used as a negative control. The
PDGF receptor staining was scored independently in
fibroblasts and pericytes as negative (0), weak (1), mod-
erate (2), or strong (3). The fibroblast PDGF B-receptor
expression in breast tumors were dichotomized (0-2 and
3) for all statistical analyses.

Statistics

Analyses of PDGF a- and B-receptor expression dependency
in fibroblasts and pericytes were done in STATISTICA by the
Yates corrected x° test using 2 X 2 contingency tables
(StatSoft Inc., Tulsa, OK). The ¥ test and Spearman’s
correlation test were used for comparison of PDGF B-re-
ceptor expression and relevant patient and tumor char-
acteristics in breast tumors. The Kaplan-Meier method
and log rank test were used to compare recurrence-free
survival and overall survival in different strata. Recur-
rence-free survival considered loco-regional and distant
metastasis or breast cancer specific death as primary
event, whereas contralateral events and non-breast can-
cer deaths were excluded. A Cox proportional hazards
model was used for estimation of relative risks in both
univariate and multivariate analyses including other rele-
vant risk and therapy predictive factors as age, size,
nodal status, histopathological grade , estrogen receptor
(ER), progesterone receptor (PgR), and HER2 status in
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Table 1. PDGF a- and B-Receptor Expression in Fibroblasts and Pericytes of Different Tumor Types
PDGFaR PDGFBR
Tumor type Fibroblasts (%) Pericytes (%) Fibroblasts (%) Pericytes (%)
Lymphoma (n = 19-42) 16 25 19 50
Ovarian (n = 31-40) 3 5 11 58
Colon (n = 53-59) 65 53 68 80
Lung (n = 39-43) 24 33 58 74
Prostate (n = 58-62) 2 0 21 31
the model. All statistical tests were two-sided and P val- amjpathol.org), demonstrating that antibody-recognition

ues <0.05 considered significant. Calculations were per-
formed with the statistical package SPSS 15.0 (SPSS
Inc.).

Results

Characterization of the Specificity of PDGF
Receptor Antibodies

A screen was performed on a series of in-house and com-
mercial PDGF a- and B-Receptor antibodies to characterize
their specificity and sensitivity. For this screen, sections of
paraformaldehyde-fixed paraffin-embedded cultured cells
of known PDGF receptor status were used. One pair of
PDGF a- and B-receptor antibodies was selected for further
use. The two selected antibodies showed an isoform-spe-
cific staining of PDGF «- and B-receptors (see Supplemen-
tal Figure S1 at http://ajp.amjpathol.org). Furthermore, the
staining pattern in non-stimulated or ligand-stimulated
cells was similar (see Supplemental Figure S1 at http://ajp.
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PDGF Receptor Expression in Tumor Stroma

For an initial description of the pattern of PDGF o- and
B-receptor expression in human malignancies, immuno-
histochemistry analyses were performed on a TMA of
lymphomas, ovarian, colon, lung and prostate cancers
with the two antibodies. For each sample the staining in
malignant cells, tumor fibroblasts and perivascular cells
were scored separately as being negative or positive.
In general, PDGF B-receptor was found on perivascu-
lar cells and on stromal fibroblasts but not on the malig-
nant cells (Table 1 and Figure 1A). However, the fre-
quency of tumors with PDGF receptor positive tumor
fibroblasts varied largely between tumor groups (Table
1). Among these malignancies, PDGF B-receptor expres-
sion in fibroblasts was most common in lung and colon
cancer, where 58% to 68% of tumors were positive (Table
1 and Figure 1, A and B). In contrast, only 11% of ovarian
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Figure 1. PDGF receptor expression in three common solid tumors. A: Examples of colon, lung, and prostate tumors with different patterns of stromal fibroblast
PDGF a- and B-receptor expression (scale bar = 50 um). B: Examples of colon tumors with PDGF B-receptor negative and positive pericytes. Magnification, X400.
Scale bar = 25 um.



Table 2.  Significant Associations of PDGF B-Receptor
Expression in Pericytes and Fibroblasts of Colon
and Prostate Tumors Analyzed by the x* Test

Pericytes
Colon (n = 57) PDGFBR— PDGFBR+
Fibroblasts
PDGFBR— 15.8% 17.5%
PDGFBR+ 5.3% 61.4% P =0.0019
Pericytes
Prostate (n = 61) PDGFBR— PDGFBR+
Fibroblasts
PDGFBR— 62.3% 16.4%
PDGFBR+ 6.6% 14.8% P = 0.0027

cancers had PDGF B-receptor positive fibroblasts (Table
1). Lymphomas and prostate cancers showed an inter-
mediate frequency with around 20% of cases being pos-
itive (Table 1). The frequencies of positivity for perivas-
cular PDGF B-receptor staining were in general higher,
but again differences between tumor types were noted
(Table 1). For example, 80% of colon tumors showed
perivascular PDGF B-receptor staining, whereas only
31% of prostate cancers were positive.

PDGF a-receptor expression was not as frequent as
the PDGF B-receptor in tumor fibroblasts, with frequen-
cies ranging from 2% in prostate tumors to 65% in colon
tumors (Table 1). Also, perivascular PDGF a-receptor
expression was less common than perivascular PDGF
B-receptor and ranged between 0% in prostate tumors to
53% in colon cancers.

Relationships between PDGF - and
B-Receptor Expression and between the
Expression of PDGF Receptors in Fibroblasts
and Perivascular Cells

Analyses of the PDGF a- and B-receptors in the different

tumor types failed to identify a significant association
between the PDGF «- and B-receptor expression in tumor
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fibroblasts. Among all of the different tumor types ana-
lyzed, individual tumors were found that expressed none
of the receptors, the B-receptor alone, or the B-receptor
together with the a-receptor.

Subsequent analyses focused on the relationship
between PDGF B-receptor status of pericytes and
fibroblasts in individual tumors. Both in colon and pros-
tate tumors significant positive associations were ob-
served between the PDGF B-receptor status of perivas-
cular cells and stromal fibroblasts in individual tumors
(Table 2).

These observations thus demonstrate that PDGF a-
and B-receptors are independently regulated. Further-
more, the relationship between the expression of PDGF
B-receptors in fibroblasts and perivascular cells suggest
a functional link between the PDGF receptor status of
fibroblasts and perivascular cells.

PDGF B-Receptor Expression and
Clinicopathological Parameters in
Breast Cancer

In breast cancer, we performed an extended analysis on
TMAs with tumor samples linked to clinicopathological
and outcome data. In this material 34.6% of samples
were scored as strongly positive for fibroblast expression
of PDGF B-receptor (Figure 2A and Supplemental Table
S1 at http.//ajp.amjpathol.org). Analyses of PDGF a-receptor
identified only 1% of cases with moderate or strong stain-
ing (see Figure 2A and Supplemental Table S1 at
http.//ajp.amjpathol.org).

Significant positive associations were observed be-
tween strong PDGF B-receptor expression in the tumor
fibroblasts and high histological grade, ER and proges-
terone receptor negativity, HER2 expression, proliferation
rate and tumor size (Table 3 and Figure 2B). Together
these analyses thus clearly demonstrated a previously
unrecognized relation between PDGF B-receptor expres-
sion in tumor fibroblasts and factors associated with an
impaired prognosis.
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Figure 2. Differential PDGF receptor expression in fibroblasts of breast tumors. A: Three examples of breast tumors with different patterns of PDGF a- and
B-receptor expression in tumor fibroblasts. Scale bar = 25 um. B: Four examples of breast tumors selected to illustrate the association between histological grade
and PDGF B-receptor expression. The two upper pictures show tumors with low grade and low stromal PDGF B-receptor expression whereas the lower panel
shows high grade tumors with high stromal PDGF B-receptor expression. Scale bar = 50 um.
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Table 3. Associations between Stromal Fibroblast PDGF B-Receptor Expression and Clinicopathological Parameters in Breast
Cancer
Number (PDGFBR data) n =512 (289)
PDGFBR expression 0-2 3
n (%) 189 (65.4) 100 (34.6) P value
Age
<50 24 (8.3) 9(3.1) 0.07
>50 165 (57.1) 70 (24.2)
Tumor size
<20 mm 127 (43.9) 57 (19.7) 0.09
>20 mm 62 (21.5) 43 (14.9)
Missing 0(0) 0(0)
Nottingham histological grade
| 53 (18.3) 17 (5.9) 0.001**
Il 82 (28.4) 35 (12.1)
1l 53 (18.3) 48 (16.6)
Missing 1(0.4) 0(0)
Node status
Negative 109 (37.7) 53(18.3) 0.29
Positive 59 (20.4) 39 (13.5)
Missing 21(7.3) 9(3.1)
ER status
Negative 20 (6.9) 19 (6.6) 0.05*
Positive 165 (57.1) 81(28.0)
Missing 4(1.4) 0(0)
Progesterone receptor status
Negative 11(3.8) 16 (5.5) 0.007**
Positive 168 (58.1) 84 (29.1)
Missing 10 (3.5) 0(0)
HER2 immunohistochemistry
0 136 (47.1) 47 (16.3) 0.01**
1 39 (13.5) 24 (8.3)
2 19 (6.6) 12 (4.2)
3 12(4.2) 15(5.2)
Missing 13(4.5) 2(0.7)
Kie7
0-10% 81(28.0) 31(10.7) 0.001**
11-25% 68 (23.5) 25 (8.7)
>25% 35 (12.1) 39 (13.5)
Missing 5(1.7) 5(0)

X2 test for linear trend. Hormone receptor status was assessed by immunohistochemistry using a cutoff at 10% positive nuclei, according to current

clinical guidelines in Sweden.
*P < 0.05.
**P < 0.01.

PDGF B-Receptor Expression and Breast
Cancer Survival

The results from the analyses of stromal fibroblast ex-
pression of PDGF B-receptor were used together with
clinical data to investigate possible prognostic signifi-
cance of PDGF B-receptor expression. As shown in Fig-
ure 3, high PDGF B-receptor expression was associated
with a significantly shorter recurrence-free survival (P =
0.019) and breast cancer specific survival (P = 0.019). In
a Cox proportional hazards model high PDGF B-recep-
tor expression in fibroblasts increased the risk of re-
currence (relative risk = 1.67 [1.08-2.58] 95% confi-
dence interval; P = 0.02) and breast cancer specific
death (relative risk = 2.02 [1.16-3.49] 95% confidence
interval; P = 0.01). This did not remain significant in
multivariate analysis (see Supplemental Table S2 at
http.//ajp.amjpathol.org).

To investigate if the prognostic significance was more
pronounced in certain patient subsets, survival analyses
were performed in strata according to menopausal sta-

tus, node status, HER2 status, histological grade or en-
docrine treatment. As shown in Figure 3 and Supplemen-
tal Table S2 at http://ajp.amjpathol.org, the prognostic
significance of PDGF B-receptor expression in fibroblasts
was particularly prominent in premenopausal women. In
this subset, PDGF B-receptor expression was also a sig-
nificant predictor of recurrence-free survival in multivari-
ate analysis (relative risk = 5.49 [1.33-22.74] 95% con-
fidence interval; P = 0.02) (Supplemental Table S2 at
http://ajp.amjpathol.org). These analyses thus identified a
prognostic significance of stromal fibroblast PDGF B-re-
ceptor expression in an unselected breast cancer cohort,
which was most prominent in the subset of premeno-
pausal women.

Discussion

The analyses of PDGF receptor expression in stromal
fibroblasts of different types of solid tumors and malig-
nant lymphoma revealed large differences between tu-
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Figure 3. Correlations between survival and fibroblast expression of PDGF
B-receptor in breast cancer. Recurrence-free survival (RFS, upper panels)
and breast cancer specific survival (BCSS, lower panels) in groups defined
by PDGF B-receptor expression in fibroblasts. Analyses were performed on
all cases of the breast cancer cohort (left panels) or restricted to the subset
of premenopausal women (right panels).

mor types (Table 1 and Figure 1). It is noteworthy that
PDGF a-receptor expression was most common in lung
and colon cancer, since previous studies have demon-
strated particularly important roles for PDGF «a-receptor
signaling in mesenchymal cells of these organs.®233 This
finding is thus compatible with the notion that stromal
fibroblasts of solid tumors are derived from local mesen-
chymal cells, and share their particular pattern of growth
factor receptor dependency. Additional studies should
be done to further explore this issue.

PDGF receptor expression in human tumors has been
analyzed in previous studies with some conflicting re-
sults; some of these studies have reported common ep-
ithelial expression of PDGF receptors.®*72¢ However,
most of these earlier studies have not subjected antibod-
ies to specificity controls of the same stringency as in the
present study. Also in breast cancer some studies have
suggested frequent expression on epithelial cells.®”-38
This was not observed in the present study. There could
still exist a minor subset of breast cancer where PDGF
receptors are expressed eg, as a consequence of ge-
netic alterations including amplifications or transloca-
tions. Future studies are likely to provide additional infor-
mation concerning such subsets. However, at present
stage, and based on the analyses of this and earlier
studies,®?“° it should be concluded that in the large
majority of breast cancers PDGF receptors are exerting
their effects in stromal cells such as fibroblast and
pericytes.

The analyses of PDGF a- and B-receptor expression
indicated that the two proteins are independently regu-
lated in the examined human cancers. This is in agree-
ment with previous studies in tissue culture models, and
with analyses of the developmental roles of these two
related receptors.’ It is presently not known whether con-
sistent functional differences exist between these two
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types of fibroblast populations. Continued analyses of the
unique prognostic and response-predicative significance
of PDGF «- and p-receptor expression are thus
warranted.

Significant associations between expression of PDGF
B-receptors on fibroblasts and perivascular cells were
observed in colon and prostate cancer (Table 2). This
could either be due to interdependency of these two cell
populations or, alternatively, reflect that these cell popu-
lations are derived from a common source. Some support
for the latter has been provided from animal studies.
These have shown that PDGF B-receptor positive mouse
embryo fibroblasts contribute to both the fibroblast pop-
ulation and the population of perivascular cells in exper-
imental tumors following coinjection with malignant
cells.*’

The analyses of breast cancer revealed previously
un-recognized associations between stromal PDGF B-re-
ceptor expression and tumor characteristics such as his-
tological grade, tumor cell proliferation, ER status and
HER?2 status (Table 3). The mechanisms underlying these
relationships remain to be clarified in future studies. How-
ever, previous experimental studies have demonstrated
protumorigenic effects of stromal PDGF B-receptors.?'22
Multiple mechanisms might be involved in these effects.
A recent study implied osteopontin production as one
PDGF receptor-dependent tumorigenic mechanism of
stromal cells.*? PDGF receptor activation in stromal cells
have also, based on animal model studies, been shown
to control tumor drug uptake and tumor oxygen-
ation.?62843 |t has also been shown in tissue culture
studies that some fibroblast types can reduce the tamox-
ifen sensitivity of ER-positive breast cancer cells.*
Whether such effects are dependent on PDGF receptor
activation remains to be determined. Concerning the
strong correlation with ER negativity and high HER2 ex-
pression, this might also reflect a particular dependency
of these types of tumor cells on a stroma characterized
by PDGF B-receptor positivity. Obviously, these issues
should be further explored in experimental settings.

A major finding of the present study is the prognostic
role of stromal PDGF B-receptor expression in breast
cancer (Figure 3 and Supplemental Table S2 at http://
ajp.amjpathol.org). The observation that stromal PDGF
B-receptor status displayed most prominent prognostic
significance in the subset of tumors from premenopausal
women is also intriguing. One possibility suggested by
these findings is that PDGF receptor status and activity in
stromal cells is controlled by ER activity in epithelial or
stromal cells. In this context it should also be noted that
experimental studies have suggested that some of the
therapeutic effects of antiestrogens are mediated by tar-
geting of ER in stromal cells.*®* These findings also
prompt continued studies in other hormone dependent
tumors, eg, prostate cancer. Interestingly stromal andro-
gen receptor status was recently shown to be a prognos-
tic marker in this tumor type.® It will thus be interesting in
future studies to investigate if any relationships exist be-
tween stromal expression of PDGF receptors and andro-
gen receptor in prostate cancer.
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Identification of prognostic markers in breast cancer,
and other solid tumors, has focused on properties of the
malignant cells, such as hormone receptor status, prolif-
eration index and HER2 status. Our study illustrates, in
general terms, an additional prognostic significance of
stromal characteristics. Such findings are in agreement
with advances in tumor biology, which emphasize the
importance of the tumor microenvironment.*”~4° Other
recent studies have also identified prognostic signifi-
cance of stroma-derived markers. In the case of breast
cancer a recent study demonstrated prognostic signif-
icance of a stroma-derived gene expression signature
of 26 genes.®© Other studies have also identified prog-
nostically significant genetic alterations in cells of breast
cancer stroma.®'2 Additionally, recent reports have
demonstrated prognostic significance of stromal charac-
teristics in colorectal, head and neck, and pancreatic
cancer.5®%® Together these studies encourage contin-
ued analyses of the prognostic and predicative role of
stromal markers.

The findings of this study also impact the ongoing
clinical development of approved tyrosine kinase inhibi-
tors with PDGF receptor inhibitory activity, such as ima-
tinib, sorafenib and sunitinib. The highly variable and
independent PDGF «- and B-receptor expression in solid
tumors, which is revealed in this study, suggests that the
antistromal impact of these drugs will show large varia-
tion. The findings in the present study of robust staining
procedures for PDGF receptors should motivate contin-
ued studies of the response-predicative value of stromal
PDGF receptor status. Such studies should also be stim-
ulated by the recent identification of a chemotherapy
response-predicative stroma-derived gene expression
signature.®®
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