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Abstract

Background: A better definition of biomarkers and biological processes related to local recurrence and disease progression is
highly warranted for ductal breast carcinoma in situ (DCIS). Stromal-epithelial interactions are likely of major importance for
the biological, clinical, and pathological distinctions between high- and low-risk DCIS cases.

Methods: Stromal platelet derived growth factor receptor (PDGFR) was immunohistochemically assessed in two DCIS patient
cohorts (n =458 and n =80). Cox proportional hazards models were used to calculate the hazard ratios of recurrence. The
molecular mechanisms regulating stromal PDGFR expression were investigated in experimental in vitro co-culture systems
of DCIS cells and fibroblasts and analyzed using immunoblot and quantitative real-time PCR. Knock-out of JAG1 in DCIS cells
and NOTCH?2 in fibroblasts was obtained through CRISPR/Cas9. Experimental data were validated by mammary fat pad injec-
tion of DCIS and DCIS-JAG1 knock-out cells (10 mice per group). All statistical tests were two-sided.

Results: PDGFR«'*")/PDGFRS®M fibroblasts were associated with increased risk for recurrence in DCIS (univariate hazard
ratio = 1.59, 95% confidence interval [CI] = 1.02 to 2.46; P = .04 Wald test; multivariable hazard ratio = 1.78, 95% CI = 1.07 to
2.97; P=.03). Tissue culture and mouse model studies indicated that this fibroblast phenotype is induced by DCIS cells in a
cell contact-dependent manner. Epithelial Jagged1 and fibroblast Notch2 were identified through loss-of-function studies as
key juxtacrine signaling components driving the formation of the poor prognosis-associated fibroblast phenotype.
Conclusions: A PDGFR°")/PDGFRAM€M fibroblast subset was identified as a marker for high-risk DCIS. The Jagged-1/Notch2/
PDGFR stroma-epithelial pathway was described as a novel signaling mechanism regulating this poor prognosis-associated
fibroblast subset. In general terms, the study highlights epithelial-stromal crosstalk in DCIS and contributes to ongoing
efforts to define clinically relevant fibroblast subsets and their etiology.

Ductal breast carcinoma in situ (DCIS), a neoplastic proliferation
of epithelial cells within the mammary ducts, can progress to
invasive ductal carcinoma (IDC) (1,2). The introduction of mam-
mography has led to a four- to sevenfold increase in the detec-
tion of DCIS (3,4). After breast conserving surgery, most patients
receive additional radiotherapy and or hormonal treatment
(1,3,5). The majority of patients would not recur, even without

radiotherapy (6). Therefore, novel biomarkers are warranted to
prevent overtreatment (1,4,5).

Invasion can be caused by DCIS-intrinsic factors (7,8). Tumor
microenvironment-derived factors have also been implied as driv-
ers of progression (2,4,9). Fibroblasts regulate progression of many
solid tumors [reviewed in (10-12)], and an emerging concept re-
garding fibroblast tumor biology is the notion of functionally
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distinct subsets (13-15). Fibroblasts can support DCIS growth by
suppressing myoepithelial-derived tumor-inhibitory signals (16).
Other proposed mechanisms include metabolic crosstalk (17), in-
duction of cyclooxygenase-2 in DCIS cells (18), and production of
lysyl oxidases (19,20). Correlative analysis of fibroblasts in DCIS,
however, remains sparse, although a loss of fibroblast Caveolin-1
has been associated with progression to IDC (21).

Platelet derived growth factor receptor-alpha and -beta
(PDGFRo and PDGFRf) are potent regulators of fibroblasts
(22,23). Stromal PDGFRp expression has been linked to poor
prognosis in different solid tumors (24-29). Mechanistic studies
have demonstrated pro-invasive effects of PDGF-activated fibro-
blasts (30) and a connection to estrogen receptor (ER)-expres-
sion in breast cancer cells (31,32).

The integrity of the basement membrane has also been sug-
gested to determine progression of DCIS (33,34). According to
electron microscopy studies, DCIS cells protrude into gaps of
the basement membrane, and fibroblasts surrounding these
gaps show myofibroblastic differentiation (33,35). The potential
role of basement membrane breakdown in DCIS or stromal cell
communication remains poorly understood.

This report uses clinical samples, tissue cultures, and mouse
models to analyze signaling between DCIS and stroma cells.
The study aims to identify if PDGFR-defined subsets of stromal
fibroblasts affect the prognosis of DCIS and further addresses
the question on how these fibroblast subsets are induced during
DCIS development and progression.

Materials and Methods

Detailed materials and methods are provided within the
Supplementary Material (available online). Primers and probes
are listed in Supplementary Table 1 (available online).

Patient Samples

The tissue microarray (TMA) of the population-based DCIS co-
hort included cores from 458 women diagnosed with primary
DCIS between 1986 and 2004 in Sweden (36). The TMA of the
DCIS_Nation cohort (n = 80) used for validation includes sam-
ples from DCIS patients who all developed recurrences (37,38).
TMAs included two cores per patient. Analysis was approved by
the Ethics Committees of Uppsala University Hospital
(Dnr.99422 and Dnr.2005: 118) and Umea University (Dnr.2014—
230-321M), and no written informed consent was needed. Core
needle biopsies of normal, cancer-free breast tissue were pro-
vided within the Karolinska Mammography Project for Risk
Prediction of Breast Cancer study (Dnr.2011/1464-31/1; ethical
board Karolinska Institutet) (39). Staining and analysis of the in-
vasive breast cancer cases are described in (24).

Immunohistochemistry (IHC)

PDGFR IHC was performed using the DAKO Techmate Horizon30
(DAKO, Glostrup, Denmark). The human-specific PDGFRo anti-
body (clone D13C6) was diluted 1:150, the mouse reactive PDGFR«
antibody (clone D1E1E) 1:100, and the PDGFRp antibody (clone
28E1) 1:75 (all CellSignaling Technology, Danvers, MA). Staining
of porcine aortic endothelial cells (PAE)/PDGFRx and porcine aor-
tic endothelial cells (PAE)/PDGFRS cells excluded antibody cross-
reactivity (Supplementary Figure 1A, available online).

Scoring was guided by a breast pathologist. The PDGFRx and -
staining was scored as the positive stroma fraction (0 = negative,

1= low, 2 = moderate, or 3 = high) as previously described (24)
and dichotomized by defining scores 0 and 1 as low and scores 2
and 3 as high (Supplementary Figure 1B, available online). Scoring
was performed independently and blinded by three individuals. In
cases of disagreement (13.9%), a consensus score was established.

Animal Studies

Seven- to 8-week-old female CB17/Icr-Prkdc(scid)/IcrlcoCrl mice
(Scanbur, Karlslunde, Denmark) were used for xenograft experi-
ments with MCF10DCIS cells (Asterand, Detroit, MI) with 10 ani-
mals per experimental group. The mouse mammary tumor
virus-polyoma middle tumor-antigen (MMTV-PyMT) in Friend
Virus B-Type/NIH (FVB/N) background was used to collect mam-
mary tumors at different ages. Animal experiments were ap-
proved by Jordbruksverket (N220/14; N96/11).

Cluster and Pathway Analysis

Publicly available, normalized gene expression data from Ma et al.
(40) (GEO14548) was used for hierarchical clustering analysis of
normal and DCIS stroma samples. Cluster analysis (median cen-
tred by feature or gene, Pearson correlation, average linkage) was
performed in a semisupervised manner with the heatmap3 pack-
age in R version 3.4.0. Pathway analysis was performed using the
Generally Applicable Gene-set Enrichment (GAGE) package (41).

Statistical Analysis

Associations between PDGFR expression and clinico-pathological
parameters were analyzed with contingency tables and Fishers’
exact test (two-sided). The Kaplan-Meier plots and log-rank test
were used to compare risk to develop local recurrence (in situ or
invasive) or generalized disease (IBM SPSS Statistics Version 22,
SPSS Inc). A Cox proportional hazards model was used for esti-
mation of hazard ratios in univariate and multivariable analyses
including relevant risk factors. Proportional hazard assumption
was verified graphically through evaluation of parallelism of the
log(-log(S(t))) vs time plot as well as statistically through the
Schoenfeld Residuals Test. A weak interaction with time was ob-
served after 240 months of follow-up, when patient numbers be-
came low. This interaction completely disappears when
dropping these last follow-up times from the analysis. P values
for Cox regression are based on a Wald test.

The relationship between continuous variables was assessed
through Spearman rank correlation, stating the correlation-
coefficient rho and the P value. Group differences were evalu-
ated by using Student t test for two-group comparisons and
one-way ANOVA with Bonferroni post hoc test for multiple
group comparisons. P values derived from multiple Student t
test comparisons were adjusted by a 5% false discovery rate
with Benjamini and Hochberg correction and referred to as q
values. All statistical tests were two-sided and P values less
than .05 were considered statistically significant.

Results

Alterations in Stromal PDGF Receptor Expression in
DCIS

Stromal PDGFR« expression was analyzed in an IDC collection,
and both PDGFRa and PDGFRp were analyzed in a TMA of DCIS
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and a set of normal breast specimens (see Materials and
Methods and Supplementary Figure 1, A and B, available online
for staining and scoring information). PDGFR expression was
predominantly observed in stromal cells. When specimens
were co-stained with antibodies to PDGFRa and the myoepithe-
lial marker CK14, no expression of PDGFR« in myoepithelial
cells was observed (Supplementary Figure 1C, available online).
All of the normal breast tissues displayed high stromal expres-
sion of both PDGFRs (Figure 1A). The PDGFR« expression was
reduced in DCIS, with only 30.8% (119 of 386 patients) of cases
displaying high PDGFRo, and no IDC cases displayed high
PDGFRa. PDGFRf expression remained high in the majority of
DCIS and IDC cases.

High stromal PDGFRo expression was statistically significantly
associated with ER positivity (P=.005, Fisher’s exact test) (Table 1;
Supplementary Table 2, available online). High stromal PDGFRf
expression was instead linked to ER negativity and positively as-
sociated with high EORTC grade (P =.007 and P = .03, respectively;
Fisher’s exact test). The combined PDGFR«"*")/PDGFR ™" metric
showed strong associations with ER negativity and higher EORTC
grade (P=.002 and P=.001, respectively; Fisher’s exact test).
PDGFR status was not associated with tumor size.

Kaplan Meier analyses revealed an increased risk for local
recurrences or metastasis in the cases with low PDGFR« or high
PDGFRf expression, although not statistically significant
(Figure 1B). Interestingly, the PDGFR«°"/PDGFRpMiEM subset
showed a statistically significantly worse prognosis (P =.04, log-
rank test) (Figure 1B). This association was also detected in uni-
variate Cox regression analysis (hazard ratio [HR] = 1.59, 95%
confidence interval [CI] = 1.02 to 2.46; P=.04 Wald test). The
PDGFR«!°")/PDGFR M8 metric was a statistically significant in-
dependent marker for increased risk of local recurrence or me-
tastasis in multivariable analysis (HR = 1.78, 95% CI = 1.07 to
2.97; P=.03) (Table 2; Supplementary Table 3, available online).
Multivariable analysis also confirmed benefit of postoperative
radiotherapy and increased recurrence risk associated with
breast-conserving surgery.

These results were confirmed on a validation cohort of DCIS
patients who all developed local recurrences (Supplementary
Figure 2A, upper row, available online). The PDGFR«"")/
PDGFRS™ME subset showed a statistically significantly worse
prognosis in both univariate and multivariable analysis. Further,
a digital analysis approach was applied to the validation cohort,
leading to similar results (Supplementary Figure 2A, lower row,
available online). The data of the digital analysis were also used
to investigate if intratumoral heterogeneity affected the scoring
outcome. A strong statistically significant correlation between
the PDGFR status in cores derived from same patients was noted
(Supplementary Figure 2B, available online).

Analysis of The Cancer Genome Atlas gene expression data-
sets demonstrated in many solid tumor types lower PDGFRo ex-
pression in tumors than in corresponding normal tissue
(Supplementary Figure 3A, available online). No distinct pattern
was found for PDGFRp expression. Fresh-frozen sections from
four normal, four DCIS, and eight invasive cancers were ana-
lyzed for PDGFR transcript abundance with padlock probes
(Supplementary Figure 3B, available online). Within DCIS
stroma, the fraction of PDGFRA of total PDGFR transcript abun-
dance was statistically significantly reduced.

Analyses of the MMTV-PyMT mouse breast cancer model
also revealed a progression-associated loss of stromal PDGFRa
expression, occurring with maintained stromal PDGFRf expres-
sion (Figure 1C). Together, these data demonstrate clinically rel-
evant alterations in the stroma of DCIS, and identify the
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combined PDGFR«"°")/PDGFR "8 metric as a novel marker for
increased risk to develop local recurrence or metastasis.

Analysis of Stromal PDGFR« Expression and Peri-
Epithelial Laminin-y2 Deposition

To investigate possible links between PDGFR expression and the
basement membrane status, associations between stromal
PDGFRu expression and laminin-y2 levels, a key component of
epithelial basement membranes (42), were analyzed. As shown
in Figure 2A, a statistically significant association was detected
between low laminin-y2 level and the PDGFR«*") phenotype
(P=.04 Fisher’s exact test). Furthermore, 40 lesions from four
different DCIS cases were subjected to combined laminin-y2
and PDGFRx immunofluorescence analysis. There was a strong
positive correlation between low laminin-y2 levels and low
PDGFR« expression in analyses using visual scoring (P <.001
Fisher’s exact test) or digital image analysis (P =.006, rho = 0.426,
Spearman rank correlation (Figure 2B).

Impact of DCIS Cells on PDGF Receptor Expression in
Fibroblasts

To address if the PDGFRa"")/PDGFR®8" phenotype signature
was induced by paracrine signaling from DCIS cells, the
MCF10A.DCIS cell model (16) was used in co-cultures with im-
mortalized human mammary fibroblasts (HMF) positive for
both PDGFR« and f (Figure 3, A-D), immortalized skin fibroblast,
or primary mammary fibroblasts (Supplementary Figure 3C,
available online). The DCIS cells are negative for both PDGFRs
and did not show an induction of PDGFR expression after co-
culture (Supplementary Figure 3, C and D, available online).
MCF10A normal breast epithelial cells were included as control
cells (Figure 3C).

DCIS supernatant or DCIS co-culture in trans-well plates did
not affect PDGFR expression in fibroblasts (Figure 3, A and B). In
contrast, a statistically significant, DCIS-induced down-regula-
tion of PDGFR« protein and mRNA was detected in fibroblasts
upon direct co-culture with MCF10A.DCIS cells (protein: 0.26-
fold of the control monoculture (0.14 SD), P=.003; mRNA: 0.36-
fold (0.18), P=.04; Figure 3C). Conversely, PDGFRp expression
was up-regulated at the mRNA level (3.65-fold of control mono-
culture (1.68), P < .001) with an associated slight up-regulation of
PDGFRp protein. A similar pattern was also observed in co-
culture experiments with other fibroblasts (Supplementary
Figure 3C, available online). Formaldehyde-fixed DCIS cells also
elicited the effect (Figure 3D).

DCIS cells injected into the mammary fat pad of SCID mice
(Figure 3E) formed lesions, which were associated with fibro-
blasts with lower PDGFRo expression than fibroblasts surround-
ing the normal glands. In contrast, stromal PDGFRf expression
was retained.

These studies imply cell contact-dependent paracrine sig-
naling as the mechanism underlying the formation of the poor
prognosis-associated ~ PDGFRz**")/PDGFRS™EM  fibroblasts
detected in human DCIS.

Gene Expression Changes in Fibroblasts upon
Co-Culture with DCIS Cells

The next steps aimed to identify signaling pathways involved in
the DCIS-induced modulation of fibroblast PDGFR expression.
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Figure 1. Differential platelet derived growth factor receptor (PDGFR)x and -p expression in stroma of human ductal breast carcinoma in situ (DCIS). A)
Microphotographs of immunohistochemistry (IHC)-detected PDGFRx and PDGFRf in normal human breast tissue and DCIS, together with results from analysis of



Table 1. Associations between stromal PDGFRa«(low)/PDGFRp(high)
expression and clinicopathological parameters

PDGFR expression, No. (%)*

Clinicopathological PDGFR#%/ All other
parameter PDGFRMigh patients Pt
Total 121 207
Age,y
<50 38 (31.4) 59 (28.5) .90
50-64 47 (38.8) 82 (39.6)
>65 36 (29.8) 66 (31.9)
Size, mm
<15 48 (39.7) 91 (44.0) .62
>15 47 (38.8) 68 (32.8)
Multifocal 11(9.1) 25 (12.1)
Missing 15 (12.4) 23 (11.1)
ER status
ER negative 47 (38.9) 43 (20.8) .002
ER positive 69 (57.0) 152 (73.4)
Missing 5(4.1) 12 (5.8)
EORTC grade
I 6 (5.0) 18 (8.7) .001
II 40 (33.1) 106 (51.2)
il 74 (61.1) 83 (40.1)
Missing 1(0.8) 0(0.0)
Surgery
Mastectomy 27 (22.3) 46 (22.2) 1.00
Breast conserving 94 (77.7) 161 (77.8)
Postoperative
radiotherapy
No 48 (39.7) 75 (36.2) 56
Yes 73 (60.3) 132 (63.8)

*Percentages are calculated within columns. EORTC = European Organization
for Research and Treatment of Cancer; ER = estrogen receptor.
tAssociations were calculated with two-sided Fisher’s exact test.

Initial gRT-PCR array-based screening detected co-culture-in-
duced changes of genes related to Notch and transforming
growth factor (TGF) and bone morphogenetic protein (BMP) sig-
naling (Supplementary Table 4, available online). QRT-PCR vali-
dation confirmed a robust up-regulation of Notch-induced
genes (HES1, HEY1, JAG1), TGF-beta signaling components
(ligands TGFB1 and TGFB3 and targets MMP9 and IGA11) and
BMP inhibitors (RUNX1, CHRD, GREM1) in sorted, co-culture-ex-
posed fibroblasts (Figure 4A).

Pathway-specific reporter gene assays demonstrated statis-
tically significantly increased Notch and TGF-beta signaling
(Notch: 3.5-fold of the control monoculture [0.54 SD], q=0.002;
TGF-beta: 4.8-fold [0.92], g =0.007), and decreased BMP signaling
(0.1-fold of the control monoculture [0.03], q=0.006), in fibro-
blasts during co-culture with DCIS cells (Figure 4B).

Semisupervised cluster analysis was done on a gene expres-
sion dataset from microdissected stroma of normal breast tis-
sue and DCIS (40). The PDGFRA®Y/PDGFRBM" phenotype
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Table 2. Multivariable analysis of risk for local recurrence (in situ or
invasive) and metastasis

Clinicopathological Events/total,
parameter No. HR (95% CI)* Pt
Age,y
<50 37/121 1.00 (Reference) .10
50-64 39/187 0.58 (0.33 to 1.01)
>65 40/150 0.58 (0.31 to 1.09)
Sizet, mm
<15mm 52/197 1.00 (Reference) .07
>15 mm 52/158 0.94 (0.50 to 1.75)
Multifocal 24/49 2.04 (1.05 to 3.97)
ER status§
Negative 31/123 1.00 (Reference) .82
Positive 75/292 1.07 (0.60 to 1.92)
EORTC grade||
I 11/37 1.00 (Reference) .93
i 58/203 0.97 (0.40 to 2.35)
III 47/215 0.88 (0.36 to 2.14)
Surgeryf
Mastectomy 11/104 1.00 (Reference) .02
Breast conserving 103/350 2.93 (1.22t0 7.07)
Postoperative radiotherapy
No 84/297 1.00 (Reference)  .008
Yes 32/161 0.46 (0.26 to 0.82)
PDGFR#
All other patients 45/207 1.00 (Reference) .03
PDGFR¢/°"/PDGFRpMER 36/121 1.78 (1.07 t0 2.97)
Total No. 116/458 — —

*A Cox proportional hazard model was applied including all variables (n=272).
HRs are estimated using proportional hazards regression with event defined as
local recurrence or metastasis. CI = confidence interval; ER = estrogen receptor;
HR = hazard ratio.

1P values are based on a two-sided Wald test.

fData missing for 54 patients.

§Data missing for 43 patients.

| Data missing for 3 patients.

fData missing for 4 patients.

#Data missing for 130 patients.

clustered exclusively within the DCIS cases (Figure 4C).
Furthermore, the PDGFRA®¥)/PDGFRBM" cluster showed a very
similar gene expression pattern as the co-culture-exposed
fibroblasts, with prominent changes of Notch target genes and
TGF-beta or BMP signaling components (Figure 4, C and D).

Molecular Analysis of the DCIS-Induced Modulation of
Fibroblast PDGFR Status

The presented data motivated further analysis of the Notch
pathway, a cell-cell interaction signaling mechanism, leading to
Notch receptor cleavage by y-secretase and transcriptional acti-
vation (43). Treatment of co-cultures with the y-secretase inhibi-
tor DAPT blocked DCIS-induced down-regulation of PDGFRu«
and up-regulation of PDGFRf (Figure 5A). On the contrary, a

Figure 1. Continued

differences in PDGFR status in normal breast tissue, DCIS, and invasive ductal cancer (IDC). P values were derived from Fisher’s exact test, two-sided. B) Kaplan-Meier
plots showing relationships between PDGFR status and the risk for local recurrence (in situ or invasive) or metastasis in DCIS with P values derived from a log-rank test.
Graphs also present hazard ratios, including confidence intervals as determined by univariate Cox proportional hazards regression analyses with P values derived from
Wald test. Corresponding tables indicate the number of patients at risk. C) Microphotographs of IHC-detected PDGFR« and PDGFRp in normal breast tissue of wild-type
mice and in DCIS lesions (6 weeks) and invasive ductal carcinoma (12 weeks) of the MMTV-PyMT mouse breast cancer model. Images were adjusted for presentation.
Size bars in A and C are 100 ym. FVB/N=Friend Virus B-Type/NIH mouse; MMTV-PyMT = mouse mammary tumor virus-polyoma middle tumor-antigen; wt = wild type.
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Figure 2. Analysis of stromal platelet derived growth factor receptor (PDGFR)x expression and the basement membrane component laminin-y2. A) Microphotographs of
immunohistochemistry (IHC)-detected PDGFR« and laminin-y2 of selected cases from the PDGFR-defined human ductal breast carcinoma in situ (DCIS) patient cohort,
together with the results from patient-based correlation analysis. Laminin-y2 was scored as present or absent. P value was derived from Fisher’s exact test, two-sided.
B) Microphotographs of immunofluorescence-detected PDGFRx and laminin-y2 in selected lesions of human DCIS. White boxes indicate regions shown at higher mag-
nification. The correlation analysis of the visual scoring was based on the distribution of laminin (high) and laminin (low) within a total of 40 different PDGFR-defined
lesions selected from four different DCIS sections. P value was derived from Fisher’s exact test, two-sided. The analysis of the digital scoring was based on the mean
fluorescent intensity of the laminin-y2 staining and the PDGFRx staining in the corresponding stroma region. The data were log2-transformed for presentation. Rho
and P values were derived from Spearman rank correlation, two-sided. The linear regression line with 95% confidence interval is indicated. Images were adjusted for

presentation. Size bars are 100 ym.

down-regulation of PDGFRx, accompanied by an increase in
PDGFRB mRNA expression, was observed in fibroblasts after ex-
posure to immobilized Jagged-1 protein (Figure 5B).

JAG1 and NOTCH2 were the most highly expressed Notch
ligands and receptors on the DCIS cells and fibroblasts, respec-
tively, as determined by gene expression analysis of different
Notch ligand and receptor paralogs (Supplementary Figure 4A,
available online). To assess their specific roles, CRISPR/Cas9 gene
editing was used to inactivate the JAG1 gene in DCIS cells and the
NOTCH2 gene in fibroblasts (Supplementary Figure 4C, available
online). The statistically significant PDGFRo. down-regulation ob-
served in co-culture experiments with wild-type fibroblasts was
abrogated both at the protein and mRNA levels when using
NOTCH2-deficient fibroblasts (Figure 5C; Supplementary Figure 4,
D and E, available online). Similarly, the PDGFRf up-regulation
was obliterated in co-culture experiments with NOTCH2-deficient
fibroblasts (Figure 5C). SIRNA-based knock-down of NOTCH2 ex-
pression in fibroblasts yielded similar results (Supplementary
Figure 4, G-J, available online). The paracrine modulation of fibro-
blast PDGFR status was also lost in fibroblasts from co-cultures
with JAG1 knock-out DCIS cells (Figure 5D; Supplementary Figure
4F, available online). The efficacy of JAGI/NOTCH2 manipulation
in these experiments was confirmed by reduced induction of
HES1 and HEY1 (Figure 5, A-D right panel; Supplementary Figure
4, B and J, available online).

To test the role of JAG1/NOTCH2 in vivo, DCIS cells deficient
for JAG1 were used for mammary fat pad injection. Lesions
from JAG1-deficient DCIS cells displayed a statistically signifi-
cantly higher PDGFRxz expression in the tumor-associated
stroma compared with lesions formed by wild-type cells, as an-
alyzed by visual scoring and digital analysis (P <.001 and P =.02,
respectively, Fisher’s exact test) (Figure 6A).

Collectively, these data provide evidence for paracrine
Jagged-1/Notch2-signaling as the driver of the PDGFRa°%)/
PDGFRA®™# fibroblast phenotype.

Correlative Analysis of Loss of Stromal PDGFR« in
Human DCIS and the Expression of the Notch Target
Gene HES1 in Fibroblasts

To validate the connection between Notch signaling and the
PDGFR«"°")/PDGFR & phenotype in clinical samples, the rela-
tionship between PDGFRx and Hesl expression was analyzed
using double-immunofluorescence on different DCIS sections.
Statistical analysis indicated a statistically significant inverse
correlation between stromal PDGFRx and Hesl in tumor-
associated stroma cells as determined by visual scoring and dig-
ital analysis (P=.001 and P=.007, respectively; Fisher’s exact
test) (Figure 6B).
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Figure 3. Ductal breast carcinoma in situ (DCIS) cell-dependent regulation of platelet derived growth factor receptor (PDGFR) expression in fibroblasts. Representative
immunoblots of PDGFR expression in human mammary fibroblasts (HMF) and results from corresponding quantifications of (A-C) PDGFR protein and (C and D) PDGFR
mRNA under conditions of (A) HMF exposure to control medium or DCIS cell medium (n = 4), (B) trans-well HMF cultures with or without DCIS cells (n = 3), (C) mono-
culture or co-cultures of green fluorescent protein (gfp)-labeled HMF with MCF10A normal breast epithelial cells or breast MCF10A.DCIS cells (n = 4), and (D) HMF-gfp
cultured either on fixed HMF or fixed DCIS cells (n = 7). Protein levels (immunoblot data) were determined using -actin (A and B) or gfp (C) as loading control and fur-
ther normalized to the mean of the control group (set to 1.0 arbitrary units [a.u.]). Data are presented as average with standard deviation (SD). For PDGFRx and -8 detec-
tion, the membranes were stripped and reprobed. f-Actin or gfp was detected on the same membrane. Changes in gene expression (quantitative real-time PCR data; C
and D) were calculated by the comparative AACr-method with GFP as housekeeping gene for input control. Expression values were further normalized to the mean of
the control monoculture HMF (set to 1 a.u.) and are represented as average with SD. P values were derived from ANOVA with Bonferroni post hoc test. (E)
Microphotographs of immunohistochemistry-detected PDGFR expression in orthotopic tumors formed after injection of DCIS cells into the mammary fat pad of SCID
mice. Images were adjusted for presentation. Size bars are 100 ym.

Padlock probe-based in situ sequencing was used to analyze Discussion
the tumor-associated stroma for mRNA transcript density of ) ) o )
PDGFRA, PDGFRB, and HES1 (Figure 6C). Only 35.9% (10.7% SD) of This study identifies a novel interplay between DCIS and stroma
the area with high HES1 transcript density showed high PDGFRA cells involving Notch .signaling and .de.monst.rat?s. that
transcript density, whereas a 78.7% (6.6% SD) overlap was ob- PDGFR«*")/PDGFR & fibroblasts are statistically significantly

served between areas of high HES1 and high PDGFRB transcript associated with a higher risk for local recurrence in DCIS.
density (P=.03; Student’s t test). Importantly, this marker remained an independent prognostic

factor in multivariable analysis, suggesting stromal PDGFR sta-
tus as a potential marker for DCIS stratification. These findings
add to ongoing efforts to identify highly warranted prognostic
markers for DCIS disease.

Together, these data support the notion that activation of
Notch signaling in stroma cells coincides with a loss of PDGFR«
expression.
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Figure 4. Gene expression analysis of platelet derived growth factor receptor (PDGFR)A(")/PDGFRB™€" fibroblasts. A) Gene expression analysis of sorted, co-culture—
exposed human mammary fibroblast (HMF) (n = 4). The expression values were calculated by the comparative AACt-method with GAPDH as housekeeping gene for in-
put control. Expression values were further normalized to the mean of the control monoculture HMF (set to 1 arbitrary unit [a.u.] and indicated by dotted line) and are
represented as average with standard deviation (SD). B) Pathway-specific signaling activity was determined in HMF under conditions of monoculture or co-culture with
MCF10A.DCIS cells. Transforming growth factor (TGF)-beta signaling was measured with the pGL3-(CAGA)12-Luciferase, bone morphogenetic protein (BMP) signaling
with the pGL3-BRE2-Luciferase, and Notch signaling with the 12xCSL-Luciferase vector. Quantifications were based on at least four experiments. Data were normalized
to the mean of the control monoculture HMF (set to 1.0 a.u. and indicated by dotted line) and are presented as average with SD. C) Semisupervised hierarchical cluster
analysis of genes of interest within normal (n = 14) and ductal breast carcinoma in situ (DCIS) (n = 11) stroma fractions. The gene expression data were derived from
GE014548 (40). Hierarchical clustering was performed by Pearson correlation with average linkage. Red bar represents stroma from normal cases, green bar from DCIS
cases. The bad prognosis-associated PDGFRA®*)/PDGFRBM9" phenotype is marked with black bars vs the other phenotypes indicated by grey bars. Median PDGFRA
and PDGFRB expression was used to define samples as high or low. Multiple t test comparisons in A-C were adjusted by 5% false discovery rate with Benjamini and
Hochberg correction and q values are indicated. D) Gene ontology analysis for changes of indicated pathways for the PDGFRA®*)/PDGFRB"9" samples vs all others as
defined in (C). Global P values were based on t statistics and derived by testing whether the mean fold change in the Notch, TGF-beta, and ECM gene sets were different
from the mean fold change in the other background genes in the microarray experiment, as is default for the Generally Applicable Gene-set Enrichment (GAGE) pack-
age. Q values were based on adjustment of the global P value using a Benjamini and Hochberg correction. ECM = extracellular matrix; HSA = homo sapiens.
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Figure 5. Involvement of Notch-signaling components in the regulation of platelet derived growth factor receptor (PDGFR) expression in fibroblasts. Representative
immunoblots of PDGFR expression in fibroblasts (human mammary fibroblasts [HMF]) and results from corresponding quantifications of PDGFR protein as well as
mRNA levels of PDGFR, HES1, and HEY1 under conditions of (A) HMF-green fluorescent protein (gfp) mono-cultures or MCF10A.DCIS co-cultures in the absence or pres-
ence of the Notch-signaling inhibitor DAPT, (B) HMF-gfp mono-culture under control conditions or on immobilized Jagged-1, (C) HMF-gfp control or HMF-gfp with
CRISPR/Cas9-mediated NOTCH2 deletion in mono-cultures or co-cultures with MCF10DCIS cells, and (D) HMF-gfp mono-cultures or co-cultures with control
MCF10DCIS cells or MCF10DCIS cells with CRISPR/Cas-mediated JAG1 deletion. Protein levels (immunoblot data) were determined using gfp as loading control and fur-
ther normalized to the mean of the control group (set to 1.0 a.u.). Data are presented as average with standard deviation (SD). For PDGFRx and -f detection, the mem-
branes were stripped and reprobed. Gfp was detected on the same membrane. Changes in gene expression (quantitative real-time PCR data) were calculated by the
comparative AACr-method with GFP as housekeeping gene for input control. Expression values were further normalized to the mean of the control monoculture HMF
(set to 1.0 a.u.) and are represented with SD. P values were derived from ANOVA with Bonferroni post hoc test. KO = knock-out.

Concerning limitations of this study, it is noted that the benefit to treatment. This topic merits attention in future
results rely on retrospective analyses of population-based studies.
cohorts. Therefore, firm conclusions cannot be made regarding High stromal PDGFRf expression is linked to poor prognosis

the impact of the marker on the natural course of the disease or for several different malignancies including breast (24,25),
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Figure 6. Correlation analysis of platelet derived growth factor receptor (PDGFR)x down-regulation and Notch signaling in stromal fibroblasts of experimental and hu-
man ductal breast carcinoma in situ (DCIS) samples. A) Microphotographs and quantifications of immunohistochemistry (IHC)-detected stromal PDGFR expression in
orthotopic tumors formed after injection of wild-type MCF10DCIS cells (left panel) or MCF10DCIS cells with CRISPR/Cas-mediated JAG1 deletion (DCIS JAG1 knock-out,
right panel) into the mammary gland of SCID mice. Correlation analysis of the dichotomized visual scoring (right graphs) and the digital image analysis of the mean in-
tensity (left graphs) was based on Fisher’s exact test, two-sided. For the digital analysis, the PDGFR expression was defined as low or high by splitting the datasets at
the median. Results were derived from 10 tumors per group, except for PDGFR} analysis of the DCIS JAG1 depleted group, where only nine tumor sections could be ana-
lyzed due to tissue detachment in one case. Only the tumor-associated stroma was included in the analyses. Images were adjusted for presentation. Size bars are 100
um. B) Microphotographs of immunofluorescence-detected PDGFRx and Hes1 in selected lesions of human DCIS cases. The white boxes indicate regions displayed at



prostate (26,27), and ovarian cancer (28) as well as rhabdomyo-
sarcoma (29). Mechanistic studies have demonstrated pro-
tumoral and -metastatic effects of PDGFRg-activated fibroblasts
(30,44,45). This study is the first report to our knowledge on reg-
ulatory and prognostic roles of a marker-defined fibroblast sub-
set in DCIS as well as the first analysis that implicates low
PDGFR« as a marker associated with poor prognosis.

Our data demonstrate that elevated Notch signaling in the
fibroblasts is a critical regulator of the PDGFR«"")/PDGFR™ig?
phenotype. The up-regulation of PDGFRf expression is likely di-
rectly mediated by the Notch intracellular domain/CSL (CBF1,
Suppressor of Hairless, Lag-1) transcriptional complex, because
the PDGFRB promoter contains CSL binding sites to which Notch
intracellular domain has been shown to bind in vascular
smooth muscle cells (46). The Notch-mediated down-regulation
of PDGFRo expression may instead be explained through the in-
duction of the Notch downstream transcriptional repressors
HES1 and HEY1. Keeping with this notion, the 5000-bp promoter
region upstream and 1000-bp promoter region downstream of
the initiating ATG of the PDGFRA gene contains 13 putative Hes1
and five putative Hey1 binding sites (http://epd.vital-it.ch/).

The laminin-y2 analyses suggest partial disruption of the
basement membrane in DCIS. A discontinuous basement mem-
brane in pure DCIS lesions was earlier detected through type IV
collagen THC analysis and correlated positively with higher nu-
clear grade (47). Similarly, a correlation between disintegration
of the laminin components within the basement membrane
and increasing anaplastic appearance was found (48).
Disruption of basement membrane enables direct interactions
between stroma cells and tumor cells. In DCIS, tumor cells were
indeed found to protrude into gaps of the basement membrane,
and the fibroblasts surrounding these gaps show an altered
phenotype (33). The loss of the epithelial basement membrane
component laminin-y2 observed here may therefore facilitate
Notch signaling by allowing direct contact between DCIS and
stromal cells. The DCIS-induced expression of MMPs in fibro-
blasts supports a combined role for DCIS and the stroma in initi-
ating this process. Several studies also imply a role for Notch in
MMP regulation (49,50).

Notably, Notch signaling in other contexts has also been
shown to operate between cells separated by a basement mem-
brane, for example between endothelial and vascular smooth
muscle cells in the adult vasculature (51), in manners possibly
involving ligand expression on dynamic filopodia (52) or on exo-
somes (53,54). Collectively, this interplay gives credence to the
overall concept that tumor fibroblasts are active participants in
the tumor process rather than idle bystanders (55).

As Notch signaling is now emerging as a critical mediator for
the induction of a poor prognosis-associated fibroblast subset, it
may be interesting to try to intervene with Notch signaling in
DCIS (43,56). Notch-based therapies have not yet reached the
clinic. However, considerable efforts are made to develop
Notch-modulating therapies (43). It will be important to con-
sider at what level Notch pathway signaling should be blocked.
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Interestingly, genetic ablation of CSL, both in tumors and
stroma, produced growth-promoting rather than growth-inhib-
iting effects (57,58), indicating that blockade should be better ex-
ecuted at the ligand-receptor level.

In conclusion, our data identify a novel, clinically relevant
Notch-mediated mechanism of fibroblast activation in early
stages of breast cancer development. Activation of Notch, oc-
curring in association with basement membrane disruption,
induces fibroblasts with a PDGFR«!°")/PDGFR™&" phenotype
together with increased expression of matrix-remodeling
enzymes and TGF-beta ligands. The identification of this novel
and strong marker combination supports an important regula-
tory role of fibroblasts in the transition of DCIS to invasive can-
cer. The identification of the PDGFRx"")/PDGFRp®"EM
fibroblasts subset also contributes to ongoing efforts to better
define clinically relevant and functionally distinct fibroblast
subsets.
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Figure 6. Continued

higher magnification. The correlation analysis was based on the presence of nuclear Hes1 in tumor-associated stroma cells with cases being defined as “Hes1 high”
when more than one-quarter of cells showed nuclear Hes1 positivity. Correlation analyses of the dichotomized visual scoring (upper graph) and the digital image anal-
ysis of the mean intensity (lower graph) were based on Fisher’s exact test, two-sided. For the digital analysis, dichotomization of the PDGFRx mean intensity into high
and low was based on a histogram-guided cutoff value. Results were derived from analysis of 40 different regions within four different DCIS sections. Images were ad-
justed for presentation. Size bars are 100 ym. C) Padlock probe-based in situ sequencing to analyze areas of high mRNA density for PDGFRA (blue dots), PDGFRB (red
dots), and HES1 (green dots). The analysis was restricted to the tumor-associated stroma (representative image on the left). Three different DCIS cases were analyzed.
Kernel density estimation plots (representative images on the right) were generated to analyze overlap of regions with high abundance of HES1 (red) or PDGFR (cyan)
transcripts. Quantification is given as the percentage overlap with regions of high HES1 density. The P value was calculated by Student’s t test, two-sided. Data are pre-

sented as average with standard deviation (SD). Size bar is 1000 um.
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