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    Chapter 7   
 Discoidin Domain Receptors in Normal 
Mammary Development and Breast Cancer 
Progression                     

     Sandamali     A.     Ekanayaka    ,     Celina     G.     Kleer    ,     Aliccia     Bollig-Fischer    , 
    Rodrigo     Fernandez-Valdivia    , and     Rafael     Fridman    

7.1            Introduction 

 The  DDRs   are the only  receptor tyrosine kinases (RTKs)   that signal in response to 
collagen. This characteristic of DDRs places these receptors at the center of the 
signaling networks that drive cell–matrix interactions in physiological and patho-
logical conditions. DDRs bind and are activated by both basement membrane and 
interstitial collagens, and therefore they can transduce collagen-initiated signals in 
a variety of epithelial and mesenchymal cells. The DDR family comprises two 
receptors, DDR1 and DDR2 [ 1 ]. DDR1 undergoes phosphorylation in response to 
both fi brillar (connective tissue) and nonfi brillar (basement membrane) collagens, 
whereas DDR2 is activated only by fi brillar collagens. DDR1 is mostly expressed 
by epithelial cells and DDR2 is found in cells of mesenchymal origin. Alternative 
splicing generates fi ve DDR1 isoforms: DDR1a, DDR1b, and DDR1c are full- 
length functional receptors, whereas DDR1d and DDR1e are truncated or kinase- 
inactive receptors. DDR1b and DDR1c contain an additional 37 residues (including 
an extra tyrosine residue) within the intracellular juxtamembrane region, suggesting 
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that these receptors activate distinct signaling pathways in response to collagen and 
may be differentially expressed in malignant cells. In contrast, a single protein has 
been identifi ed for DDR2. Upon collagen-binding DDRs undergo tyrosine auto-
phosphorylation. DDRs mediate cell−collagen interactions and regulate diverse 
biological function including cell adhesion, migration, and invasion in a DDR type- 
and cell type-dependent manners (details on structure−function relationship are dis-
cussed in various chapters). Accumulating evidence from  DDR -defi cient mice point 
to a critical role for these receptors in developmental and pathological processes 
including cancer, fi brosis, and infl ammation, which are the topics of several chap-
ters in this book. Because cell−collagen interactions are central to normal mammary 
gland development and function, and breast cancer progression [ 2 – 5 ], a signifi cant 
effort was invested in defi ning the relative contribution of DDRs in these processes. 
DDRs are kinases, and as such they can be targeted by specifi c kinase inhibitors. 
They are therefore potential therapeutic targets in disease conditions with patho-
logical DDR-mediated signaling. Emerging evidence support the use of inhibitors 
to target DDRs in breast cancer but these data although promising awaits a better 
understanding of how DDRs contribute to disease progression. This chapter attempts 
to provide a comprehensive overview on the expression and function of DDRs in 
breast tissues, from the early stages of mammary gland development to the ultimate 
dissemination of metastatic breast cancer cells.  

7.2     Role of DDRs in Mammary Gland Development 

 The highly regenerative mammary gland tissue begins its developmental journey 
during embryogenesis, goes through allometric pubertal ductal morphogenesis and 
alveologenesis, and undergoes, potentially recurrent, pregnancy-regulated alveolar 
functional differentiation, lactation, and regression/involution. This morphogenetic 
odyssey is tightly and precisely controlled by the orchestrated action of intracellular 
factors, endocrine cues, intercellular signals, and microenvironmental and stromal 
entities [ 2 ,  3 ,  6 – 9 ]. Although most of the attention in mammary gland biology has 
been focused on mammary epithelial cell–cell interactions and hormonal regula-
tion, likely because of their evident involvement in breast development and cancer, 
multiple evidence highlighted the importance of the crosstalk between mammary 
epithelium and mammary stroma for mammary development, homeostasis, and 
tumorigenesis [ 10 ]. The function of the stroma in breast biology regulation relies on 
the dynamic interaction between mammary epithelial cells, mammary stroma cells, 
and the extracellular matrix (ECM) and is, in great extent, determined by factors 
regulating the ECM. To date, these factors include known regulators of cell–matrix 
interactions such as members of the α and β integrins family [ 11 ], laminins [ 5 ], col-
lagens [ 12 – 14 ], matrix metalloproteinases [ 15 ], and DDRs [ 16 ,  17 ]. 

   DDR1   : Insight into the function of DDR1 in breast development has come from 
mouse genetic studies. DDR1-defi cient mice were generated by Vogel and colleagues 
by deleting the fi rst 12 exons of the  DDR1  gene [ 17 ]. Pups from homozygous females 
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appeared malnourished 1 day after birth, had small amounts of milk in their stomachs, 
and, if kept with the DDR1-defi cient females, they eventually died. However, transfer 
of the pups to wild-type foster mothers shortly after birth prevented their death, sug-
gesting a lactating defect in the mammary gland of DDR1- defi cient females, consis-
tent with a role for DDR1 in mammary gland function [ 17 ]. Histological analyses of 
mammary gland tissue derived from the DDR1 knockout mice at various stages con-
fi rmed these fi ndings and revealed that lack of DDR1 was associated with disruption 
of glandular organization, and cell proliferation and differentiation [ 17 ]. Interestingly, 
however, whereas the 3-week-old DDR1-defi cient mammary gland appeared delayed 
in its development and displayed a signifi cant impairment in ductal growth compared 
to wild-type mammary glands, a marked increase in the number and diameter of 
mammary ducts was observed in the mammary gland of DDR1-defi cient adult virgin 
female mice compared to their wild-type counterparts [ 17 ]. This marked increase in 
ductal growth in DDR1-defi cient mammary glands was caused by an augmented epi-
thelial cell proliferation rate (between fourfold and sixfold increase) and accompanied 
by a signifi cant increase in collagen deposition within the stroma, which was observed 
around the mammary epithelial tissue and in the adjacent adipose tissue [ 17 ]. 
Interestingly, the terminal end buds (TEB) in the prepubertal DDR1-defi cient mam-
mary gland were enlarged compared to the ones present in a wild-type mammary 
gland. Together, these observations supported the notion that DDR1 exerts a cell pro-
liferation suppression function in the developing (pubertal) and adult nulliparous 
mammary epithelium. To further strengthen this idea, it has been shown that com-
pound defi ciency for c-Jun kinases (JNK) JNK1 and JNK2 in the mammary epithe-
lium causes an increase in mammary branching morphogenesis and a signifi cant 
downregulation in the expression of DDR1 and also of integrins α1, α5, α6, and β1 
mRNA in mammary epithelial cells [ 18 ]. Furthermore, inhibition of transforming 
growth factor (TGF)-β (TGF-β) signaling, which results in accelerated ductal elonga-
tion and side branching development [ 19 ,  20 ] and decreased levels of Wnt5a mRNA 
and protein levels in the mammary epithelium, causes a signifi cant decrease in DDR1 
phosphorylation that is mediated by Wnt5a downregulation [ 21 ]. 

 Transplantation studies have also shed light on  DDR1   function and have uncov-
ered a dual role of DDR1 in the mammary epithelium. Faraci-Orf et al. [ 16 ] con-
ducted a study to determine whether the mammary phenotypes displayed by 
DDR1- defi cient mice were intrinsic to the mammary epithelium or a result of altered 
endocrine and/or paracrine/juxtacrine function. They found that even though the 
transplanted DDR1-null and wild-type nulliparous mammary epithelium compara-
bly populated and fi lled the fat pad of the recipient mice, DDR1-defi cient ducts 
showed a signifi cant reduced number of branch points and lessen branching growth, 
and the TBEs remained larger when compared to the ones present in wild-type 
transplants [ 16 ]. These observations suggested a dual role of DDR1 in the mammary 
epithelium, acting as a suppressor of cell proliferation in the developing TEBs and, 
contrastingly, supporting cell proliferation in the mammary ducts during branching 
morphogenesis. Interestingly, DDR1 expression was found to be upregulated by 
progesterone treatment in the nulliparous murine mammary gland, and this upregu-
lation occurred at a time where strong progesterone-induced cell proliferation was 
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observed and when the expression of known key mediators of progesterone’s action, 
including RANKL, Wnt4, and inhibitor of differentiation 4 (ID4), was also upregu-
lated [ 22 ]. Whether DDR1 is a direct progesterone receptor (PR) target and whether 
it is a mediator in the robust proliferative response of the mammary epithelium to 
progesterone signal remains to be determined. 

 Attributed  DDR1   function in the late-pregnant and lactating mammary epithe-
lium seems to be less compounded and more in line with a cell differentiation and a 
milk protein synthesis promoting role. Histological analysis of DDR1-null late 
pregnant mammary glands revealed that a more condensed alveolar structure, and 
with small number of lipid vesicles, was present in DDR1-null mice compared to 
wild-type animals [ 17 ]. Moreover, the histological examination and molecular anal-
ysis of postpartum mammary glands revealed that—albeit expressing normal levels 
of mRNA transcripts for milk proteins—DDR1-defi cient mammary glands failed to 
produce various milk proteins [ 17 ]. Interestingly, the mammary glands from post-
partum DDR1-defi cient animals were largely composed of adipocytes, and the alve-
oli were condensed, had very little milk on them, and, eventually, collapsed [ 17 ]. 
Remarkably, the cell differentiation defects in late-pregnant DDR1-null mammary 
glands are not accompanied by premature cell death [ 17 ]. Importantly, the lactating 
defects conferred by DDR1 defi ciency [ 16 ,  17 ] are somewhat similar to those 
observed upon loss of prolactin receptor (PrlR) or its downstream effector Signal 
transducer and activator of transcription 5(Stat5) [ 23 – 25 ]. Moreover, it has been 
shown that DDR1-expressing mammary epithelial cells participate, upon contact 
with a collagen-rich matrix, in PrlR signaling by sustaining Stat5 phosphorylation 
and transcriptional activity [ 16 ]. However, if  DDR1   function in the late-pregnant 
and lactating mammary epithelium is positioned upstream of Stat5, DDR1 must 
also be controlling other signaling networks, as it is shown that the lactation defects 
in targeted WAP-Cre-mediated genetic inactivation of Stat5 is accompanied by 
increased cell apoptosis [ 24 ]. Moreover, the lactation defect observed in mice defi -
cient for RANKL, which has been shown to be a downstream target of Stat5 and PR 
[ 6 ,  22 ,  26 ,  27 ], is, in contrast to the one caused by absence of DDR1, accompanied 
by enhanced apoptosis [ 28 ]. It should be noted that DDR1-null epithelial trans-
plants fail to undergo lobuloalveolar outgrowth upon induction of pregnancy [ 16 ], 
suggesting that DDR1 also acts as a mediator of pregnancy-induced cell prolifera-
tion, which could also be in concordance with the fact that DDR1 is a downstream 
target of progesterone signal [ 22 ]. Interestingly, it has been shown that the WW 
domain-containing protein 1 (WWC1) KIBRA, a transactivator of estrogen receptor 
(ER) [ 29 ] that is positively regulated by progesterone and is downregulated in PrlR- 
defi cient mammary tissue [ 30 ,  31 ], physically interacts with DDR1 and protein 
kinase Cζ (pKCζ), and that this interaction is negatively regulated by collagen- 
triggered DDR1 phosphorylation [ 31 ]. 

 It is also important to highlight that among the known collagen receptors,  DDR1   
is the one that appears to have a more prominent role in mammary gland function. 
For instance, mice lacking integrin α2 show modest alterations in mammary epithe-
lial duct branching and no lactation defect [ 32 ], and mice defi cient for integrin α1 
display a normal lactation phenotype [ 33 ]. Finally, another important aspect of 
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DDR1 involvement in breast development that has been much less explored is its 
potential role in mammary gland stem cell function. In this regard, DDR1 was 
recently found, along with collagen 1α1 (Col1α1), Col9α1, several Notch signaling 
downstream targets, and laminins α1, α2, and α4, to be signifi cantly upregulated in 
fetal mammary gland stem cells [ 34 ,  35 ]. Given that mammary gland stem cells are 
preferentially located in the TEBs [ 36 ,  37 ] of the developing gland, the above obser-
vations could, therefore, be in line with the enlarged TEBs phenotype displayed in 
pubertal DDR1-defi cient mice [ 17 ]. Taken together, these data are consistent with 
(1) a role of DDR1 in suppression of cell proliferation within the mammary epithe-
lium, (2) a cell differentiation promoting function during pregnancy, and (3) a role 
in lactation-associated lobuloalveolar functional differentiation. Thus, DDR1 may 
function in a convergent point for several signaling pathways governing breast 
development, function, homeostasis, and neoplastic conversion (Fig  7.1 ). 

  DDR2 : The role of  DDR2   in normal mammary gland development and homeo-
stasis remains largely unexplored. Three types of mice carrying targeted and spon-
taneous inactivating mutations in the  DDR2  gene have shown DDR2’s central role 
in cellular growth and endocrine and gonadal function [ 38 – 40 ]. Thus, whereas 
female mice homozygous for the  slie  mutation, which encompasses a large ~150 kb 
spontaneous deletion that removes most of  DDR2  gene, display a failure in the for-
mation of the corpus luteum [ 38 ], females homozygous for a DDR2-null allele pro-
gressively become infertile with age [ 40 ]. However, a recent study from Corsa et al. 
found that genetic deletion of DDR2 in mice had no evident effect on mammary 
gland development [ 118 ]. Interestingly, previous work from the Longmore labora-
tory in Snail1 regulation of epithelial to mesenchymal transition (EMT) shed light 
into DDR2 function in the human breast. Specifi cally, Zhang et al. [ 41 ] showed that 
DDR2 expression was induced along with Snail1 in normal human mammary epi-
thelial cells MCF-10A during TGF-β-triggered EMT. Intriguingly, it was observed 
that although Snail1 levels were reduced in DDR2-depleted, nonmalignant human, 
breast epithelial MCF10A cells, which is consistent with the Snail1- stabilizing 
properties of DDR2, the TGF-β-triggered EMT induction was not affected [ 41 ]. 
These observations, however, are in manifest contrast with the fact that Snail1 alone 
was able to induce EMT in MCF-10A cells [ 41 ] and indicate that  DDR2   could be 
functionally relevant in Snail1-triggered, TGF-β-independent EMT. Remarkably, 
DDR2 has been found differentially expressed in human mammary stem/progenitor 
cells compared to differentiated mammary epithelial cells [ 42 ], and it is upregulated 
in hyperplastic mammary glands of MMTV- Wnt1 mice [ 43 ], which have been 
shown to harbor an aberrantly increased mammary stem cell pool [ 37 ], and prefer-
entially develop mammary tumors from progenitor cells [ 44 ]. This evidence is con-
sistent with DDR2 being a critical player in Snail1- triggered EMT in mammary 
epithelial cells, and plausibly, a relevant player in mammary stem cell function, and 
in Wnt1-triggered mammary tumorigenesis. Further studies using front-end mouse 
genetics and patient-derived xenografts along with cell culture and biochemical and 
structural assays will be required to delineate DDRs’ function in the mammary 
epithelium and stroma as well as in breast cancer initiation, progression, and metas-
tasis. Figure  7.1  summarizes the current known roles of and molecular pathways 
associated with DDR1 during mammary gland development.
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  Fig. 7.1    Proposed roles of DDR1 in mammary gland development and function. ( a ) DDR1 exerts 
an inhibitory function during pubertal development of the mammary gland as revealed by the 
increased cell proliferation observed in DDR1-defi cient mice ( arrow in blue ). Similarly, the 
marked increased in Ki-67 positive cells in the adult virgin mammary glands from DDR1-defi cient 
mice indicates that DDR1 has cell proliferation suppression function ( arrow in blue ). During preg-
nancy, DDR1 is required for proper cell proliferation of the mammary epithelium as evidenced by 
the increased cell proliferation, excessive fi lling of the fat pad, and the over condensed alveolar 
structures exhibited by DDR1-null pregnant female mice ( arrow in blue ). Interestingly, transplan-
tation studies in which DDR1-defi cient mammary tissue was transplanted into cleared fat pads of 
wild- type female mice have shown that DDR1 may have an inductive role in mammary branching 
morphogenesis and pregnancy-induced alveologenesis ( dashed arrows ). Remarkably, the terminal 
end buds generated by the transplanted DDR1-null epithelium displays an increased cell prolifera-
tion phenotype, corroborating the cell proliferation suppression function of DDR1. During lacta-
tion, DDR1 promotes alveolar differentiation and cell survival ( arrow in magenta ) as demonstrated 
by the failure to produce milk and the premature regression and collapse of the mammary alveoli 
seen in female mice lacking DDR1. ( b ) Schematics depicting DDR1 at the convergence of several 
signaling pathways governing important molecular and cellular processes in breast biology. Upon 
contact with collagen, DDR1 participates in prolactin (Prl)/prolactin receptor (PrlR) signaling by 
sustaining Stat5 phosphorylation and transcriptional activity. DDR1 expression has been found to 
be upregulated by progesterone (P4) progesterone receptor (PR) signal in the mammary gland. 
Importantly, KIBRA, a downstream PrlR target that acts as a transactivator of estrogen (E2)/estro-
gen receptor α (ER) complex and that is positively regulated by progesterone, has been shown to 
physically interact with DDR1 and form a complex that dissociates upon collagen-triggered DDR1 
phosphorylation. DDR1 has been found to be a downstream target of JNK and TGF-β in the mam-
mary epithelium. DDR1 has been demonstrated to have a cell proliferation suppression function in 
the mammary epithelium during pubertal, adult virgin and pregnancy-induced mammary develop-
ment, and a cell differentiation promoting role in the lactating mammary epithelium. Extracellular 
matrix deposition has been shown to be negatively regulated by DDR1. Similarly, DDR1 has been 
found to negatively regulate cell proliferation in the terminal end buds, a mammary structure rich 
in epithelial stem cells       
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7.3        Expression and Role of DDRs in Breast Cancer 
Progression 

 Invasive breast carcinomas are a heterogeneous group of malignant epithelial 
tumors that arise in the breast parenchyma and are characterized by their invasion 
of adjacent tissue and metastatic ability. Invasive breast carcinomas comprise vari-
ous histological morphologies and biological features, and exhibit different clinical 
behaviors and treatment responses. The morphological classifi cation of invasive 
breast carcinomas depends on their degree of differentiation, which refl ects how 
closely a tumor resembles normal breast glandular epithelium in structural organi-
zation, cytological features, and growth pattern [ 45 ]. Most invasive tumors in the 
breast are invasive ductal carcinomas, accounting for approximately 80 % of inva-
sive breast cancer. Invasive lobular carcinomas comprise 10–15 % of all breast can-
cers, and the remainder constitutes special histological types including mucinous, 
tubular, micropapillary, and others. The morphologic features and cell proliferation 
status are robust surrogates for biological variables that determine and relate to their 
natural behaviors. Importantly, hormone receptor and human epidermal growth fac-
tor receptor 2 (HER-2/neu) status was shown to have prognostic value and predict 
clinical responses [ 46 – 48 ]. However, it has become increasingly evident that breast 
cancer heterogeneity extends beyond the classic immunohistochemistry- based divi-
sions of ER, PR, and HER-2/neu. The development of the molecular classifi cation 
of breast cancers [ 49 ] was recently supported by the Cancer Genome Atlas (TCGA) 
Program through mRNA, miRNA, DNA, and epigenetic analyses [ 50 ]. Invasive 
carcinomas may belong to the luminal A, luminal B, HER2, and triple negative 
subtypes. Of note, these subtypes are also heterogeneous and maybe further refi ned. 
For example, recent studies defi ned four subgroups of triple negative breast cancers 
(TNBCs): luminal androgen receptor, mesenchymal, basal-like immunosuppressed, 
and basal-like immune-activated groups [ 51 ]. 

 In addition to the intrinsic characteristics of breast cancer cells, the interactions 
with the cellular and structural components of the microenvironment are crucial for 
breast cancer development and progression. Studies have shown that high mammo-
graphic density is associated with a twofold risk of breast cancer development [ 52 –
 54 ]. While in the normal adult breast there are several types of collagen, breast 
 density   is mainly due to increased deposition of type I collagen [ 54 – 56 ]. Pathologists 
have noticed the presence of a desmoplastic stroma associated with invasive carci-
nomas decades ago, which results from increased deposition of extracellular matrix 
proteins [ 45 ]. It is now recognized that stromal desmoplasia alters the chemical 
composition and the mechanical properties of the ECM [ 57 ,  58 ]. Breast cancer cells 
respond to these changes in the ECM through deregulated signaling pathways, 
which promote neoplastic functions and result in loss of normal architecture, inva-
sion, and increased proliferation [ 57 ,  58 ]. The tumor-associated desmoplastic 
stroma is particularly enriched in  fi brillar collagens  , which have been shown to 
provide a path for breast cancer cell invasion [ 59 ]. Because DDRs are part of the 
arsenal of cell surface receptors that mediate tumor cell−collagen interactions [ 60 , 
 61 ], they may play an important role in breast cancer progression [ 41 ,  60 ,  62 ,  63 ]. 
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7.3.1     Expression of DDRs in Normal and Cancerous Breast 
Tissues 

   DDR1      : Immunohistochemical studies showed that in normal human mammary 
gland  DDR1   protein is highly expressed in the epithelium throughout the gland, but 
it is not detected in the stroma [ 62 ]. Antibodies directed to the extracellular domain 
revealed clear membranous DDR1 localization in normal epithelial cells (our data). 
We also found DDR1 to be highly expressed in the acinar-like structures of MCF10A 
cells cultured within Matrigel, where it preferentially localizes at cell–cell contacts 
with a pattern similar to that displayed by E-cadherin. DDR1 was also highly 
expressed in tumors produced by MCF10A.DCIS.COM cells in mice (our unpub-
lished data). In specimens of human ductal in situ carcinomas (DCIS), DDR1 pro-
tein was also expressed in the epithelial cells [ 62 ]. Thus, DDR1 expression in breast 
epithelial cells does not appear to be signifi cantly altered in the early stages of 
breast cancer suggesting that neoplastic transformation does not involve changes in 
DDRs. In agreement with these studies, mRNA analyses showed that DDR1 was 
readily detected in normal breast tissues and in benign tumors (cystic hyperplasia 
and fi broadenoma). However, the benign tumors showed a trend to express higher 
levels of DDR1 mRNA [ 64 ]. In breast tumors, the profi le of DDR1 expression 
appears to be complex. For instance, the studies of Ren et al. [ 64 ] showed signifi -
cantly downregulation of DDR1 mRNA expression in normal vs. cancerous breast 
tissues. Analyses of protein expression by immunohistochemistry, however, showed 
a complex pattern of expression. Dejmek et al. found DDR1 to be heterogeneously 
expressed in invasive breast carcinomas [ 65 ]. Turashvili et al. reported that DDR1 
is expressed by most ductal but not lobular carcinomas, and thus these investigators 
proposed that DDR1 could be an additional marker to distinguish between these two 
cancer subtypes [ 66 ]. In this regard, the reported association of DDR1 with ductal 
carcinomas appears to resemble that of E-cadherin, which is highly expressed in 
ductal but not in lobular carcinomas. Interestingly, DDR1 has been found to interact 
with E-cadherin at cell–cell contacts [ 67 – 69 ], and in some cancer types, absence of 
E-cadherin correlates with lack of DDR1 expression [ 69 ]. Thus, loss of E-cadherin 
may occur concomitantly with loss of DDR1. The study of Ameli et al., however, 
found positive  DDR1   expression in both ductal and lobular carcinomas, and a lack 
of correlation between DDR1 levels with tumor type, grade, or receptor status [ 70 ]. 
Another study, however, reported that the majority of ductal carcinomas exhibited a 
reduced or a lack of DDR1 mRNA expression [ 71 ]. However, a strong correlation 
between reduced DDR1 mRNA expression and malignancy could not be estab-
lished [ 64 ]. In the study of Toy et al. [ 62 ], invasive breast carcinomas displayed a 
heterogeneous expression of DDR1 protein, with half of the tumors expressing high 
levels, whereas the other half showing reduced levels of  DDR1   protein [ 62 ]. 
Moreover,  DDR1   expression was not associated with clinicopathological features 
in this set of tumors, and both luminal and TNBC subtypes exhibited an equal dis-
tribution of high and low DDR1-expressing  tumors  . Another study focusing on 
TNBCs found low DDR1 expression, which correlated with poor disease-free 

S.A. Ekanayaka et al.



127

survival [ 72 ]. Yet, a signifi cant number of invasive breast cancer tumors, including 
TNBC, express DDR1 [ 62 ,  66 ,  73 ], and at levels similar to those found in normal 
breast tissue and DCIS [ 62 ]. Since TNBCs show signifi cant heterogeneity [ 74 – 76 ], 
differences in DDR1 expression profi le may refl ect this fact, and the complex role 
of DDR1 in various TNBC contexts. For instance, based on experimental fi ndings, 
high DDR1 expression in certain TNBCs may be associated with activation of pro-
survival signals, under stress conditions [ 77 ] (discussed below). On the other hand, 
reduced DDR1 expression in a subset of TNBCs may refl ect the reported antimigra-
tory and anti-invasive effects of DDR1 in breast cancer cell lines [ 72 ]. Interestingly, 
clinical association studies showed that among the various combinations of DDR 
expression profi les, TNBC patients displaying a DDR1 Low /DDR2 High  profi le exhib-
ited a signifi cantly worse survival when compared to patients that were negative for 
this DDR profi le [ 62 ]. This observation suggests that in certain aggressive TNBCs, 
concomitant expression of both DDRs may be counterproductive for disease pro-
gression. Both  DDR1   and DDR2 recognize similar fi brillar collagen ligands, yet 
they exhibit signifi cant structural and regulatory differences, and consequently acti-
vate distinct signaling pathways [ 1 ]. It is possible that in the course of tumor evolu-
tion there is preferential expansion of tumor cell subpopulations with a DDR profi le 
that is compatible with cancer survival (DDR1 high?) and/or dissemination (DDR2 
high?), within a defi ned collagen microenvironment. Understanding the signaling 
dynamics (cooperating or antagonizing) of DDRs within a cellular background will 
shed light on how breast cancer cells sort the collagen-initiated signals in conditions 
of single or dual DDR receptor expression, and how the activated networks may 
impact outcome in TNBC subtypes. Another important aspect that needs consider-
ations, when analyzing the association of DDR1 expression with disease progres-
sion by immunohistochemical methods, is the expression and role of the DDR1 
different isoforms. However, at present, there are no antibodies that can specifi cally 
distinguish between the various DDR1 isoforms in breast cancer tissues, and there-
fore the association between clinicopathological features and  DDR1   isoforms 
remains unknown. This current limitation may be important because there are fi ve 
structurally different  DDR1   isoforms, from which  DDR1a   and DDR1b are the most 
common. DDR1a and DDR1b display structural differences within their intracel-
lular juxtamembrane region including the presence of two additional tyrosine resi-
dues in DDR1b. Because tyrosine phosphorylation is critical in RTK-mediated 
signal  transduction  , these DDR1 isoforms may activate distinct signaling networks 
in response to collagen binding, and consequently may also elicit isoform-specifi c 
effects (promoter, suppressive) on cancer progression. So far the data show that a 
signifi cant proportion of invasive breast tumors express DDR1 at levels similar to 
those found in normal breast epithelium [ 62 ,  66 ,  73 ], raising the question about its 
role(s) in malignant tissues. Evidence suggests that de novo expression DDR1 is 
part of a kinome reprograming process that takes place in TNBC cells when exposed 
to MEK inhibitors [ 77 ]. Thus, expression of DDR1 may be a part of the genetic 
program that confers survival in TNBC cells exposed to stress. However, there is no 
reported evidence that high expression of  DDR1   in invasive cancers predicts 
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outcome. In contrast, TNBC patients with tumors displaying low DDR1 expression 
were reported to have a poorer survival [ 62 ,  72 ]. 

 In recent years, signifi cant genomic data have been obtained from sequencing 
breast tumors from multiple patients. Analyses of these data sets revealed little evi-
dence for the occurrence of DDR1 somatic gene aberrations in breast cancer. 
Moreover, the lack of evidence for DDR1 mutations in the literature is reinforced by 
information extracted from functional genomics databases. According to data pub-
lished by The Cancer Genome Atlas (TCGA) and accessed via cBioPortal a single 
breast cancer sample out of 825 cases showed a somatic DDR1 mutation—a mis-
sense mutation at codon E618Q that is, however, predicted to have no functional 
consequence [ 50 ,  78 ]. Also according to TCGA data,  DDR1   gene amplifi cation was 
identifi ed in one other sample; and there were no instances of  DDR1   gene copy 
number loss [ 50 ,  78 ]. Furthermore, by query of a variety of breast cancer gene 
expression databases, results were either mixed or demonstrated no signifi cant asso-
ciation for survival or recurrence outcomes and DDR1 mRNA expression levels 
(tested on complete datasets and subtyped datasets) [ 79 – 81 ]. Thus, the fi ndings so 
far suggest that DDR1 plays complex roles in breast cancer, with possibly pro- and 
antimalignant effects depending on the tumor subtype and genetic background. 
Whether these potential opposite roles of  DDR1      in breast cancer are isoform- 
specifi c warrant further studies. 

  DDR2 : In nonmalignant (carcinoma-associated) breast tissue,  DDR2   protein and 
mRNA are undetectable both in the epithelial and the stromal compartments [ 41 ,  62 , 
 64 ]. Consistently,  DDR2      is not expressed in acinar-like structures generated by cul-
tured MCF10A cells (our unpublished data). The lack of DDR2 expression in nor-
mal breast epithelial cells is consistent with the fact that in normal breast tissues the 
epithelial cells are separated from the interstitial collagen matrix by an underlying 
basement membrane, which contains collagen IV, a ligand of DDR1 but not of 
DDR2. However, in the course of disease progression, breast cancer cells begin to 
interact with  fi brillar collagen  s, which areDDR2 ligands, particularly during the pro-
cess of degradation and invasion through the basement membrane. Consistent with 
this scenario, Toy et al. [ 62 ] found that whereas the majority of the DCIS lesions 
were negative for DDR2 protein, small groups of DCIS cells facing the tumor−stro-
mal interface displayed specifi c DDR2 immunoreactivity. Possibly, de novo expres-
sion of DDR2 may aid the proinvasive phenotype by allowing invading breast cancer 
cells to confront the interstitial matrix. Indeed, invasive breast cancers express high 
levels of DDR2 mRNA [ 64 ] and protein [ 41 ,  62 ]. Ren et al. found elevated expres-
sion of DDR2 mRNA in 122 samples of invasive breast cancer (ductal and lobular) 
when compared to the adjacent nonneoplastic breast tissue or nonmalignant (cystic 
hyperplasia and fi broadenoma) [ 64 ]. In the invasive breast cancers, the majority of 
the ductal carcinomas displayed high DDR2 mRNA levels. Moreover, DDR2 
expression was associated with presence of lymph node and distant metastasis, and 
advanced stage [ 64 ]. Importantly, breast cancer patients with high DDR2 mRNA 
showed worse overall survival and high risk to relapse [ 64 ]. Ren et al. also found a 
strong association between DDR2 levels and expression of hypoxia- inducible 
factor-1α (HIF-1α), a marker of hypoxia, and its target vascular endothelial growth 
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factor (VEGF), in samples of invasive breast cancer tissues [ 71 ]. In these samples, 
high expression of  DDR2   and low levels of E-cadherin correlated with lymph node 
metastases, whereas tumors with no detectable DDR2 expression, regardless of the 
levels of E-cadherin, displayed low incidence of lymph node metastases [ 71 ]. Based 
on these studies, Ren et al. suggested that the combined analyses of  DDR2   and 
E-cadherin could distinguish metastatic from nonmetastatic breast cancer [ 71 ]. 
Immunohistochemical studies by Zhang et al. in invasive breast cancer found that 
71 % of invasive ductal carcinomas and 21 % of invasive lobular carcinomas 
expressed DDR2 [ 41 ], in agreement with the studies of Ren et al. [ 64 ]. However, 
contrary to their studies, Zhang et al. found no association between  DDR2   expres-
sion and lymph node involvement [ 41 ].  DDR2   expression was signifi cantly associ-
ated with Snail1 positivity in the tumor cells, consistent with the experimental 
fi ndings showing stabilization of Snail1 by  DDR2   [ 41 ], and previous studies show-
ing that induction of EMT in human breast epithelial cells leads to de novo expres-
sion of DDR2 and downregulation of DDR1 [ 82 ]. Indeed, Zeb1, an EMT transcription 
factor, was shown to be a negative transcriptional regulator of DDR1 expression 
[ 72 ]. In a set of 198 tumor specimens, Toy et al. found that high DDR2 protein 
expression was signifi cantly associated with higher histological grade, negative ER 
and PR status, negative HER2/neu overexpression, and with the TNBC subtype 
[ 62 ]. Moreover, patients with tumors expressing high DDR2 had a signifi cantly 
worse overall survival than those expressing low DDR2 after initial surgical treat-
ment. When examined in combination with DDR1, patients with tumors displaying 
a specifi c profi le of DDR1 Low /DDR2 High  protein expression had a shorter overall sur-
vival compared to other DDR expression profi les. Importantly, this specifi c DDR 
profi le predicted survival independently of tumor size, TNBC phenotype, and lym-
phovascular invasion [ 62 ]. 

 The evidence for somatic  DDR2      aberrations in breast cancer is somewhat stron-
ger than the data for DDR1, where according to TCGA data 4 % of breast cancer 
samples showed copy number amplifi cation [ 50 ,  78 ], but for these same samples, 
gene expression did not appear to concomitantly increase with copy number ampli-
fi cation. Of the 825 patient samples in the study, single nucleotide variants were 
identifi ed in six (at codons S123I, E361D, A407P, K616N, S674Y, and R752H) [ 50 , 
 78 ]. Among these, codon  DDR2   S123I introduces a missense mutation in the 
Discoidin domain and is strongly predicted to have an impact on function [ 83 ]. 
Queries of breast cancer gene expression databases indicated that for luminal and 
ERα-positive breast cancers there were associations for high DDR2 expression and 
increased overall patient survival [ 81 ]. However, other datasets demonstrated no 
signifi cant association for survival or recurrence outcomes and DDR2 mRNA 
expression levels [ 79 ,  80 ]. These fi ndings in current databases are in confl ict with 
the expression data showing a strong association between high levels of  DDR2   and 
poor outcome in women with invasive carcinomas, particularly of the TNBC sub-
type [ 41 ,  62 ,  64 ]. These differences highlight the need to continue our effort to 
unveil whether a specifi c profi le of DDR expression (and activation) is associated 
with a particular breast cancer subtype, histopathological features, and/or patient 
outcome. Figure  7.2  illustrates the profi le of DDRs in normal and cancerous breast 
epithelial tissues, and its association with disease progression.
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7.3.2        Role of DDRs in Experimental Models of Breast Cancer 

 As discussed above, both IHC and gene expression studies have implicated DDRs 
in breast cancer progression. In addition, large cancer genome studies from breast 
cancer tissues have shown alterations in DDR genes, involving mostly copy number 
aberrations than point mutations or rearrangements. However, by their nature, these 
types of studies cannot reveal how DDRs contribute to breast cancer development 
and progression. In the last decade, a number of studies began to dissect the func-
tions of DDRs in breast epithelium and in breast cancer cells in cell culture and 
animal models. The emerging picture however is rather complex and far from being 
complete. For instance, in the case of DDR1 there is a signifi cant lack of consensus 
on whether or not this receptor supports malignant activities, which is also com-
pounded by inconsistencies on the profi le of basal DDR1 expression in various 
breast cancer cell lines, among different laboratories [ 84 – 87 ]. The following section 
summarizes current information on DDR function in experimental models of breast 
cancer. A special effort was taken to provide for the specifi c conditions (cell line, 
assay type, and in vitro vs. in vivo) of the fi ndings, which we hope aid in data inter-
pretation and a more rigorous assessment of the status of the fi eld. 

In situ Invasive

Collagen IV

DDR1+/DDR2+

DDR1-/DDR2+

DDR1-/DDR2-

]TNBC

DDR1+/DDR2-

Normal

Collagen I

a b

DDR1

  Fig. 7.2    Expression of DDRs in normal and cancerous breast tissues. ( a ) Normal human breast 
tissues express DDR1 in the epithelial compartment, whereas DDR2 is not detected [ 41 ,  62 ]. In 
situ carcinomas are rich in DDR1 but lack substantial  DDR2   expression [ 62 ]. In normal and in situ 
carcinoma tissues, the epithelial cells are within the confi nes of a collagen-IV-containing basement 
membrane. Thus, in those sites, DDR1, which is activated in response to collagen IV, may be the 
operative kinase. ( b ) To metastasize, invasive breast cancer cells penetrate basement membranes 
and subsequently transmigrate within interstitial matrices, which are enriched in fi brillar colla-
gens. Both DDRs are therefore likely to mediate collagen signaling in disseminated breast cancer 
cells. Evidence suggests a complex prolife of DDR expression in invasive carcinomas [ 62 ]. These 
tumors appear to display a heterogeneous DDR1 profi le with some tumors being highly positive 
and others negative for DDR1 expression. However, the biological and pathological reasons and 
the functional consequences for this heterogeneity remain unknown. In contrast, most invasive 
tumors, particularly TNBC, appear to be consistently associated with higher levels of DDR2 [ 41 , 
 62 ,  64 ], which may become a worthwhile target in this tumor subtype       
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7.3.2.1     Roles in  Cell Proliferation, Survival, and Apoptosis   

   DDR1   :  DDR1      is expressed in cell lines of human [ 69 ] and mouse [ 88 ] mammary 
epithelial cells, where it colocalizes with E-cadherin at cell–cell junctions. DDR1 
was reported to stabilize E-cadherin in cell–cell contacts, and consequently DDR1 
may play a role in maintenance of epithelial cell organization in cultured cells [ 88 ]. 
There are confl ict data regarding the role of DDR1 in proliferation of breast cancer 
cells. Gao et al. reported signifi cant inhibition of cell proliferation in various breast 
cancer cell lines (MCF7, T47D, and MDA-MB-435S) when treated with a specifi c 
DDR1 type I kinase inhibitor [ 89 ]. However, a selective DDR1 type II kinase inhibi-
tor (DDR1-IN-1) that inhibited collagen-induced activation showed no antiprolif-
erative effects in T47D and SKBR3 breast cancer cells at concentrations below 
10 μM, which effectively and selectively blocked receptor activation over other 
kinases including DDR2 [ 90 ]. Therefore, any effect of DDR1-IN-1 on cell prolif-
eration at concentrations above 10 μM was attributed to inhibition of other kinases, 
possibly in working in conjunction with DDR1 [ 90 ]. Consistent with the lack of 
effect of DDR1 inhibition on cell proliferation, collagen stimulation of adherent 
T47D cells had modest effect on phosphorylation of ERK1/2, a known effector of 
proliferation stimuli mediated by the MAPK pathway [ 91 ]. Moreover, robust DDR1 
collagen-induced activation in suspended T47D cells did not result in ERK1/2 phos-
phorylation [ 91 ]. Thus, a clear relationship between the extent and kinetics of DDR1 
activation and the MAPK pathway could not be established in T47D cells. 
Surprisingly, using the same DDR1-IN-1 inhibitor in MCF7 cells, Malaguarnera 
et al. found partial inhibition (~20 %) of cell proliferation at doses of 0.4 and 1 μM 
[ 87 ]. The reasons for these confl icting results are unclear but may include issues of 
inhibitor selectivity and affi nity, differences among cell lines, and experimental 
conditions, just to mention a few. It should also be noted that these studies were 
conducted without collagen stimulation. Therefore, in addition to the above- 
mentioned issues, the effect of DDR1 kinase inhibitors on collagen-stimulated cell 
proliferation, including in 2D and 3D collagen microenvironments, remains  unclear  . 

    Other studies utilized RNA interference (RNAi) to address the function of  DDR1      
in cell proliferation. Experiments aimed at identifying genes essential for cancer 
cell survival, using a library of shRNAs to screen 72 cancer cell lines, 29 of which 
were breast cancer cell lines, identifi ed DDR1 as one the genes to be critical for cell 
proliferation [ 92 ]. In these studies, RNA silencing of DDR1 in Cal51, MCF7, 
Sk-Br-3, BT-20, HCC1954, and HCC38 breast cancer cells inhibited cell prolifera-
tion, suggesting that DDR1 is critical for cell growth in breast cancer lines belong-
ing to different breast cancer subtypes [ 92 ]. Similar results were reported in the 
studies of Malaguarnera et al. [ 87 ], which showed that transient silencing of DDR1 
expression reduced cell proliferation and colony formation in MCF-7, BT-474, and 
MDA-MB-231 breast cancer cells. In contrast, overexpression of wild-type or 
kinase dead (K618A) DDR1 enhanced these activities, suggesting a role for 
DDR1 in in vitro cell growth and survival, independently of receptor phosphoryla-
tion. Although the effects of collagen under those conditions were not tested, the 
investigators found that DDR1 was also required for insulin growth factor (IGF)-1- 
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stimulated cell proliferation [ 87 ]. Interestingly, IGF-1 stimulation of MCF7 cells 
resulted in collagen-independent DDR1 phosphorylation, which was ascribed to the 
formation of a complex between DDR1 and IGF-1R, leading to rapid DDR1 phos-
phorylation and internalization, in the absence of collagen. Therefore, the enhance-
ment of proliferation and survival in these breast cancer cells by IGF-1 was mediated 
in part by activation of DDR1 independently of collagen but required IGF-1R.    

 Large-scale functional gene screen approaches identifi ed  DDR1   as one of the 
genes required for cell viability in several breast epithelial cell lines. For instance, 
shRNA screens found that DDR1 downregulation inhibits the viability of human 
mammary epithelial cells (HMECs) isolated from a reduction mammoplasty and 
immortalized with human telomerase [ 93 ]. Another study aimed at identifying 
essential genes in human breast epithelial cells by RNAi screening found DDR1 to 
be one of the genes required for the survival of MCF10A cells and breast cancer 
MDA-MB-435 cells [ 94 ]. Thus, according to these studies, DDR1 plays a role in 
support of cell survival. 

  DDR1      and DDR2 are among the  RTKs   that have been implicated in the resis-
tance of TNBC cell lines (SUM159 and MDA-MB-231) and genetically engineered 
C3tag mice harboring mammary tumors to MEK inhibitors [ 77 ]. It was found that 
transcriptional induction of DDR1 and DDR2 expression were part of a kinome 
reprograming mechanism in TNBC cells, which allowed the tumor cells to escape 
the growth arrest induced in response to MEK inhibition. Under these conditions, 
kinome reprograming was mediated by the proteolytic degradation of Myc as a 
result of MEK−ERK inhibition. The role of DDRs in this resistance mechanism was 
demonstrated by siRNA knockdown of DDR1 or DDR2 (among other kinases), 
which restored growth inhibition in SUM159 and MDA-MB-231 cells treated with 
two MEK inhibitors. Thus, DDRs appear to play a key role in supporting the prolif-
eration of TNBC cells in the presence of MEK inhibitors. Interestingly, siRNAs to 
DDR1 in untreated SUM159 cells had inconsistent effects on cell proliferation, in 
spite of knockdown of DDR1 expression of 70–90 %. Likewise, knockdown of 
 DDR2   in untreated SUM159 and MDA-MB-231 cells had modest effect on cell 
growth [ 77 ]. These studies suggest that in these TNBC cell lines, DDRs are not 
critical for cell proliferation under basal conditions. However, DDRs appear to be 
critical in supporting proliferation of TNBC cells that become resistant to therapies 
targeting the RAF−MEK−ERK pathway. These results suggest that DDRs may con-
stitute promising therapeutic targets in TNBC patients who fail to respond to MEK- 
targeted therapies. However, more studies are required to determine whether DDRs 
are also involved in resistance to other therapies in breast cancer patients.    

 Contrary to the fi ndings suggesting a role for DDR1 in cell proliferation and 
survival, studies with MCF7 and ZR-75-1 breast cancer cells cultured within a 3D 
collagen matrix suggested a role for DDR1 in 3D collagen-induced apoptosis, in a 
process that was proposed to involve the induction of Bcl-2-interacting killer (BIK) 
protein, a proapoptotic member of the Bcl-2 family [ 95 ]. Consistently, inhibition of 
DDR1 phosphorylation with inhibitor DDR1-IN-1 [ 90 ] reduced apoptosis and 
induced BIK in cells cultured within 3D collagen [ 95 ]. Interestingly, MT1-MMP, a 
potent membrane-anchored, was shown to prevent apoptosis of breast cancer cells 
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in 3D collagen [ 96 ] and to negatively regulate DDR1 activation by initiating recep-
tor cleavage [ 95 ,  97 ]. Therefore, it was proposed that an MT1−MMP/DDR1 axis 
regulates apoptosis of breast cancer cells embedded in 3D collagen in which colla-
genolytic activity of the protease and DDR1 cleavage support survival of the tumor 
cells [ 95 ]. Although these studies were limited to two ERα-positive luminal breast 
cancer lines, the proposed model of  DDR1   action in cell survival takes into consid-
eration that invasive breast cancer cells thrive within a stroma enriched in collagen 
fi bers, which elicits profound effects on cell behavior, likely to be mediated in part 
by DDR1 signaling. More studies are needed to address the pro- and antiapoptotic 
effects of DDR1 in a broad spectrum of breast cancer cell lines in various matrix 
conditions. In summary, the accumulating data points to a role for  DDR1   in support-
ing cell proliferation and survival in breast cancer cells. However, there are still 
important inconsistences, which appear to be related to the assay conditions (plastic 
vs. 3D collagen) and approaches to stimulate or inhibit DDR1 expression/activity. 

   DDR2   : Silencing of  DDR2   expression in MDA-MB-231 and 4T1 breast cancer 
cells had no effect on cell proliferation in vitro [ 41 ]. However, studies on kinome 
reprograming showed that resistance of MDA-MB-231 and SUM159 breast cancer 
cells to a MEK1/2 inhibitor resulted in de novo expression of DDR2 [ 77 ], suggest-
ing a prosurvival for DDR2. Consistently, downregulation of DDR2 resulted in 
strong synthetic lethality in the presence of the MEK1/2 inhibitor. These studies 
suggest that DDR2 may be required for cell proliferation and  survival   under stress 
conditions.     

7.3.2.2     Roles in  Cell Migration  , Invasion, and  Metastasis   

 A key aspect of malignancy is the ability of cancer cells to migrate and invade 
through extracellular matrices, including basement membranes and interstitial 
stroma, both of which are rich in collagen proteins. Because DDRs are collagen 
receptors, many studies addressed the contribution of DDRs to breast cancer migra-
tion and invasion in various established assays utilizing Matrigel, a reconstituted 
basement membrane enriched in collagen IV and laminin, and collagen I, a compo-
nent of the breast stromal matrix, as protein barriers. Matrigel is used to mimic the 
step of basement membrane invasion and is expected to induce the activation of 
DDR1 but not of DDR2 [ 1 ]. In contrast, collagen I is an activator of both DDR1 and 
DDR2 [ 1 ]. Therefore, if ligand-dependent DDR activation were required for tumor 
cell dissemination (migration, invasion, and metastasis), DDR1 would be expected 
to play a role during penetration of basement membranes, whereas DDR1 and 
DDR2 would play a role during invasion of the interstitial matrix. Thus, a breast 
cancer cell with a defi ned set of DDRs may or may not activate these receptors in 
migration/invasion depending on the nature of the matrix environment utilized in 
the assay. On the other hand, effects of DDRs may not necessary be mediated via 
their kinase activity, which would indicate ligand-independent effects. However, a 
clear understanding how DDRs elicit biological actions without activating their 
kinase function is still missing. 
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   DDR1         : The role of DDR1 in experimental models of breast cancer metastasis in 
mice remains to be determined. However, there are multiple reports on its role migra-
tion and invasion of breast cancer cells in in vitro assays. Castro-Sanchez et al. 
reported that collagen-IV-induced migration [ 98 ] and Matrigel invasion [ 84 ] of 
MDA-MB-231 breast cancer cells required expression of DDR1. This effect of col-
lagen IV involved induction of the tetraspanin CD9 through a DDR1-dependent 
pathway, which in turn induced the expression of MMP-2 and MMP-9, two MMPs 
associated with tumor cell invasion [ 84 ,  98 ]. In agreement with a promigratory role 
for DDR1, Neuhaus et al. found that silencing of DDR1 mRNA in human nonmalig-
nant HB2 breast epithelial cells and T47D and MDA-MB-468 breast cancer cells 
reduced cell migration, as determined using Boyden chambers assembled with 
uncoated fi lters, and fi broblast conditioned media as chemoattractant [ 99 ]. These 
investigators also found that DDR1 restored the antimigratory activity induced by 
Syk (spleen tyrosine kinase), a nonreceptor tyrosine  kinase   shown to elicit antima-
lignant effects in breast carcinoma cells [ 100 ], and shown to form a complex with 
DDR1 in nonmalignant HC11 mammary epithelial cells [ 99 ,  101 ]. Malaguarnera 
et al. [ 87 ] also reported promigratory effects of DDR1 in MCF-7, BT-474, and 
MDA-MB-231 breast cancer cells in response to IGF-1 using fi bronectin- or 
collagen- IV-coated fi lters. Indeed, knockdown of DDR1 expression by siRNA 
reduced cell migration, whereas wild type but to a lesser extent kinase dead DDR1 
overexpression enhanced migration. As with the fi ndings with cell proliferation, 
DDR1 also regulated IGF-1-stimulated cell migration. Interestingly, because the 
ability of DDR1 to support cell migration was also observed on fi bronectin sub-
strates, the investigators concluded that  DDR1   regulation of cell migration is 
 independent of its function as a collagen receptor [ 87 ]. Studies in MDA-MB-231 
cells with depleted DDR1 expression by siRNA showed that DDR1 was required for 
in vitro invasion of a 3D collagen I matrix [ 85 ]. This process appeared to involve 
DDR1-mediated formation of invadosomes, an F-actin-rich structure that was shown 
to focus proteolytic activity in invasive cancer cells and thus facilitates matrix inva-
sion [ 102 ]. Moreover, the proinvasive effects of DDR1 required metalloproteinase 
activity [ 85 ]. Interestingly, Juin et al. showed that the involvement of  DDR1   in inva-
dosome formation in response to collagen I was independent of its kinase activity 
[ 85 ]. The proposed mechanism for collagen I-induced invadosome formation 
involved the activation of the Rho GTPase cell division control protein 42 homolog 
(Cdc42), which required DDR1 expression. DDR1’s role in Cdc42 activation 
involved the action of the guanine nucleotide-exchange factor, Tuba, which colocal-
ized with DDR1 in invadosomes [ 85 ]. However, how DDR1 mediates these effects, 
independently of its kinase activity, when invasive cells confront the fi brillar colla-
gen matrix, which is known to induce receptor phosphorylation, remains unclear. 

 Contrary to the reports ascribing a promigratory effect of DDR1 in breast cancer 
cells, other studies found DDR1 to be a negative regulator of cell migration in breast 
epithelial cells regardless of malignancy status. Using the yeast two-hybrid system 
to identify DDR1 interacting proteins, Hansen et al. identifi ed DARPP-32 (dopa-
mine and cAMP-regulated phosphoprotein of 32 kDa), a protein initially known to 
play a role in regulation of neurotransmission, as a DDR1-binding protein. 
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Functional assays revealed that coexpression of DARPP-32 and DDR1 in breast 
cancer cells inhibited in vitro cell migration [ 86 ]. This effect required a Wnt5a- 
cAMP- PKA-mediated phosphorylation of DARPP-32 at threonine 34 [ 103 ]. 
Interestingly, Wnt5a, a noncanonical Wnt signaling protein, was shown to enhance 
cell adhesion and consequently to inhibit cell migration of breast cancer cells [ 104 , 
 105 ]. Importantly, downregulation of Wnt5a impaired collagen-dependent  DDR1   
activation suggesting that the antimigratory effects of Wnt5a, and possibly its tumor 
suppressive roles in breast cancer, are mediated in part by  DDR1      activation [ 65 , 
 104 – 106 ]. In breast tumor specimens, loss of Wnt5a correlated with disease recur-
rence and was an independent predictor of poor prognosis [ 101 ,  107 ], consistent 
with a tumor suppressive role for Wnt5a in breast cancer progression [ 106 – 109 ]. If 
so, it will be interesting to examine whether loss of Wnt5a in aggressive breast 
tumors is also associated with reduced levels of phosphorylated  DDR1  . Nevertheless, 
the potential relationship between Wnt5a and DDR1 activation suggest a tumor sup-
pressive role for DDR1 in certain breast cancers, possibly as a negative regulator of 
cell migration. The studies of Koh et al. also showed an antimigratory and anti- 
invasive effect of  DDR1   in both nonmalignant and malignant breast epithelial cells 
[ 72 ]. In MCF10A cells, silencing of  DDR1   expression enhanced in vitro cell migra-
tion and invasion, whereas overexpression of DDR1 in triple negative Hs587T and 
MDA-MB-231 breast cancer cells inhibited in vitro and in vivo cell invasion [ 72 ], 
consistent with DDR1 being a suppressor of promalignant cellular activities. 
Consistently, expression of mutated H-Ras in MCF10A cells, which induced EMT 
via Zeb1 upregulation, resulted in acquisition of a migratory and invasive phenotype 
with a concomitant transcriptional downregulation of DDR1 [ 72 ]. Likewise, ectopic 
expression of Zeb1 in MCF10A cells inhibited DDR1 expression [ 72 ].  DDR1   
downregulation was also observed after treatment of MCF10A cells with TGF-β, 
which upregulated Snail1 and Twist1 [ 41 ]. Interestingly, earlier studies showed that 
TGF-β treatment induces the in vitro migration and invasion of MCF10A cells 
[ 110 ], raising the possibility that the promigratory effects of TGF-β were mediated 
in part by DDR1 downregulation. Although this possibility remains to be proven, 
the emerging evidence suggests that inhibition of DDR1 expression is part of the 
EMT program that promotes malignancy [ 82 ]. However, loss of DDR1 expression 
alone was not suffi cient to induce EMT in parental MCF10A cells but, interestingly, 
it was suffi cient to enhance migratory and invasive activities [ 72 ]. These results sug-
gest that although  DDR1   is not a direct regulator of EMT in breast epithelial cells, 
it can directly infl uence cell migratory activities. The molecular mechanism(s) by 
which DDR1 regulates cell migration in breast epithelial cells remains to be defi ned. 

 An association between  DDR1   and EMT is also suggested by the fi ndings with 
KIBRA, a protein that was shown to bind DDR1 in MCF10A and T47-D cells [ 31 ] 
and to regulate EMT via the Hippo pathway in MCF10A cells [ 111 ]. Early studies 
showed that DDR1 forms a stable complex with KIBRA that dissociates upon stim-
ulation with collagen [ 31 ]. It was also shown that knockdown of KIBRA in MCF10A 
cells reduced collagen IV-induced ERK phosphorylation, suggesting that KIBRA, 
upon dissociation from the DDR1/KIBRA complex, plays a permissive role in col-
lagen IV-induced MAPK activation [ 31 ]. However, whether the role of KIBRA in 
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regulation of collagen IV-induced ERK phosphorylation is mediated by  DDR1   acti-
vation remains to be determined. This missing information is critical because col-
lagen may activate the MAPK pathway via other receptors (i.e., integrins) [ 112 , 
 113 ]. Interestingly, Moleirinho et al. reported that silencing of KIBRA expression 
in MCF10A cells induced expression of EMT markers and enhanced cell migration, 
a process that was related to decreased LATS and YAP phosphorylation [ 111 ], two 
kinases involved in the Hippo pathway [ 114 ]. However, the role of DDR1 in EMT 
induced by downregulation of KIBRA remains to be determined. Regardless, these 
data suggest the existence of a crosstalk between DDR1, KIBRA, and the Hippo 
pathway in regulation of EMT in breast epithelial cells. Notably, accumulating evi-
dence shows a key role for the Hippo pathway in dictating the cellular phenotype in 
response to cell–matrix interactions, in particular in response to matrix stiffness 
[ 115 ,  116 ]. Because DDRs are collagen receptors, which may play a role in mecha-
nosensing [ 117 ], it will be interesting to investigate the role of DDRs in regulation 
of Hippo pathway in breast development and  breast cancer progression.   

 Taken together, the emerging evidence points to a complex role for DDR1 in 
breast cancer cell behavior, and therefore at this junction there is no clear consensus 
as to whether DDR1 plays suppressive or promoting effects or both on disease pro-
gression. This complexity is further highlighted by the fi nding of a heterogeneous 
expression of DDR1 in breast tissues showing that approximately 50 % of invasive 
breast carcinomas display high levels of DDR1, whereas the other half show reduced 
or no expression of receptor [ 58 ]. Thus, it is reasonable to speculate that the function 
of  DDR1   in disease progression may be dictated by the unique genomic and pro-
teomic makeup of each particular breast tumor. Identifying the molecular and  envi-
ronmental   factors that infl uence DDR1 action in breast cancer will help selecting 
those patients who will potentially benefi t from anti-DDR1 therapies.    

   DDR2   :    The accumulating data point to a role for  DDR2   in supporting the invasive 
and metastatic activities of breast cancer cells both in in vitro and in vivo assays. 
Using human MDA-MB 231 and mouse 4T1 breast cancer cells, and RNA silencing, 
Zhang et al. [ 41 ] demonstrated a key role for DDR2 in supporting in vitro tumor cell 
migration and invasion through a collagen matrix. Importantly, DDR2-silenced 4T1 
cells inoculated into the mammary fat pad developed fewer lung metastases [ 41 ]. In 
agreement with these studies, Ren et al. [ 71 ] found that DDR2 supported the meta-
static ability of MDA-MB-231 cells inoculated into the mammary fat pad. The effects 
of DDR2 on metastases were specifi c to the process of tumor cell dissemination 
because DDR2 had no effect on the growth of the primary tumors [ 41 ,  71 ]. The pro-
metastatic role of DDR2 was associated with the development of EMT and the abil-
ity of DDR2 to support Snail1 protein stabilization via an ERK-mediated pathway 
[ 41 ]. Ren et al. also showed that hypoxic conditions enhanced DDR2 expression in 
SK-BR3, MDA-MB-231 MDA-MD-468, and MCF-7 cells, concomitant with a pro-
migratory and proinvasive in vitro activity, which dependent on DDR2 expression 
[ 71 ]. The association between EMT and DDR2 was also shown in nonmalignant 
MCF10A cells, which upon treatment with TFG-β display induction of the EMT 
transcription factors Snail1 and Twist1, with the concomitant increase in DDR2 
expression [ 41 ]. Thus, DDR2 is an EMT upregulated gene in both nonmalignant and 
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malignant breast epithelial cells, which supports cell migration. A recent study in 
genetically modifi ed mice harboring a specifi c deletion of  DDR2  and mammary 
tumor virus-polyoma middle T antigen (MMTV-PyMT) tumors demonstrated the 
importance of this receptor in the development of breast cancer metastases, but not 
in the formation of primary tumors [ 118 ]. Importantly, these studies highlighted the 
contribution of stromal  DDR2 , rather than tumor-derived  DDR2 , in formation of lung 
metastases. Specifi cally, transplantation of MMTV-PyMT breast cancer cells into 
syngeneic mice with global  DDR2  deletion signifi cantly inhibited lung metastasis 
formation, regardless of the expression of  DDR2  in the tumor cells. Further analyses 
showed that the primary tumors growing in  DDR2 -defi cient mice displayed a signifi -
cant reduction in fi brillar collagen and reduced vascularization. Disruption in colla-
gen deposition and organization was ascribed to ineffective function of the 
cancer-associated fi broblasts, a major collagen-producing cells, present in the  DDR2 -
null mice. These cells also exhibited a reduced fi brogenic gene expression profi le 
suggesting that DDR2 is a pro-fi brotic gene in tumor stroma. Collectively, these 
studies demonstrated a key role for tumor and stromal DDR2 in breast cancer metas-
tases, and provided strong support for developing DDR2 inhibitors for the treatment 
of metastatic breast cancer [ 118 ]. Figure  7.3  provides a schematic representation of 
the reported functions of DDRs in experimental models of breast cancer.      

7.4          Conclusions: DDRs in  Breast   Tissues—an Evolving Field 

 The importance of the ECM in mammary gland development and breast cancer 
progression, the pivotal role that  RTKs   play in cancer, and the fact that DDRs are 
the only kinases that recognize collagen as their ligands provide a strong impetus to 
decipher the action of DDRs in normal and malignant breast tissues. Overall, the 
accumulated evidence strongly suggests a central role for DDRs in both normal and 
malignant breast tissues. However, in spite of the encouraging fi ndings, so far the 
overall picture remains incomplete and in many cases the evidence is limited and 
contradictory. Certain DDR-mediated functions have yet to be confi rmed or repro-
duced. Issues of kinase or ligand dependency for the biological effects observed 
remain unclear. Signifi cant inconsistencies exist in the experimental conditions; for 
instance, the contribution of collagen (2D, 3D) when analyzing effects on cell pro-
liferation/survival are not clearly delineated. Likewise, the nature and status of the 
substrate and/or presence of collagen ligands in assays of cell migration and inva-
sion are usually not addressed. Analyses of receptor activation status and kinetics in 
functional assays are not always examined. These uncertainties are further com-
pounded by the fact that cell lines may express both DDRs, which may complicate 
data interpretation in conditions that use common ligands. Moreover, discrepancies 
exist in the basal levels of DDRs expressed by breast cancer cell lines. We also lack 
a thorough understanding of the signaling networks and downstream effectors regu-
lated by DDRs in breast epithelial cells in response to collagen stimulation. 
Importantly, how these DDR signaling outcomes are affected, by the biophysical 
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  Fig. 7.3    Potential roles of DDRs in breast cancer cells.  DDR1  : ( a ) DDR1 promotes or supports 
cell proliferation and survival in response IGF-1 or MEK1/2 inhibitors. Knockdown of DDR1 
expression inhibits cell proliferation in MEK-resistant cells [ 77 ], unstimulated or IGF1-stimulated 
cells [ 87 ], or in genetic RNAi screen assays [ 92 – 94 ]. ( b ) Tyrosine kinase inhibitors (TKi) of DDR1 
activity provided confl icting results ( magenta box ), with some inhibiting [ 87 ,  89 ] and others hav-
ing no effect [ 90 ]. Likewise, downregulation of DDR1 by RNAi, under basal conditions, had no 
effects on cell proliferation [ 77 ]. ( c ) DDR1 mediates the induction of apoptosis in cells grown 
within 3D-collagen I [ 95 ]. This effect is blocked upon cleavage of DDR1 by MMP14 [ 96 ]. ( d ) 
DDR1 supports cell migration in response to IGF-1 [ 87 ], 3D-collagen I [ 85 ], and collagen IV [ 87 , 
 98 ], and supports invasion through Matrigel [ 84 ]. Inhibition of DDR1 expression by RNAi blocks 
migration [ 85 ,  87 ,  99 ]. Syk kinase elicits its an-migratory activity by blocking DDR1 [ 99 ]. ( e ) 
DDR1 is an inhibitor of cell migration and invasion: H-Ras/Zeb1 induces migration and invasion 
by downregulating DDR1 expression [ 72 ], and Wnt5a blocks migration by impairing collagen- 
dependent DDR1 activation [ 65 ,  105 ]. Inhibition of DDR1 expression by RNAi enhances migra-
tion and invasion [ 72 ]. Coexpression of DARPP-32 and DDR1 inhibits cell migration [ 103 ]. 
DDR2: ( a ) DDR2 is induced in response to resistance to MEK1/2 inhibition in TNBC cells, as a 
part of a kinome reprograming process designed to promote cell survival. DDR2 RNAi elicits 
synthetic lethality when administered with MEK inhibitors [ 77 ]. ( b ) DDR2 is not required for 
in vitro and in vivo proliferation of breast cancer cell lines [ 41 ,  71 ], as determined by RNAi. ( c ) 
TGF-β and hypoxia induce DDR2 expression and consequently enhance in vitro migration and 
invasion [ 41 ,  71 ]. ( d ) DDR2 is required for metastatic dissemination of human breast cancer cells 
when inoculated into mammary fat pads [ 41 ,  71 ] and in the mouse MMTV-PyMT model of mam-
mary cancer [ 118 ].  Solid arrows  show a positive or negative effect,  dotted arrows  indicate confl ict-
ing results;  green boxes  indicate a positive effect, and  red boxes  indicate an inhibitory effect       
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status of the collagen matrix, which may be key in conditions in which disease pro-
gression is associated with tissue stiffness. In this regard, the role of DDRs in mech-
anosensing remains practically unknown. In mice studies, cell- specifi c deletion of 
DDRs in the mammary gland need to be performed to clearly defi ne the role of 
DDRs in development and differentiation. In human tissues, more studies are 
required to better defi ne the relative levels of expression and receptor activation in 
various breast cancer subtypes and in primary vs. metastatic sites, utilizing highly 
specifi c antibodies and probes. Finally, the assessment of DDRs as therapeutic tar-
gets in breast cancer awaits the development of specifi c kinase inhibitors, a major 
challenge, but one that will help to elucidate their contribution to disease progres-
sion in more rigorous ways. These are challenges that are constantly met and thus 
we are hopeful that new and exciting fi ndings will illuminate the DDR fi eld and 
elucidate their role and therapeutic value in normal and diseased  breast tissues  .     
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