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Abstract

Purpose—Receptor kinases Discoidin Domain Receptors (DDRs) 1 and 2 are emerging as new
therapeutic targets in breast cancer (BC). However, the expression of DDR proteins during BC
progression and their association with BC subtypes remain poorly defined. Herein we report the
first comprehensive immunohistochemical analyses of DDR protein expression in a wide range of
breast tissues.

Methods—DDR1 and DDR2 expression was investigated by immunohistochemistry in 218
samples of normal breast (n=10), ductal carcinoma in situ (DCIS, n=10), and invasive carcinomas
(n=198), arrayed in tissue microarrays with comprehensive clinical and follow-up information.
Staining was evaluated for cell type, subcellular localization, and percentage and intensity (scores
1-4) and association with disease subtype and outcome.

Results—In normal epithelium and DCIS, DDR1 was highly expressed, while DDR2 was
negative in normal epithelium and in DCIS it localized to cells at the epithelial-stromal interface.
Of the 198 invasive carcinomas, DDR1 was high in 87 (44%) and low in 103 (52%), and DDR2
was high in 110 (56%) and low in 87 (44%). High DDR2 was associated with high tumor grade
(p=0.002), triple negative subtype (TNBC) (p<0.0001), and worse survival (p=0.037). We
discovered a novel concordant deregulation of DDR expression, with a DDR1-9%/DDR2High
profile significantly associated with TNBC, compared to luminal tumors (p=0.012), and with
worse overall survival.
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Conclusions—DDR2 upregulation occurs in DCIS, before stromal invasion, and may reflect
epithelial-stromal cross talk. A DDR1-%/DDR2Hi9" protein profile is associated with TNBC, and
may identify invasive carcinomas with worse prognosis.

INTRODUCTION

There is accumulating evidence that collagen plays a key role in breast cancer development
and progression. In normal breast tissues, high mammographic density, which is partly due
to increased fibrillar collagen deposition, is associated with a two-fold increased risk of
breast cancer development [1,2]. Recently, stromal signatures have been shown to predict
prognosis in invasive breast carcinomas [3]. The presence of dense fibrosis is one of the
histopathological features of basal-like triple negative breast carcinomas (TNBC) [4], a
biologically aggressive subtype of invasive carcinoma of the breast. The tumor-associated,
altered peritumoral stroma is particularly enriched in fibrillar collagens, which have been
shown to provide a path for breast cancer cell invasion, and thus is associated with increased
metastasis [5]. Moreover, the enzymes involved in collagen biosynthesis have been
implicated in breast cancer metastasis [6,7]. Collectively, this evidence points to a critical
role for collagen in breast cancer progression. The mechanism by which collagen elicits its
pro-malignant effects on breast cancer cells are ill-defined but may include activation of
signaling pathways mediated by the action of specific collagen receptors. In the last few
years, it has become evident that the Discoidin Domain Receptors (DDRs), a family of
receptor tyrosine kinases (RTKSs) that are activated in response to collagen, are part of the
arsenal of cell surface receptors that mediate tumor cell-collagen interactions [8,9].

The DDR family comprises two highly homologous receptors, DDR1 and DDR2, which
upon binding to collagens undergo receptor autophosphorylation leading to the activation of
intracellular signaling pathways [10,11]. However, evidence also suggests that DDRs can
alter cell behavior via collagen-independent effects [8]. Both DDR receptors recognize, and
are activated by fibrillar and non-fibrillar collagens. However, only DDR1 can be activated
by basement membrane collagen IV, and thus DDR1 mediates the interactions of epithelial
cells with the underlying basement membrane. The DDR1 subfamily comprises five
isoforms, with DDR1a and DDR1b being the most common variants expressed in cells [8].
DDR2 is a single receptor variant and is mostly expressed in mesenchymal cells. However,
evidence suggests that DDR?2 is induced during epithelial-to-mesenchymal transition (EMT)
[8,12].

DDRs play key roles in mammary gland differentiation and breast cancer progression.
DDR1 knockdown in mice causes abnormal mammary gland development and leads to
lactation deficiency, suggesting a key role for DDR1 in mammary gland function [13,14].
DDR1 activation has been implicated in Wnt5-mediated regulation of mammary gland
development in mice [15]. In breast cancer cells, DDR1 transcription is negatively regulated
by the epithelial to mesenchymal transition (EMT) transcription factor Zebl [16]. In contrast
to DDR1, no evidence of an abnormal or dysfunctional mammary gland phenotype has been
reported in DDR2 deficient mice [17-19]. DDR2 plays a role in the maintenance of EMT by
stabilizing Snaill and enhances migration, invasion, and metastasis of breast cancer cells
[12]. Kinome reprograming as a consequence of MEK inhibition in triple negative breast
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cancer (TNBC) has been shown to induce expression and activation of DDR1 and DDR2.
Consistently, targeting these receptors restored MEK inhibitor sensitivity [20]. These
findings suggest that DDRs are promising targets in TNBC patients who develop drug
resistance in response to certain targeted therapies. In this scenario, identifying TNBC
patients with DDR overexpression may improve therapeutic efficacy. Thus, it is important to
examine in detail the expression of DDRs in specimens of various breast cancer subtypes.

Previous immunohistochemical studies examined the individual expression of DDR1 or
DDR2 in breast cancer with emphasis in invasive ductal and lobular carcinomas
[21,22,12,23]. These studies showed that DDR2 is elevated in invasive ductal breast cancer
[23,12]. In contrast, DDR1 displayed variable levels, and thus a clear consensus on DDR1
expression in breast cancer is still lacking [21,16,23,22]. Importantly, breast cancers can
express both DDR1 and DDR2 within the same tumor [24]. Indeed, a cohort of 476 samples
of breast cancer specimens displayed concomitant DNA amplification of DDR1 (19%) and
DDR2 (67%) genes when compared to normal breast tissues [24]. DDR2 mRNA levels were
found to be associated with shorter survival in breast cancer patients [23]. However, the
association between DDR protein expression levels with the histopathological features of
breast cancer and patient survival in different breast cancer subtypes was not examined.
Therefore, there is still a significant lack of information on the expression of both DDR
proteins in breast cancer and their association with disease subtype and progression. Here
we conducted the first comprehensive immunohistochemical study of DDR1 and DDR2
expression using a defined and well-characterized set of breast tissue samples including
normal breast, ductal carcinoma /n situ (DCIS), and invasive carcinomas of different
subtypes and clinicopathological characteristics. DDR expression was also evaluated for any
significant association with EMT and stem cell markers. We report a differential expression
of DDR proteins during breast cancer progression that may aid in defining the potential of
DDRs as biomarkers and/or drug targets in specific breast cancer subtypes.

MATERIALS AND METHODS

Selection of Patients and Tissue Samples

Triplicate samples of 198 invasive breast carcinomas were arrayed in high-density tissue
microarrays (TMAS) in our laboratory (n=198 tumors, and 594 tissue microarray samples)
[25]. Clinical information and pathological features including patient age, tumor stage,
hormonal receptor status and HER-2/neu overexpression, lymph node and distant metastasis
were recorded from the surgical pathology reports. Additionally, we obtained whole tissue
sections of normal breast tissues from reduction mammoplasties from healthy women
(n=10) and of ductal carcinoma in situ (n=10). All samples were obtained from the Surgical
Pathology files at the University of Michigan with Institutional Review Board approval
(IRB#HUMO00050330).

Immunohistochemistry and Scoring

The expression of DDR1 and DDR2 proteins was analyzed in consecutive sections of all
whole tissues and TMASs. Formalin fixed, paraffin embedded tissue blocks were sectioned at
5u and placed on charged slides. Slides were deparaffinized in xylene and rehydrated
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through graded alcohols. For DDR1 Heat Induced Epitope Retrieval was performed in the
Decloaking Chamber (Biocare Medical) with Borg, (Biocare Medical). Slide pretreatment
for DDR2 was with Proteinase K, prediluted, (Dakocytomation) for 10 minutes at room
temperature. All slides were incubated in Peroxidase (Biocare Medical) for 5 minutes to
quench endogenous peroxidases. Slides were incubated for 1.5 hours at room temperature
with one of the following antibodies: anti-DDR1 (Santa Cruz Biotechnology, Cat#SC-532,
1:425), anti-DDR2 (R&D Systems, Cat#MAB2538, 1:75), anti-Snaill, anti-Slug (Cell
Signaling, Cat# 3895, 1:800, and Cat#9585, 1:100), anti- E-Cadherin (BD Biosciences, Cat#
610182, 1:5000), an antibody cocktail containing anti-CD44 (Abcam, Cat# AB51037,
1:500) and anti-CD24 (Biocare Medical, Cat# CM323, 1:120), or anti-ALDH-1 (BD
Biosciences, Cat# 611194, 1:6000). Antibodies were detected with either anti-rabbit or anti-
mouse Envisiont HRP Labeled Polymer (DakoCytomation) for 30 minutes at room
temperature. Negative controls were performed by replacing the primary antibodies with an
IgG1, Universal Polymer Negative Control Serum (Biocare Medical) (Supplementary Figure
1). Slides were counterstained in hematoxylin, and mounted with Permount.

Expression of DDR1 and DDR?2 proteins was evaluated for: 1. Cell type and intracellular
localization; 2. Intensity of staining (scores 1-4); and 3. Pattern of staining (focal vs.
diffuse). Because the expression of DDR proteins has not been systematically categorized in
breast tissues previously, to assess intensity of staining we applied a published scoring
schema used to evaluate breast cancer biomarker expression [25]. Based on this system,
cytoplasmic DDR1 (and DDR2) expression was scored as negative (score = 1, no staining);
weak (score = 2, < 25% of epithelial cells); moderate (score = 3, 25-75% of epithelial cells);
and strong (score = 4, >75% of epithelial cells) [25]. High DDR1 (or 2) was defined as
scores 3 and 4; low DDR1 (or 2) was defined as scores 1 and 2 [25]. The pattern of DDR1
and DDR2 expression was categorized as focal or diffuse based on previous studies [26].
Using this system, focal epithelial cell staining was defined when less than 20% of cells
expressed DDR1 (or 2), and diffuse epithelial cell staining was defined when 20% or more
of the epithelial cells expressed the protein. We applied the same criteria for the stromal
cells.

Expression of Slug and Snaill were considered positive when nuclear expression was
detected in the cancer cells, or negative [27]. E-cadherin staining was considered as normal
when expressed at the cytoplasmic membranes with crisp complete pattern, or aberrant when
membranous staining was reduced or absent, following previously validated studies [28].
Dual immunostaining for CD44 and CD24 proteins, and the presence of ALDH-1 expression
was evaluated as positive or negative based on detection of each protein in the cancer cells,
as described previously [29,30]. CD44 was visualized as red and CD24 as brown. All slides
were evaluated by C.G.K. and K.A.T. blinded for clinical and pathological information.

Statistical analysis

The association between DDR expression and the clinicopathological and biomarker
expression features of the invasive carcinomas was analyzed by using chi-square or Fisher’s
exact test. Overall survival was calculated from the date of surgical excision of the primary
tumor to the date of death. Patients who died of or with the disease were included in the
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analysis. Overall survival curves were constructed by the Kaplan—-Meier method. Univariate
analyses were performed by using a two-sided log-rank test to evaluate stage, grade, tumor
size, nodal status, histology, ER status, PR status, HER-2/neu status, Snaill, Slug, CD44/
CD24, ALDH-1, and DDR1 and 2. To assess the influence of several variables
simultaneously, a multivariable Cox proportional hazards model of statistically significant
covariates was developed by removing non significant parameters in a step-wise manner. A
P value of <0.05 was considered statistically significant. Statistical analyses were performed
by the biostatistician in the study (K.M.K.).

Expression Patterns of DDR in Normal Breast Tissues, Ductal Carcinoma in situ, and
Invasive Carcinomas

We studied ten cases of normal breast parenchyma and fibrocystic changes obtained from
reduction mammoplasties from healthy women. DDR1 was diffusely expressed in the
cytoplasm and cytoplasmic membrane of epithelial cells (Figure 1) but was undetected in the
surrounding stroma. This is consistent with the notion that DDR1 is a major collagen
receptor of epithelial cells, and with its role in normal mammary gland differentiation, as
observed in DDR1 deficient mice [13]. In DCIS, DDR1 was expressed in the cellular
membranes of cancer cells (Figure 1). In contrast to DDR1, DDR2 was negative in normal
breast cells. Interestingly, in DCIS we observed cytoplasmic DDR2 expression in groups of
DCIS cancer cells facing the stromal compartment and in the adjacent fibroblasts (Figure 1).
This pattern of DDR2 staining in DCIS was not observed in the DCIS cells located towards
the center for the involved ducts, suggesting that DDR2 upregulation is limited to cells
closely interacting with the stromal microenvironment.

We next investigated the expression of DDR proteins in a cohort of 198 invasive carcinomas
of different pathological subtypes and clinical stages (Table 1). DDR1 protein expression
was high in 87 (43.9%), low in 103 (52%), and unavailable in 8 (4%) tumors, while DDR2
was highly expressed in 110 (55.6%), low in 87 (43.9%), and unavailable in 1 case (Table 1,
Figure 1). High DDR2 expression in the invasive carcinoma cells was accompanied by
DDR2 upregulation in the stromal fibroblasts adjacent to the invasive cancer cells (Figure 2).
We also noted upregulation of DDR2 in blood vessels present in the vicinity of the invasive
carcinoma (Figure 2).

DDRs have been differentially associated with expression of EMT markers in breast cancer
cells with DDR1 downregulated and DDR2 upregulated during EMT [12,16]. Therefore we
examined our cohort of breast cancer specimens for any association between DDR1 and
DDR2 expression and a variety of EMT markers including E-cadherin, Slug, and Snaill. In
addition, we examined whether DDR expression was associated with established markers of
cancer stem cells including CD44/CD24, and ALDH-1. These analyses showed no
significant associations with levels of either DDR1 and/or DDR2 in our samples.
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DDR1 and DDR2 are Concordantly Deregulated in Triple Negative Breast Carcinomas

The role of the tumor microenvironment in promoting breast cancer invasion is well-
established. However, reliable microenvironment-based biomarkers that provide information
on the biological behavior of carcinomas are needed. To this end, we investigated whether
expression of DDR1 and DDR2 is associated with clinical and pathological features in
invasive carcinomas. The clinical and pathological characteristics of the patients, whose
tumor samples were used in this study, are summarized in Table 1. The median age of the
study population was 57.3 years (range 28.6-96.0) and the median total follow up time was
6.4 years (range 0.04-20.4 years). No significant associations were found between DDR1
expression and clinicopathological features. Moreover, we found equal distribution of high
and low DDR1 expressing tumors within the luminal and TNBC subtypes (Figure 3). In
contrast, high DDR2 expression was significantly associated with higher histological grade
(p=0.002), negative estrogen and progesterone receptor (ER and PR) status, negative
HER2/neu overexpression (p<0.0001, p=0.0005, and p=0.01, respectively, Table 2), and with
the TNBC subtype in which the majority of cases displayed high DDR2 expression (Figure
3, Chi Square test p<0.0001). Simultaneous analyses of DDR1 and DDR2 proteins revealed
a previously unknown concordant deregulation of DDRs across breast cancer subtypes.
DDR1LW/DDR2HI9N expression is significantly associated with TNBC compared to luminal
and HER?2 subtypes (p=0.012). Of the 77 TNBC cases available for immunostaining, 34 had
DDR1L2%/DDR2Hi9" compared to other expression patterns (Table 3). Taken together these
data show that DDR2 alone or in combination with DDR1 is associated with breast cancer
subtype, and that DDR1 and DDR?2 are coordinately deregulated in TNBCs.

DDR1L°W/DDR2 High protein Expression Predicts Worse Survival in Breast Cancer

DDR2 mRNA has been shown to be associated with outcome in publicly available
microarray databases of breast cancer, [23] but whether DDR2 protein levels can predict
survival is unknown. Kaplan Meier survival analyses showed that patients with tumors
expressing high DDR2 had a significantly worse overall survival than those expressing low
DDR2 after initial surgical treatment (Kaplan Meier, log rank p=0.037, Figure 4A). The
median survival for patients with tumors expressing high and low DDR2 levels was 7.2
years vs. 11.0 years (Log rank p=0.037). The 10-year overall survival for patients with high
DDR2 was 42% compared to 56%, for those with low DDR2. When DDR1 was considered
in the analysis, DDR1-°W/DDR2Hi9" expression was associated with a significantly shorter
overall survival compared to other DDR expression (log rank p=0.007) (Figure 4B). The
median survival for patients with tumors expressing DDR1-0%/DDR2Hi9" |evels was 6.4
years and, by contrast 10.8 years for patients with tumors without this phenotype (Log rank
p=0.007). The 10-year overall survival for patients with DDR1-°"/DDR2Hi9" tumors was
35% compared to 55%, for those without this phenotype.

Multivariable Cox regression models showed that only DDR1-°"/DDR2Hi9" but not DDR2
alone, was an independent predictor of survival (Table 4). DDR1-°%/DDR2Hi9" was able to
predict survival independently of tumor size, TNBC phenotype, and lymphovascular
invasion, with a hazard ratio of 1.73 and a 95% confidence interval of 1.13-2.63, p=0.011.
Collectively, these data show that DDR2 protein is associated with survival in patients with
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breast cancer and that when considered in association with DDR1 protein levels, the
DDR1LW/DDR2 High profile may be an independent predictor of outcome.

DISCUSSION

The unique collagen-binding RTKs DDR1 and DDR2 have emerging roles in cancer
progression and are being considered as therapeutic targets for breast and other carcinomas
[31,12,32,8,20,33]. However, comprehensive analyses of both DDR proteins in breast cancer
tissues remained to be conducted. In the present study, we characterized for the first time the
expression pattern of DDR1 and DDR2 proteins in a wide spectrum of normal breast and
breast cancer tissue samples, and assessed their utility as prognostic markers in patients with
breast cancer.

We report that in normal breast tissues and in DCIS, DDR1 was expressed in the plasma
membrane and cytoplasm of the epithelial cells and was undetectable in stromal
components. The invasive carcinomas in our cohort displayed almost an equal distribution of
tumors expressing either high or reduced DDR1 protein. Our statistical analyses did not
reveal any significant association between high or low DDR1 protein expression and the
histopathological features of the tumors. Based on the reported experimental evidence, it is
possible that variations in DDR1 expression may be a reflection of the complex effects that
DDR1 elicits in breast cancer cells, from tumor suppressive to tumor promoter in a context
dependent manner. On one hand, reduction or loss of DDR1 protein expression in tumor
cells may affect cell-cell interactions to promote invasion, in particular during the transition
from DCIS to invasive carcinoma. Indeed, evidence from cultured normal epithelial cells
demonstrated that DDR1 localizes predominantly to regions of cell-cell contact, where it
interacts with and stabilizes E-cadherin [34,35,31,16]. Our group has also reported that the
pro-invasive MT1-MMP sheds DDR1, but not DDRZ2, in breast cancer cells, a process that
results in reduced DDR1 phosphorylation [36]. Thus, MT1-MMP-mediated cleavage of the
receptor ectodomain may hinder the tumor suppressive effects of DDR1 during breast cancer
progression. At the transcriptional level, downregulation of DDR1 mRNA by EMT
transcription factors may also contribute to progression [24,16]. On the other hand, high
expression or re-expression of DDR1 in invasive carcinoma cells residing within the
interstitial collagen matrix may be required for collective cell migration [35] and induction
of MMP expression [32]. Indeed, DDR1 is also activated by interstitial collagen 1 [10,11].
High DDR1 expression may also play a role in breast cancer cell proliferation and/or
survival [20,37]. Thus, in a subset of invasive carcinomas DDR1 may contribute to disease
aggressiveness. It is important to note that there are five structurally different DDR1
isoforms, which may activate different signal transduction pathways [10,8]. However, there
are currently no available antibodies to detect the different DDR1 isoforms. Thus, based on
the antibodies used here, which recognize DDR1a, b, and ¢, we cannot rule the interesting
possibility that a DDR1 isoform switch takes place during breast cancer progression. For
instance, the subset of invasive breast carcinomas displaying high levels of DDR1 found
here may represent tumors with a different DDR1 isoform. If so, it will be important to
elucidate whether the biological effects (tumor suppressive or promoter) of DDR1 in breast
cancer progression are isoform dependent. Future studies are warranted to elucidate the
complexity of DDR1 regulation and function in breast cancer.
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We found that DDR2 expression was undetectable in normal breast lobules, as previously
reported [12]. Interestingly, we noticed that DDR2 was upregulated in DCIS, especially in
clusters of cancer cells localized towards the basal portion of the duct including, but not
restricted to myoepithelial cells adjacent to the stromal compartment, suggesting that DDR2
upregulation may play a role in epithelial-stromal interactions. This hypothesis is supported
by studies showing that ducts involved by DCIS exhibit a discontinuous and attenuated
basement membrane and a discontinuous layer of myoepithelial cells [38,39], which may
allow direct contact between cancer cells and the interstitial collagen, a ligand for DDR2
[10,8]. In our breast cancer cohort, DDR2 protein was upregulated in 55.6% of invasive
carcinomas, supporting the immunohistochemical data of Zhang et a/[12]. However, we did
not find a statistical association between EMT markers and DDR2 expression. We found that
high DDR2 protein levels were significantly associated with high tumor grade, a measure of
tumor differentiation and indicator of poor patient outcome [40], TNBC, and with worse
survival compared to low DDR2 protein. These data further validate the reported association
between high levels of DDR2 messenger RNA with higher risk of relapse in breast cancer
[23], as well as the reported association between DDRZ2 gene amplified copy number and
worse survival [12].

As far as we know, our study is the first to examine the co-expression of DDR1 and DDR2
proteins in the same cohort of breast tissue specimens. These analyses uncovered a novel
association between low DDR1 and high DDR2 protein expression in invasive carcinomas
predominantly of the TNBC subtype. Although it has not been reported in human samples
before, low DDR1 expression has been found in several TNBC basal cell lines [41]. We
found that patients with invasive carcinomas expressing a combination of DDR1-0W/
DDR2 High protein expression exhibited a significantly worse survival when compared to
patients that are negative for this DDR profile. Importantly, in multivariable analyses
DDR1L%/DDR2 High but not DDR?2 alone, was independently associated with survival.
Further studies are warranted to validate the prognostic significance of DDR1-0W/

DDR2 High in breast cancer patients and to define the cross talk between DDR types in
breast cancer subtypes, and their role in regulating disease progression. Since DDRs share
some of the same ligands (collagen | for both DDR1 and DDR2), it will be important to
explore how the signaling pathways activated by each DDR type and isoform in invasive
breast cancer cells are coordinated to elicit the proper cellular response and tumor outcome
at various stages of disease.

In conclusion, our findings advance the current understanding of DDR1 and DDR2
expression in normal breast and breast cancer paving the way to further investigate the roles
of DDR1 in breast cancer progression, DDR2 as a novel target in TNBCs, and the potential
prognostic value of the DDR1!°¥/DDR2M9" expression profile in breast cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Expression of DDR1 and DDR2 in normal breast lobules, ductal carcinomain situ
(DCIS) and invasive carcinomas

In normal lobules, DDR1 is expressed in the cytoplasm and membranes of normal epithelial
cells. No DDR1 staining is observed in the stromal fibroblasts. DDR2 is not detectable in
normal lobules. In DCIS, DDR1 is expressed in the cytoplasm and membrane of cancer
cells. DDR2 is expressed focally in groups of cells at the periphery of the ducts (black
arrows). The cancer cells located in the center of the DCIS are negative for DDR2. Inset
shows specific cytoplasmic staining for DDR2 in DCIS cells adjacent to the stroma
(asterisk). Note that the stromal fibroblasts also express DDR2 in the cytoplasm (asterisk).
Representative invasive ductal carcinomas with different levels of DDR expression. Tumor 1
exhibits high DDR1 and low DDR2, Tumor 2 exhibits low DDR1 and high DDR2, and
Tumor 3 has high expression of DDR1 and DDR2. Magnification 400, insets 600x.

Breast Cancer Res Treat. Author manuscript; available in PMC 2016 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Toy et al.

Page 13

Invasive carcinomas

FIGURE 2. DDR2 isupregulated in a group of invasive carcinomasin the cytoplasm of cancer
cellsand in stromal fibroblasts

Three representative invasive ductal carcinomas showing upregulation of DDR2 in the
cytoplasm of cancer cells, stromal fibroblasts, and vessels (arrows). 400x.
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FIGURE 3. Relationship between DDR1 and DDR2 expression with breast cancer subtype
A. Graph shows equal distribution of high and low DDR1 expressing tumors within the

luminal and TNBC subtypes. B. DDR2 expression is significantly higher in TNBC
compared to Luminal tumors (Chi Square test p<0.0001).
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FIGURE 4. Kaplan-Meier analysis of DDR expression and disease outcome
A. Kaplan-Meier analysis of overall survival shows that patients with invasive carcinomas

with high DDR2 protein alone (red) have a significant worse survival than those with low

DDR?2 (blue) (n=189, log rank p = 0.037). B. Patients with invasive carcinomas with

DDR1-2W/DDR2Hi9" (red) phenotype have a significantly worse survival than any other
combination of DDR expression (blue) (n=181, log rank p = 0.007).
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Characteristics of Patients in Our Study (n=198)

Characteristics N (%)
Race

White 161 (81.3)

Black 24 (12.1)

Other/Unknown 13 (6.6)
Menopausal Status

Pre 43 (21.7)

Peri 16 (8.1)

Post 125 (63.1)

Unknown 14 (7.1)
Tumor Size (cm)

<2 101 (51.0)

>2 77 (38.9)

Unknown 20 (10.1)
Tumor Grade

I 13 (6.6)

1l 69 (34.8)

1l 104 (52.5)

Unknown 12 (6.1)
Estrogen Receptor

Positive 91 (46.0)

Negative 96 (48.5)

Unknown 11 (5.6)
Progesterone Receptor

Positive 74 (37.4)

Negative 114 (57.6)

Unknown 10 (5.1)
HER2/neu Status

Overexpressed 21 (10.6)

Not overexpressed 177 (89.4)

Lymphovascular Invasion

Present 61 (30.8)

Absent 125 (63.1)

Unknown 12 (6.1)
Lymph Nodes

Negative 89 (44.9)

Positive 76 (38.4)

Unknown 33(16.7)
Breast Cancer Subtype

Luminal A 88 (44.4)
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Characteristics N (%)
Luminal B 7 (3.5)
HER2 12 (6.1)
Triple Negative 80 (40.4)
Unknown 11 (5.6)

Adjuvant Hormonal Therapy
Yes 66 (33.3)
No 120 (60.6)
Unknown 12 (6.1)

Radiation Therapy
Yes 94 (47.5)
No 90 (45.5)
Unknown 14 (7.1)

Death
Yes 105 (53.0)
No 85 (42.9)
Unknown 8 (4.0)

DDR1 Status
High 87 (43.9)
Low 103 (52.0)
Unknown 8(4.0)

DDR?2 Status
High 110 (55.6)
Low 87 (43.9)
Unknown 1(0.1)

DDR1 Low/DDR2 High
Yes 63 (31.8)
No 126 (63.6)
Unknown 9 (4.5)
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Table 3
Association of DDR1 low and DDR2 high expression in Triple Negative Breast Cancer (n=77)

DDR2
DDR1 Low High p

Low 6(26.1) 34(63.0) 0.003
High  17(73.9) 20 (37.0)

Breast Cancer Res Treat. Author manuscript; available in PMC 2016 October 11.

Page 19



1duosnuey Joyiny

Toy et al. Page 20

Table 4

DDR1Low/DDR2HigN s significantly associated with survival in Multivariable Cox Regression Model (n=181)

Variable HR  95% CI P-value
Lymphovascular Invasion (vs. Negative) 0.17
Positive 1.47 0.96-2.25 0.078
Unknown 0.79 0.26-2.33 0.66
Breast Cancer Type (vs. Luminal) 0.79
Triple Negative 117 0.74-1.83 0.51
Unknown 1.00 0.50-2.00 0.99
Tumor Size (vs. <2) 0.45
>2.cm 1.07 0.70-1.65 0.75
unknown 154 0.79-3.01 0.20
DDR1-%/DDR2 High (vs, other) 173 1.13-2.63 0.011
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