
Discoidin domain receptor 1 (DDR1)
ablation promotes tissue fibrosis and
hypoxia to induce aggressive basal-like
breast cancers
Ken Takai,1,2 Allison P. Drain,3 Devon A. Lawson,1,6 Laurie E. Littlepage,1,7 Marcela Karpuj,1,8

Kai Kessenbrock,1,9 Annie Le,1 Kenichi Inoue,2 Valerie M. Weaver,3,4,5 and Zena Werb1

1Department of Anatomy, University of California at San Francisco, San Francisco, California 94143, USA; 2Division of Breast
Oncology, Saitama Cancer Center, Saitama 362-0806, Japan; 3Department of Surgery, Center for Bioengineering and Tissue
Regeneration, University of California at San Francisco, San Francisco, California 94143, USA; 4Department of Bioengineering and
Therapeutic Sciences, University of California at San Francisco, San Francisco, California 94143, USA; 5Department of Radiation
Oncology, University of California at San Francisco, San Francisco, California 94143, USA

The discoidin domain receptor 1 (DDR1) is overexpressed in breast carcinoma cells. Low DDR1 expression is as-
sociated with worse relapse-free survival, reflecting its controversial role in cancer progression. We detected DDR1
on luminal cells but not on myoepithelial cells of DDR1+/+ mice. We found that DDR1 loss compromises cell ad-
hesion, consistent with data that older DDR1−/− mammary glands had more basal/myoepithelial cells. Basal cells
isolated from older mice exerted higher traction forces than the luminal cells, in agreement with increased mam-
mary branches observed in older DDR1−/− mice and higher branching by their isolated organoids. When we crossed
DDR1−/− mice with MMTV-PyMT mice, the PyMT/DDR1−/− mammary tumors grew faster and had increased
epithelial tension and matricellular fibrosis with a more basal phenotype and increased lung metastases. DDR1
deletion induced basal differentiation of CD90+CD24+ cancer cells, and the increase in basal cells correlated with
tumor cell mitoses. K14+ basal cells, including K8+K14+ cells, were increased adjacent to necrotic fields. These data
suggest that the absence of DDR1 provides a growth and adhesion advantage that favors the expansion of basal cells,
potentiates fibrosis, and enhances necrosis/hypoxia and basal differentiation of transformed cells to increase their
aggression and metastatic potential.

[Keywords: DDR1; mammary development; breast cancer; necrosis/hypoxia; basal-like phenotype]

Supplemental material is available for this article.

Received May 2, 2017; revised version accepted January 24, 2018.

Discoidin domain receptor 1 (DDR1) is a member of the
subfamily of receptor tyrosine kinases (RTKs) activated
by collagen (Shrivastava et al. 1997; Vogel et al. 1997)
and is widely expressed in human and mouse epithelial
cells (Alves et al. 1995). In mice, the absence of DDR1 re-
sults in a delay of pubertal mammary ductal growth at 3
wk of age (Vogel et al. 2001). However, by 3 mo, the mam-
mary glands of DDR1−/− mice show high collagen depos-
its in stroma, high proliferation rates of mammary
epithelial cells, and increased mammary branches (Vogel
et al. 2001). In part, these divergent roles of DDR1 in

mammary developmentmay be explained by the previous
reports showing that in in vitro studies, DDR1 promotes
cell proliferation, differentiation, and migration by de-
grading collagen (Hou et al. 2001; Ferri et al. 2004; Neu-
haus et al. 2011; Roberts et al. 2011; Yeh et al. 2011).
However, the possiblemechanismofmammary hyperpro-
liferation and hyperbranching by DDR1 ablation at later
stages remains obscure.

Since events during development may be mirrored by
events during tumor progression, understanding these
roles for DDR1 in development may give insights into
DDR1’s roles in cancer. Nevertheless, the results of mam-
mary development in DDR1−/− mice make it difficult to
hypothesize whether DDR1 will promote or suppress
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cancer. Indeed, DDR1 is associated with cancer. In several
studies, the effects of DDR1 in cancer progression suggest
that it may be both procancer and anti-cancer, in keeping
with the dual phenotypes in mammary development.
DDR1 is overexpressed in breast, ovarian, and lung carci-
noma cell lines (Johnson et al. 1993; Zerlin et al. 1993; La-
val et al. 1994; Alves et al. 1995; Barker et al. 1995; Perez
et al. 1996; Ford et al. 2007), and high expression of
DDR1 correlates with poor prognosis of serous ovarian
cancer, lung cancer, and pancreatic ductal adenocarcino-
ma (Quan et al. 2011; Valencia et al. 2012; Huo et al.
2015). On the one hand, activation of DDR1 by collagen
promotes protumorigenic phenotypes, including up-regu-
lation of the expression of MMP-1, MMP-2, and MMP-9;
increased degradation of collagen; up-regulation of expres-
sion of SOX2 and NANOG; promotion of cell invasion;
metastasis; and regulation of cancer stem cell traits
(Hou et al. 2001, 2002; Ferri et al. 2004; Gao et al. 2016).
DDR1 stabilizes E-cadherin (Eswaramoorthy et al. 2010;
Yeh et al. 2011) and mediates suppression of actomyosin
at cell–cell contacts to promote collective cell migration
(Hidalgo-Carcedo et al. 2011). InterferencewithDDR1 sig-
naling inmetastatic breast cancer cell lines decreases their
ability to colonize lung tissue (Hidalgo-Carcedo et al.
2011; Gao et al. 2016).Moreover, knockdown ofDDR1 de-
creases the viability of breast, pancreatic, and ovarian can-
cer cell lines (Marcotte et al. 2012). These studies indicate
that DDR1 might function as an oncogene.
On the other hand, a moderate reduction in DDR1

mRNA levels was shown in the majority of middle- to
high-grade human breast carcinomas compared with nor-
mal mammary tissues (Neuhaus et al. 2011). Another
clinical study of lung cancer patients showed that low ex-
pression of DDR1 is associated with a worse prognosis
than its high expression (Ford et al. 2007). Also, a clinical
study of breast cancer patients showed that DDR1 expres-
sion was not predictive for survival (Ren et al. 2013). Fur-
thermore, induction of DDR1 may inhibit migration of a
DDR1-deficient breast cancer cell line (Hansen et al.
2006). Disruption of DDR1 in cell–cell contacts in cancer
may favor metastasis by invading blood vessels (Hidalgo-
Carcedo et al. 2011). These data indicate that deletion of
DDR1 might promote aggressive cancer. As a result, the
role of DDR1 in cancers is controversial.
To understand the role of DDR1 in breast tumorigene-

sis, we established an animal model using DDR1 knock-
out mice crossed into the MMTV-PyMT mouse and
tested the hypothesis that DDR1 ablation leads to an ag-
gressive form of breast cancer. We then analyzed breast
cancer databases to establish howDDR1 levels are related
to prognosis.

Results

DDR1 is expressed in luminal epithelial cells
and regulates basal/myoepithelial cells

Since the effects of genes in development may give in-
sights into their roles in cancer, we first verified the role
of DDR1 in normal mammary gland development using

the DDR1−/− mouse model. When we analyzed the mam-
mary gland tissues from DDR1+/+ mice by immunostain-
ing with anti-DDR1 antibody and anti-α-smooth muscle
actin (α-SMA) antibody, which is a marker of myoepithe-
lial cells, we detected DDR1 in the luminal cell compart-
ment but not onmyoepithelial cells (Fig. 1A), aswas found
in the kidneys, where DDR1 expression also does not
colocalize with staining for α-SMA following kidney inju-
ry (Lee et al. 2004).
In whole-mount carmine red-stained mammary gland

tissues in DDR+/+ and DDR1−/− mice, we observed two
distinct phenotypes: one during active pubertal growth
and another in adult mammary glands. Mammary devel-
opment, as assayed by primary duct lengths and frequency
of mammary duct branches, was delayed in 5-wk-old
DDR1−/− mice but accelerated in 8-wk-old DDR1−/−

mice (Fig. 1B,C). Our results showing distinct stage-specif-
ic effects of DDR1 (Table 1) are consistent with a previous
analysis showing that development of mammary glands
was delayed in 3-wk-old DDR1−/− mice but that the num-
ber of mammary ducts was increased in 12-wk-old
DDR1−/− mice due to hyperproliferation of the epitheli-
um (Vogel et al. 2001).
To determine the mechanisms that might be involved

in the altered branching phenotype, we generated a cell
line with a DDR1 knockdown. Consistent with the liter-
ature, the DDR1 knockdown mammary epithelial cells
were slower in attaching to collagen than the wild-type
control (Supplemental Fig. S1A; Ram et al. 2006; Xu
et al. 2012). In keeping with this phenotype, the DDR1
knockdown cells were less contractile when seeded with-
in collagen gels (Supplemental Fig. S1B). These data along
with the known role of DDR1 in supporting collective cell
migration suggest that DDR1 knockout directly impairs
the ability of the luminal population to properly organize
and execute branching morphogenesis (Hidalgo-Carcedo
et al. 2011). Indeed, by flow cytometry analysis, we ob-
served that the basal/myoepithelial CD24lowCD49fhigh

cell population was similar in DDR1−/− and DDR1+/+

mice in puberty at 5 wk of age but was significantly in-
creased in adult 8-wk-old DDR1−/− mouse mammary
glands compared with DDR1+/+ mice (Fig. 1D,E).
Collagen contraction assays and traction force micro-

scopic analysis of the basal versus the luminal isolated
populations revealed that the basal cells are significantly
more contractile (Fig. 1F). The relevance of the altered ra-
tio of highly contractile basal cells to luminal cells was ex-
plored by coculturing aggregates of luminal and basal cells
and assaying for branching morphogenesis. First, we
crossed K14-GFP mice with the DDR1 knockout mouse
line. We then isolated K14− luminal cells and K14+

basal/myoepithelial cells from K14+/DDR1+/+ mouse
mammary glands by flow cytometry (Supplemental Fig.
S1C), aggregated the K14− luminal cells with and without
K14+ highly contractile basal cells overnight, collected the
cell aggregates, and cultured them inMatrigel for three-di-
mensional (3D) organoid branching assays. Aggregating
K14− luminal cells with K14+ contractile basal/myoepi-
thelial cells promoted mammary branching (Supplemen-
tal Fig. S1D). We then isolated K14− luminal cells and
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K14+ basal/myoepithelial cells from K14/DDR1+/+ mice
andK14/DDR1−/−mice by flow cytometry and aggregated
K14−/DDR1+/+ and K14−/DDR1−/− luminal cells with
K14+/DDR1+/+ and K14+/DDR1−/− basal cells (Fig. 1G).
K14+/DDR1−/− contractile basal/myoepithelial cells pro-
moted mammary branching (Fig. 1H). Since DDR1 is not
expressed on myoepithelial cells and since incubation of
K14−/DDR1−/− luminal cells with K14+/DDR1+/+ basal/
myoepithelial cells did not promote mammary branching
(Fig. 1H), this result indicates that DDR1 on luminal cells

and interactionwith K14+ contractile basal/myoepithelial
cells are required for mammary branching, likely mediat-
ed through a combination of tension-mediated interac-
tions and paracrine signaling.

These data suggest stage-specific roles for DDR1 during
mammary development. Thus, reduction of mammary
branching at 5 wk of age in DDR−/− mice may be due to
the loss of DDR1 functions as a collagen receptor and col-
lective cell migration in luminal cells, whereas the accel-
erated branching in DDR−/− mice at 8 wk of age may be
the result of the expansion of the basal/myoepithelial
compartment.

DDR1−/− mammary tumors grow faster and are more
basal and necrotic

To determine howDDR1 alters in breast tumor prognosis,
we determined whether deletion of DDR1 leads to more
aggressive breast tumors. We crossed DDR1−/− mice
with MMTV-PyMT mice, a transgenic luminal B breast
cancer model (Supplemental Fig. S2A; Lin et al. 2003).
We validated DDR1 expression levels in primary tumors

Figure 1. DDR1 is expressed in luminal epithelial
cells and regulates basal/myoepithelial cells. (A) Im-
munofluorescence of mammary glands from
DDR1−/− mice was conducted by using anti-DDR1
(green) and anti-α-SMA (red) antibodies. DDR1 was
detected in the luminal cell compartment but not
on myoepithelial cells. (B,C ) Carmine red whole-
mount staining of representative mammary glands
showed that mammary development of DDR1−/−

mice was delayed at 5 wk but promoted at 8 wk. (B)
The mammary ducts reached the dashed lines at 5
wk. (C ) Primary ductal length (in millimeters) (left
panel) and frequency ofmammary branching (branch-
es per millimeter) (right panel) are shown. Data are
shown as mean ± SD. n = 3–4. (∗) P < 0.05, unpaired
Student’s t-test. (D,E) Flow cytometry analysis was
conducted using anti-CD24 and anti-CD49f antibod-
ies to examine the relationship between mammary
development and epithelial populations. (D) Repre-
sentative data are shown. (Basal/Myo) Basal/myoepi-
thelial cells; (Lu) luminal cells; (Strm) stromal cells.
(E) Basal/myoepithelial (CD24low CD49fhigh) cells in-
creased in 8-wk-old DDR1−/− mammary glands. (∗) P
< 0.05, one-way ANOVA and unpaired Student’s t-
test. (F ) Traction stresses generated on collagen-coat-
ed polyacrylamide gels by luminal (CD24high

CD49flow) and basal/myoepithelial (CD24low

CD49fhigh) cells isolated from wild-type murine
mammary glands by flow cytometry. The results
shown represent the maximum traction stress gener-
ated by single cells. (∗) P < 0.01, unpaired Student’s t-
test. (G,H) K14− luminal cells and K14+ basal/myoe-
pithelial cells were isolated from K14/DDR1+/+ mice
and K14/DDR1−/− mice by flow cytometry (shown
inG). K14−/DDR1+/+ and K14−/DDR1−/−weremixed
and aggregated with K14+/DDR1+/+ and K14+/
DDR1−/− for a three-dimensional (3D) branching as-

say. (H) K14+/DDR1−/− basal/myoepithelial cells promotedmammary branching. K14+/DDR1+/+ cells did not promotemammary branch-
ing of K14−/DDR1−/− luminal cells.

Table 1. Comparison of DDR1−/− mice and PyMT/DDR1−/−

mice

DDR1−/− PyMT/DDR1−/−

Branching ↓ (in vitro) Branching ↓ (in vitro)
Branching ↓, duct length ↓ (5 wk in
vivo)

Small clusters (in vivo)

Branching ↑ (8 wk in vivo) Tumor growth ↑ (in
vivo)

Basal/myoepithelial cells ↑ (8 wk in
vivo)

K14+ cells ↑ (in vivo)
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of PyMT/DDR1+/+, PyMT/DDR1+/−, and PyMT/DDR1−/−

mice by quantitative PCR (qPCR). As expected, PyMT/
DDR1−/− mice did not express DDR1, whereas DDR1 ex-
pression in PyMT/DDR1+/− was intermediate as com-
pared with PyMT/DDR1+/+ (Supplemental Fig. S2B).
In support of this model, we found that DDR1 expres-

sion was higher in luminal-type than basal-type human
cancer cells (Supplemental Fig. S2C; Neve et al. 2006).
Tumors frombothPyMT/DDR1+/− andPyMT/DDR1+/+

mice had similar growth rates (Fig. 2A). In contrast, prima-
ry tumors of PyMT/DDR1−/− mice grew faster (although
therewere no differences in the tumor onset) (Fig. 2A; Sup-
plemental Fig. S3A) and often showed necrotic areas with
hemorrhage (Supplemental Fig. S3B). In hematoxylin and
eosin (H&E)-stained tissue sections, the tumor tissues
had large necrotic regions with more differentiated epi-
thelial clusters surrounding the necrotic regions. The
DDR1+/+ and DDR1+/− mammary tumors were largely
made up of large epithelial glandular clusters, while the
DDR1−/− mammary tumors had small areas of differenti-
ated epithelial clusters with increased areas of necrosis
(Fig. 2B–D). Even small clusters had necrotic areas in the
DDR1−/− mammary tumors (Supplemental Fig. S3C).
We next determined whether the proliferative status of

these tumors was related to their growth rates by staining
tissues for phospho-histone H3 (phH3). PhH3+ cells were
localized in the tumorsmainly around the edges of the ep-
ithelial clusters. PyMT/DDR1−/− mammary tumors had
significantly more phH3+ cells than control tumors that
expressed DDR1 (Fig. 2E,F). This suggests that DDR1−/−

mammary tumors are more proliferative than DDR1+/+.
Wealso examined expressionof luminalmarkers (E-cad-

herin and keratin 8 [K8]) and basal markers (keratin 14
[K14], vimentin, and DDR2) in primary tumors by immu-
nofluorescence. Vimentin expression levels increased in
DDR1−/− epithelial clusters (Fig. 2G,H). K14+ basal cells
mainly encircled the edges of the epithelial clusters in all
three genotypes (Fig. 2I). However, K14+ basal cells in
DDR1−/− tumor epithelial clusters increased in numbers,
while the expression levels of E-cadherin in DDR1−/− epi-
thelial clusters decreased (Fig. 2I,J).
Since DDR2 also affects tumor progression (Zhang et al.

2013; Corsa et al. 2016), we asked whether its expression
was changed in the absence of DDR1. We observed that
DDR2+ cells increased in numbers in DDR1−/− epithelial
clusters and near the necrotic area (Fig. 2K,L; Supplemen-
tal Fig. S3D,E).
We also observed a trend toward increased K8+K14+

basal-like cells in DDR1−/− epithelial clusters (Supple-
mental Fig. S3F,G). However, more K8+K14+ basal-like
cells were seen in the epithelial regions at the outer edge
of the necrosis (Supplemental Fig. S3H,I). K14+ basal cells
(K8+K14+ and K8−K14+ cells) significantly increased in
DDR1−/− epithelial regions next to necrosis (Fig. 2M,N),
while K8+K14+ basal-like cells tended to increase (Supple-
mental Fig. S3J).
We then determined which cell compartment prolifer-

ated in DDR1−/− mammary tumors by staining tissues
for K8, K14, and phH3. PhH3+ cells were localized mainly
in K8+ luminal cells of the epithelial clusters (Supplemen-

tal Fig. S4A,B). Moreover, K8+K14+ basal-like cells prolif-
erated at significantly higher rates, especially near the
necrotic regions in DDR1−/− mammary tumors (Supple-
mental Fig. S4C,D). PhH3 positivity correlated with
K14+ basal cell numbers (correlation coefficient r = 0.75)
rather than K8+K14+ basal-like cell numbers (r = 0.07) in
epithelial clusters.
Finally, to examine whether DDR1 deletion alters the

phenotype of K8+K14+ basal-like cells, we stained tumor
tissues for K8, K14, and DDR2. K8+K14+ basal-like cells,
which up-regulated DDR2 expression, increased signifi-
cantly in DDR1−/− mammary tumors (Supplemental Fig.
S5A,B). Moreover, DDR1 deletion decreased branching
in tumor organoids in vitro (Supplemental Fig. S5C,D).
These data suggest that tumor growth correlates with

K14+ basal cell numbers and that when DDR1 is knocked
out, the tumors have amore basal phenotype and aremore
aggressive. Taken together, these data suggest that loss of
DDR1 may lead to breast cancers of poorer prognosis.

Hypoxic regions show increased hypoxia-inducible
factor-1α (HIF1α) expression

Tumor necrosis is significantly associated with hypoxia
and in basal-type breast cancer and is an independent pre-
dictor for early recurrence and death (Gilchrist et al. 1993;
Fulford et al. 2006). Since reduced expression of DDR1 in
primary tumors increased the amount of necrosis in tu-
mors (Fig. 2D), we hypothesized that necrosis and hypoxia
might be linked in the DDR1−/− tumors. Using immuno-
fluorescent staining for HIF1α in primary tumors, we ob-
served that tumor necrosis was associated with hypoxia.
HIF1α was highly increased in the PyMT/DDR1−/− mam-
mary tumor tissue and was expressed near necrotic re-
gions (Fig. 2O).

PyMT/DDR1−/− tumors have increased fibrosis and
exhibit increased mechanochemical tension

Basal-like breast tumors often present as highly fibrotic,
which contributes to disease aggression through enhanced
tumor cell mechanosignaling and impaired vasculariza-
tion, leading to hypoxia (Leight et al. 2017; Northey
et al. 2017). Consistently, picrosirius red staining showed
that the more basal-like DDR1−/− tumors contain signifi-
cantly more fibrillar collagen than the DDR1+/+ tumors
(Fig. 3A,B). Atomic force microscopy (AFM) further re-
vealed that the DDR1−/− tumors have a higher elastic
modulus than the DDR1+/+ controls (Fig. 3C,D). To deter-
minewhether the stiffened collagen-rich extracellularma-
trix (ECM) of DDR1−/− tumors corresponded to a higher
level of mechanosignaling within the tumor, we analyzed
levels of focal adhesion kinase (FAK) phosphorylation at
Tyr397 in tumor lysates (Fig. 3E). We observed increased
FAKphosphorylation in theDDR1−/− tumors,which is in-
dicative of integrin-mediated signaling and focal adhesion
formation that has been shown to promote tumor progres-
sion (Levental et al. 2009). Moreover, the loss of DDR1 re-
sulted in more contractile tumors, as shown by increased
pMLC2 staining in theDDR1−/− tumors (Fig. 3F,G). Given
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the reduction in cell contractility upon DDR1 knock-
down in vitro, we asked whether the increased contrac-
tility in DDR1−/− tumors could be attributed to the
dramatic expansion of the basal/myoepithelial compart-
ment in DDR1−/− mammary glands. Indeed, using trac-

tion force microscopy on flow-sorted luminal and
basal/myoepithelial cells from the murine mammary
glands, we also showed that the basal/myoepithelial cells
generated much higher traction forces (Fig. 1F). These
data suggest that the aggressive basal-like phenotype of

Figure 2. DDR1−/− mammary tumors grow
faster and are more basal and necrotic. (A) Pri-
mary tumor burden of PyMT/DDR1−/− mice
compared with PyMT/DDR1+/+ and PyMT/
DDR1+/− mice. PyMT/DDR1−/− mammary
tumors grow faster than control tumors.
Data are shown as mean ± SD. n = 4–7. (∗) P <
0.02, one-wayANOVAand unpaired Student’s
t-test. (B) DDR1+/+ and DDR1+/− mammary
tumors showed large epithelial clusters, and
DDR1−/− tumors showed multiple small clus-
ters and central necrosis (orange dots) by H&E
staining. Representative photographs are
shown (13 wk). n = 3. (C ) The lengths of epi-
thelial tumor clusters were measured.
DDR1−/− primary tumors show small clusters
by H&E staining. Data are shown as mean ±
SD. n = 3. (∗) P < 0.05; (∗∗) P < 0.02, one-way
ANOVA and unpaired Student’s t-test. (D)
Percentage of necrotic clusters out of small
clusters (200–300 µm in length) was mea-
sured. Necrotic small clusters increased in
DDR1−/− tumors. Data are shown as mean ±
SD. n = 3. (∗) P < 0.02, one-way ANOVA and
unpaired Student’s t-test. (E,F ) Immunofluo-
rescence of DDR1+/+ and DDR1−/− mammary
tumor tissues using anti-keratin 8 (anit-K8)
(green) and anti-phospho-histone H3 (phH3)
(red) antibodies. (Blue) DAPI-stained nuclei.
(E) Representative photographs are shown.
PhH3+ cells were present mainly at the edge
of the epithelial clusters. (F ) The percentage
of phH3+ cells per epithelial cell (K8+ and
phH3+) shows that DDR1−/−mammary tumor
cells are more proliferative. Data are shown as
mean ± SD. n = 3. (∗) P < 0.02, unpaired Stu-
dent’s t-test. (G) Immunofluorescence of
DDR1+/+ and DDR1−/− mammary tumor tis-
sues using anti-vimentin antibody (red) and
DAPI-stained nuclei (blue). Representative
photographs are shown. (H) Expression levels
of vimentin were quantified by using ImageJ
software. Vimentin levels increased in

DDR1−/− epithelial clusters. Data are shown as mean ± SD. n = 4. (∗) P < 0.05, unpaired Student’s t-test. (I,J) Immunofluorescence of
DDR1+/+, DDR1+/−, and DDR1−/− mammary tumor tissues using anti-E-cadherin (green) and anti-keratin 14 (anti-K14) (red) antibodies
and DAPI-stained nuclei (blue). (I ) K14+ basal cells were mainly at the edges of the epithelial clusters. Representative photographs are
shown. (J) The ratio of K14+ basal cells per epithelial (E-cadherin+ and K14+) cell increased ([∗] P < 0.02; [∗∗] P < 0.05, one-way ANOVA
and unpaired Student’s t-test) (left panel) and expression of E-cadherin decreased ([∗∗] P < 0.05, one-way ANOVA and unpaired Student’s
t-test) (right panel) in DDR1−/− epithelial clusters. Data are shown as mean ± SD. n = 3. (K,L) Immunofluorescence of the primary tumors
was performed by using anti-K8 (green) and anti-DDR2 (red) antibodies. (Blue) DAPI-stained nuclei. (K ) Representative photos of tumor
epithelial clusters are shown. (L) The ratio of DDR2+ cells per epithelial cell increased significantly in DDR1−/− epithelial clusters. Data
are shown as mean ± SD. n = 3. (∗) P < 0.01, one-way ANOVA and unpaired Student’s t-test. (M,N) Immunofluorescence of DDR1+/+,
DDR1+/−, and DDR1−/− mammary tumor tissues was conducted by using anti-K8 (green) and anti-K14 (red) antibodies. (Blue) DAPI-
stained nuclei. (M ) Representative photos of tumor necrotic areas are shown. (N) K14+ basal cells, including K8+K14+ basal-like cells (yel-
low), significantly increased near necrotic fields ofDDR1−/−mammary tumor tissues.Data are shown asmean ± SD.n = 3. (∗) P < 0.05, one-
way ANOVA and unpaired Student’s t-test. (O) Immunofluorescence of DDR1−/− mammary tumor tissues using anti-E-cadherin (green)
and anti-hypoxia-inducible factor α (anti-HIF1α) (red) antibodies and DAPI-stained nuclei (blue). (Right panel) The white dots represent a
border between an epithelial and a necrotic field. HIF1α is expressed and localized near necrosis.
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the DDR1−/− tumors may result from a competitive ad-
vantage of the already enriched basal population due to
a DDR1-dependent impairment in luminal cell interac-
tions with the ECM.

Loss of DDR1 results in increased lung metastases

Since basal tumors with increased basal markers have a
poor outcome in breast cancer patients (Perou et al.
2000; Sorlie et al. 2001, 2003; van de Rijn et al. 2002),
we next determined whether DDR1 plays a role in
lung metastasis. When we scored the macroscopic and
microscopic metastatic burden, we found increased me-
tastasis in both volume and numbers of metastases in
the lungs of PyMT/DDR1−/− mice (Fig. 4A–C). When
we examined the epithelial differentiation state of met-
astatic tumors in the lungs, we found K8+K14+ basal-like
cells in most of the metastatic tumors even with any

small size regardless of DDR1 genotype (Fig. 4D,E).
Next, to examine whether DDR1 deletion is associated
with the epithelial differentiation, we focused on the
proportion of K8−K14+ basal cells in the small metastat-
ic tumors and found that K8−K14+ basal cells signifi-
cantly increased in DDR1−/− metastases (Fig. 4F,G).
These results suggest that DDR1 deletion might induce
basal differentiation.

CD90+CD24+ cells from PyMT/DDR1−/− tumors
transplanted intowild-typemice yield high-grade tumors
resembling the PyMT/DDR1−/− primary tumors

CD90+CD24+ cells are enriched for metastasis-initiating
cells (Malanchi et al. 2012). Based on the increased metas-
tasis, we asked whether PyMT/DDR1−/− tumors are
enriched in CD90+CD24+ cells and found that the
DDR1−/− mammary tumor cell populations contained

Figure 3. PyMT/DDR1−/− tumors have increased fibrosis and exhibit increasedmechanochemical tension. (A,B) Picrosirius red staining
of primary tumors (A) and quantification (B) by the percent area of birefringent signal in each image. (A) Representative photographs are
shown. (B) DDR1−/− tumors contain significantlymore fibrillar collagen thanDDR1+/+ tumors.Data are shown asmean ± SD. n = 3. (∗) P <
0.05, unpaired Student’s t-test. (C,D) Quantification of tissue elasticmodulusmeasured by AFM. (C ) (∗) P < 0.0001,Mann-WhitneyU-test.
(D) The histogram shows the distribution of the top 10% ofmeasurements for each group. DDR1−/− tumors have a higher elastic modulus
than DDR1+/+ tumors. (E) Quantification of Western blots for pFAKY397 protein in wild-type and DDR1 knockout tumor tissue lysates
normalized to total FAK protein levels. FAK phosphorylation increased in DDR1−/− tumors. Data are shown as mean ± SD. n = 6. (∗) P
< 0.02, unpaired Student’s t-test. (F,G) Immunofluorescence of the primary tumors was performed by using anti-K8 (green) and anti-
pMLC2 (red) antibodies. (Blue) DAPI-stained nuclei. (F ) Representative photographs are shown. Thewhite dots represent a border between
an epitheliumand a stroma. (G) The ratio of pMLC2+ cells per epithelial cell increased significantly inDDR1−/− tumors.Data are shown as
mean ± SD. n = 3. (∗) P < 0.05, unpaired Student’s t-test.
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moreCD90+CD24+ cells (Fig. 5A,B). To understand the in-
fluence on epithelial differentiation byDDR1deletion,we
collected CD90+CD24+ cells from both PyMT/DDR1+/+

and PyMT/DDR1−/− primary tumors by flow cytometry.
We then transplanted 2000 CD90+CD24+ cells into
the mammary glands of wild-type recipient mice. We
observed sections of one grafted tumor from PyMT/
DDR1+/+ CD90+CD24+ cells and two grafted tumors
from PyMT/DDR1−/− CD90+CD24+ cells. The grafted tu-
mors from PyMT/DDR1+/+ mice had amore luminal mor-
phology with large epithelial clusters (Fig. 5C). In
contrast, one grafted mammary tumor from PyMT/
DDR1−/− cells was less differentiated, and its size was
larger (Fig. 5C). The other grafted tumor from PyMT/
DDR1−/− cells grew huge once but shrank later and had ar-
eas of hemorrhagic necrosis (Fig. 5C). These PyMT/
DDR1−/− CD90+CD24+ cell-derived tumors displayed de-
creased expression of E-cadherin and increased vimentin+

cells and also had increased numbers of K14+ basal cells
and K8+K14+ basal-like cells near the necrotic areas (Fig.
5D–F). Tumor size correlated with increased K14+ basal
cells in DDR1−/− epithelial areas. These results indicate
that, after transplantation with CD90+CD24+ cells from
primary tumors, the phenotype of the transplanted tu-
mors resembled that of the primary tumor from which
they were derived and suggest that DDR1 deletion in
CD90+CD24+ cells induces basal differentiation and that

the resulting increase in K14+ basal cells in the DDR1−/−

epithelium promotes tumor growth.

DDR1 expression predicts prognosis in breast cancer

DDR1 is overexpressed in some breast, lung, ovarian,
brain, and esophageal cancers and leukemia (Johnson
et al. 1993; Zerlin et al. 1993; Laval et al. 1994; Alves et
al. 1995; Barker et al. 1995; Perez et al. 1996; Ford et al.
2007), implicating DDR1 as a candidate oncogene. In
breast cancer cell lines, DDR1 expression was higher in
luminal-type than in basal-type human cell lines by mi-
croarray analysis (Supplemental Fig. S2C; Neve et al.
2006). When we stained the luminal-type (MCF7, T47D,
SKBR3, and BT474) and basal-type (MDA-MB231 and
HS578T) cell lines for DDR1 and E-cadherin by immuno-
fluorescence, we observed staining on luminal-type cells
(except in BT474) but not on basal-type cells (Fig. 6A,B).
Cultured MMTV-PyMT mouse luminal B-type tumor
cells that expressed E-cadherin also expressed DDR1
(Fig. 6C).

We next analyzed clinical data from breast cancer pa-
tients (Chin et al. 2006) and found that DDR1 expression
was lower in basal-type than in luminal-type tumors (Fig.
6D). The relapse-free survival ratewas lower in the patient
group of low DDR1 expression by a Kaplan-Meier plot
(Fig. 6E; Gyorffy et al. 2010; Szasz et al. 2016). These

Figure 4. Loss of DDR1 results in in-
creased lung metastases. (A) PyMT/
DDR1−/− mice show larger and increased
lung metastatic tumors macroscopically.
(B) PyMT/DDR1−/− mice have larger and
increased numbers of lung metastatic tu-
mors byH&E staining. (C ) The left panel in-
dicates lung tumor volume. The right panel
indicates lung tumor number per lobe. (∗) P
< 0.05, one-way ANOVA and unpaired Stu-
dent’s t-test; (∗∗) P < 0.05, unpaired Stu-
dent’s t-test. (D–G) Immunofluorescence
of lungs using anti-K8 (green) and anti-K14
(red) antibodies and DAPI-stained nuclei
(blue). Metastatic tumor cells are located
inside the dashed lines. K8+K14+ basal-like
cells (yellow arrows) are detected in most
of the metastatic tumors regardless of
DDR1 genotype. (D,E) Data are shown as
mean ± SD. n = 3. Unpaired Student’s t-
test. (F,G) K8−K14+ basal cells (red arrows)
significantly increased in DDR1−/− small
(length <75 µm) metastatic tumors. n = 8–
10. (∗) P < 0.01; (∗∗) P < 0.05, one-way
ANOVA and unpaired Student’s t-test.
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data suggest that DDR1 expression is prognostic of sur-
vival in breast cancer patients.

Discussion

In the present study, we discovered that luminal cells, but
not basal/myoepithelial cells, expressDDR1 and that after
DDR1 deletion, luminal-type MMTV-PyMT mammary
tumors exhibit basal-type characteristics, grow faster,
and have enhanced lung metastasis. The mechanism un-
derlying these results may derive from a reduced ability
of luminal cells to interact with collagen, leading to an
enrichment of the basal cell population, basal differentia-
tion of DDR1−/− CD90+CD24+ cells with primary tumor
growth promoted by basal cells, and the enhanced tumor
necrosis/hypoxia seen in DDR1−/− tumors, which in
turn increases the number of K14+ basal cells, including
K8+K14+ cells (Fig. 7). Our data suggest thatDDR1 thwarts
the development of poor-prognosis tumors. Thus, elimina-
tion of DDR1 may result in a more aggressive basal-type
breast cancer. In keepingwith these results, DDR1 expres-
sion is lower in basal-type than in luminal-type tumors.
Since the basal phenotype promotes the invasion/migra-
tion activity of mammary tumor cells (Hendrix et al.
1997;McInroy andMaatta 2007;Cheung et al. 2013;Corsa
et al. 2016), this provides a second mechanism by which
loss of DDR1 acts. Correlating with the DDR1-deficient
mammary tumor model, we found that basal/myoepithe-
lial cells increased in adult DDR1−/− mammary glands
and facilitated mammary branching in vitro. This may
be a mechanism underlying the mammary hyperbranch-
ing in adult mammary glands by DDR1 ablation, and
this effect may reflect breast tumor progression promoted
by DDR1 ablation. On the other hand, DDR1 deletion de-
creased branching inmammary cells and tumor organoids
in vitro and reduced mammary branches and ductal
lengths inmammary development in vivo and luminal tu-
mor cluster size in PyMT tumors (Table 1). These findings
can be explained by impaired functions in collective cell
migration and a collagen receptor by loss of DDR1.
Why does DDR1 deletion promote necrosis in luminal

tumor epithelial cell regions? It is generally believed
that central necrosis is caused by a shortage of the
local blood supply (hypoxia) due to rapid tumor growth
(Brown 2007). Since DDR1−/− mammary tumors grew
more rapidly, with an increase in fibrillar collagens
that comprised a stiffer ECM, this allowed tumor necro-
sis to occur more frequently. Necrosis accretion in turn
may increase numbers of K14+ basal cells and pro-
mote lung metastasis. These observations may explain
the relationship between tumor necrosis and tumor
aggressiveness.
The basal markers such as vimentin, K14, and DDR2

promote tumor cell invasion and correlate with poor prog-
nosis (Hendrix et al. 1997; Thomas et al. 1999; Abd El-
Rehim et al. 2004; McInroy and Maatta 2007; Karantza
2011; Valiathan et al. 2012; Cheung et al. 2013; Ren
et al. 2013; Zhang et al. 2013; Leitinger 2014; Corsa
et al. 2016; Zelenko et al. 2017). Since DDR1−/− tumors

Figure 5. CD90+CD24+ cells from PyMT/DDR1−/− tumors
transplanted into wild-type mice yield high-grade tumors resem-
bling the PyMT/DDR1−/− primary tumors. (A,B) FACS analysis
from DDR1+/− and DDR1−/− mammary tumor cells using anti-
CD90 and anti-CD24 antibodies. DDR1−/− mammary tumor
cells have more CD90+CD24+ cancer cells than control tumors.
Data are shown as mean ± SD. n = 5–6. (∗) P < 0.02, unpaired Stu-
dent’s t-test. (C ) Two-thousand CD90+CD24+ cancer cells from
PyMT/DDR1+/+ and PyMT/DDR1−/− tumors were transplanted
intomammary glands.We observed sections of one grafted tumor
from PyMT/DDR1+/+ cells and two grafted tumors from PyMT/
DDR1−/− cells. Mammary tumors from PyMT/DDR1+/+ cells
showed large epithelial clusters by H&E staining, whereas the
mammary tumors fromPyMT/DDR1−/− cells showed noncluster
structures and hemorrhagic necrosis. The blue dots represent a
border between an epithelium and a necrotic field. Tumor size
(in square micrometers) is indicated in each tumor when the tu-
mors were obtained at 8 wk after transplantation. The largest tu-
mor size is also indicated before the necrotic tumor from PyMT/
DDR1−/− cells shrank. (D) Immunofluorescence of CD90+CD24+

cell-derived mammary tumor tissues was conducted by using
anti-E-cadherin (green) and anti-vimentin (red) antibodies in the
top panel and anti-K8 (green) and anti-K14 (red) antibodies in
the bottom panel. (Blue) DAPI-stained nuclei. The dots represent
a border between an epithelium and a necrotic field. The mam-
mary tumor from PyMT/DDR1−/− CD90+CD24+ cells shows de-
creased expression of E-cadherin, increased vimentin+ cells (top
panel), and increasedK14+ basal cells (bottom panel). (E,F ) The ra-
tio of K14+ basal cells (K8−K14+ and K8+K14+ cells) increased in
DDR1−/− epithelial areas (shown in E). Increased K14+ (E) and
K8+K14+ (F ) cells were seen near the necrotic field.
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had increased vimentin expression, K14+ cells, and
DDR2+ cells, we suggest that DDR1 ablation from the
spontaneous luminal-type breast cancer model may lead
to more basal-type characteristics and enhance tumor
cell invasion as a mechanism of the tumor progression.
However, DDR1 ablation up-regulated DDR2 expression
mainly on K8+ luminal cells and K8+K14+ basal-like cells
rather than on basal cells or stromal cells, although previ-
ous reports indicated that DDR2 on basal cells or cancer-
associated fibroblasts regulates tumor cell invasion
(Zhang et al. 2013; Corsa et al. 2016). It has been reported
that DDR1 switches to DDR2 expression by TGFβ-ex-
posed or SLUG transfected epithelial-to-mesenchymal
transition (EMT) (Maeyama et al. 2008; Zhang et al.
2013). Interestingly, ECM stiffness can also regulate
DDR2 to promote tumor cell invasion through an EMT
and is well known to contribute to tumor hypoxia (Jain
et al. 2014; Kim et al. 2017). Hypoxia dramatically increas-
es phosphorylation of DDR2 in breast cancer cell lines,
and DDR2 is involved in hypoxia-induced breast cancer
cell invasion and EMT (Ren et al. 2014). Moreover, a
DDR1Low/DDR2High protein profile is associated with tri-
ple-negative breast cancer and worse prognosis (Toy et al.
2015). More study is necessary to understand the mecha-
nisms of the alteration from DDR1 to DDR2 on luminal
cells and basal cells and determine whether the tumor
cells can acquire invasive ability by up-regulation of basal
markers, including DDR2.

Our data add to the concept that the effects of DDR1 are
complex. In mammary development, its loss inhibits
mammary development early in puberty but increases ep-
ithelial branching later. Similarly, while our results found

that knockout of DDR1 increased tumor progression in
MMTV-PyMT tumors, knockdown of DDR1 decreased
viability of luminal-type breast cancer cell lines (Marcotte
et al. 2012), and interference with DDR1 function in a
metastatic luminal-type breast cancer cell line decreased
its ability to colonize lung tissue (Hidalgo-Carcedo et al.
2011). Those results suggest that DDR1 may behave as
an oncogene in some circumstances and as an anti-onco-
gene in others.

How could such diverse effects arise? Since DDR1
knockdown in luminal cells impairs collective cell migra-
tion, cell adhesion, and contractility, this could reduce tu-
mor growth (Hidalgo-Carcedo et al. 2011). In addition,
induction of DDR1 expression inhibits migration of a
DDR1-deficient basal-type breast cancer cell line (Hansen
et al. 2006), which may be caused by enhanced cell adhe-
sion throughDDR1 induction. Therefore, the results with
cell lines and/or in vitro experiments may be based on
DDR1 functions in collective cellmigration and cell adhe-
sion, which is different from possible effects of enhanced
necrosis and increased K14+ basal cells and more basal-
type characteristics byDDR1 deletion in ourDDR1-delet-
ed spontaneous model of luminal B-type breast cancer. In
support of this hypothesis, our in vitro studies demon-
strated that the tumor organoids derived from our
PyMT/DDR1−/− tumors showed decreased branching. In
our study, we did not observe an increase in carcinogene-
sis rates of DDR1−/− mice compared with DDR1+/+ mice,
as described in a previous report (Vogel et al. 2001), sug-
gesting that DDR1 is not a tumor suppressor gene.

Activation and proliferation of K14+ basal cells and
their invasive activity are important for tumor growth

Figure 6. DDR1 expression predicts prognosis in
breast cancer. (A,B) Immunofluorescence of lumi-
nal-type (MCF7, T47D, SKBR3, and BT474) and
basal-type (MDA-MB231 and HS578T) breast cancer
cell lines was conducted by using anti-DDR1 (red)
and anti-E-cadherin (green) antibodies. (Blue) DAPI-
stained nuclei. DDR1 and E-cadherin were detected
on luminal-type cells (except BT474) (A) but not on
basal-type cells (B). (C ) Immunofluorescence of
MMTV-PyMT luminal-type tumor cells in two-di-
mensional (2D) culture was conducted by using
anti-DDR1 (red) and anti-E-cadherin (green) antibod-
ies. (Blue) DAPI-stained nuclei. DDR1 and E-cadherin
were expressed on the cells. (D) Clinical data of breast
cancer patients. DDR1 expression was lower in basal
type than in luminal type. (∗) P < 0.05; (∗∗) P < 0.01;
(∗∗∗) P < 0.001, Dunn’s multiple comparison test. (E)
Kaplan-Meier analysis of relapse-free survival for
breast cancer patients. Low DDR1 expression was as-
sociated with worse relapse-free survival (log rank
test).
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and metastasis. Our DDR1-deleted spontaneous breast
cancermodel showed both enhanced tumor necrosis/hyp-
oxia and an increase in these cells with a more basal phe-
notype that may promote invasion of tumor cells. Thus,
our research provides new insights into the complicated
DDR1 roles in breast cancer that will contribute impor-
tantly to the understanding of cancer mechanisms in
the future.

Materials and methods

Mouse models

All animal protocols were reviewed and approved by the Univer-
sity of California at San Francisco (UCSF) Institutional Animal
Care and Use Committee. Mice were maintained under specific
pathogen-free conditions in the UCSF Barrier Facility. DDR1−/−

mice on a 129/Sv background were kindly provided by the late
Wolfgang F. Vogel, University of Toronto (Vogel et al. 2001).
DDR1−/− mice were then backcrossed to the FVB/n background
for at least six generations.
For development studies, mammary glands were harvested

from DDR1−/− mice on mixed 129/Sv and FVB/n backgrounds
and stained with carmine alum (Sigma). Thesemice were crossed
with K14/GFP transgenic mice (CD1 background) in which GFP
expression was controlled by a K14 promoter-driven transgene
cassette (Hirakawa et al. 2005). For cancer studies, the DDR1−/−

mice on the FVB/n background were crossed with MMTV-
PyMTmice on the FVB/n background. Tumor volumes (in square
millimeters) were calculated using the formula V = 0.52 ×W2 × L,
whereW is width (inmillimeters) and L is length (inmillimeters).

qPCR

Total RNA was isolated from mouse mammary tumors using a
Qiagen minikit. cDNA was synthesized using the SuperScript
III RT first strand kit (Invitrogen). qPCR was performed using
SYBR Green (Applied Biosystems) in an Eppendorf Mastercycler
Realplex machine. Ct values were normalized to actin, and rela-

tive expression was calculated using the 2ΔΔCt method (Slorach
et al. 2011). The forward and reverse primer sequences for mouse
DDR1 were 5′-TCCATAGACCAGAGGGATC-3′ and 5′-CAG
GGCATAGCGGCACTTGG-3′.

Flow cytometry analysis and cell sorting

Mammary glands from DDR1−/−, K14/DDR1−/−, and littermate
control mice or mammary tumors from PyMT/DDR1 mice
were digested with collagenase (Fata et al. 2007; Ewald et al.
2008). Organoids were collected by brief centrifugation and di-
gestedwith trypsin to dissociate into single cells. Cultured adher-
ent cells were trypsinized for single-cell suspensions. The cells
were stained with antibodies against CD49f, CD24, and CD90.1
and lineage markers (CD45, CD31, and Ter119) (eBioscience),
as described previously (Stingl et al. 2006; Malanchi et al. 2012).
Cell sorting was performed on a FACS Aria II (Becton Dickinson)
and analyzed using FlowJo (TreeStar) or FACSDiva (BDBioscienc-
es) software.

Traction force microscopy

Primary murine mammary luminal and basal epithelial cells
were sorted as described above and seeded overnight on collagen
I-coated polyacrylamide gels with embedded 500-nm fluorescent
red beads. Images of cells and beads were taken at 20× magnifica-
tion before adding 2% SDS to lyse the cells. A second picture of
the beadswas taken after lysis and alignedwith the first image us-
ing the ImageJ (http://rsb.info.nih.gov/ij) registration plug-in Lin-
ear Stack Alignment with SIFT. To assess bead movement, a
particle image velocimetry (PIV) program was implemented in
ImageJ as described previously (Tseng et al. 2012). The iterative
scheme included a first pass at 32/64 (i.e., interrogation and
search window size in pixels) followed by a second pass at 20/
40, all at a correlation threshold of 0.60. For PIV post-processing,
a normalized mean test (NMT) was performed as described
(Tseng et al. 2012) with NMT noise of 0.2 and threshold of 2.0
as starting parameters. The traction force was calculated by the
Fourier transform traction cytometry (FTTC)methodwith a Pois-
son ratio of 0.5. The maximum traction stress generated was
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calculated by averaging the five largest traction vectors generated
by each cell. The PIV and FTTC microscopy software for ImageJ
was kindly made available by Qingzong Tseng (https://sites.
google.com/site/qingzongtseng/tfm).

3D organoid branching assay

K14− cells and K14+ cells with or without DDR1 were aggregated
overnight on ultralow attachment plates (Corning) (Chou et al.
2013). The aggregated cells or organoids were embedded into
growth factor-reducedMatrigel (BD Biosciences) and grown in se-
rum-free medium supplemented with insulin–transferrin (Invi-
trogen) and 2.5 nM EGF (Invitrogen) or 2.5 nM FGF2 (Sigma) as
described previously (Chou et al. 2013).

Immunostaining and histology

Tissues were fixed in 4% PFA overnight and paraffin-processed.
We cut 5-µm sections from paraffin-embedded blocks for H&E
staining and immunohistochemistry. Adherent cells cultured in
two-well chamber slides were stained by immunocytochemistry.
The following antibodies were used for immunofluorescence

at the indicated concentrations: DDR1 (1:50; Santa Cruz Biotech-
nology, sc-532), E-cadherin (1:100; BD Biosciences, 610181), K8
(1:50; Developmental Studies Hybridoma Bank, TROMA-I), K14
(1:5000 [Convance, PRB-155P] and 1:100 [Santa Cruz Biotechnol-
ogy, sc-17104]), α-SMA Cy3 conjugate (1:250; Sigma, C6198),
vimentin (1:200; Sigma, V5255), DDR2 (1:50; LifeSpan BioScienc-
es, LS-C164363), phH3 (1:100; Cell Signaling, 9701), HIF1α (1:50;
Novus Biologicals, NB100-479), pMLC2 (1:100; Cell Signaling
Technology, 3671), goat anti-mouse IgM μ chain Cy3 conjugate
(1:200; Jackson ImmunoResearch, 115-166-075), and Alexa 488
anti-rat, Alexa 488 anti-rabbit, Alexa 488 anti-mouse, Alexa 568
anti-rabbit, and Alexa 647 anti-goat secondary antibodies
(1:500; Molecular Probes, A11006, A24922, A24920, A21069,
and A21447). Nuclei were stained with DAPI (Vector Laborato-
ries, H-1200). Confocal or fluorescence microscopy was per-
formed on a Nikon C1si confocal microscope or a Keyence BZ-
X700 fluorescence microscope.

Picrosirius red quantification

Picrosirius red staining was performed as described previously
(Levental et al. 2009; Egeblad et al. 2010). Images were taken us-
ing polarized light such that only the birefringent collagen signal
was visible. The amount of collagenwas quantified as the percent
area of the image with a positive signal using ImageJ. The thresh-
old pixel value to determine a positive signal was held constant
for each image analyzed.

AFM measurements

Tumor samples were frozen in OCT and cut into 30-µm sections.
Each section was thawed in room temperature PBS and main-
tained in 0.5% BSA with protease inhibitor (Sigma, p8340) in
PBS supplemented with 20 µg/mL propidium iodide (Sigma,
P4170) for no more than 90 min after thawing.
AFM measurements were performed as described previously

(Lopez et al. 2011). All AFM indentations were performed using
an MFP3D-BIO inverted optical atomic force microscope (Asy-
lum Research) mounted on a Nikon TE2000-U inverted fluores-
cent microscope. We used a silicon nitride cantilever with an
approximate spring constant of 0.06Nm−1 with a 5-µm spherical
borosilicate glass tip (Novascan Tech). The exact cantilever
spring constant was determined using its thermal oscillation pri-

or to each experiment. Samples were indented at a loading rate of
2 µm/sec until a maximum force of 1 nNwas achieved. Five 400-
µm× 40-µm indentation maps were typically obtained on each
tissue section in ECM-rich regions as determined through picro-
sirius red staining of serial tissue sections. The elasticmodulus of
the tissue was determined through fitting to the Hertz model us-
ing a Poisson’s ratio of 0.5, which assumes the tissue samples are
incompressible.

Western blot

Homogenized tumor tissue or cells were lysed in 2% SDS con-
taining protease inhibitor cocktail (Sigma, p8340) and phospha-
tase inhibitor (GenDEPOT, P3200). Equal amounts of protein
per sample were subjected to SDS-PAGE and transferred to a
PVDF membrane. The membranes were blocked in 5% skim
milk in TBST (TBS containing 0.1%Tween 20) for 30min. Prima-
ry antibodies were incubated overnight at 4°C in 3% BSA in
TBST. Membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies diluted in 5% milk and
TBST for 1 h at room temperature. Bands were visualized using
Pierce ECL Plus Western blotting substrate (ThermoFisher
32132). Protein expression was quantified by measuring the pixel
intensity of each band using ImageJ. pFAK/FAK represents the ra-
tio of the pFAK signal to the total FAK signal of each sample.
Antibodies usedwere as follows: rabbit anti-DDR1 (Cell Signal-

ing Technology, 5583), mouse anti-FAK (BD Biosciences,
610088), rabbit anti-pFAKY397 (Cell Signaling Technology,
8556), and mouse anti-β-actin (Sigma, A5441).

Lung metastasis analysis

To determine lungmetastatic tumor volume and frequency, lung
tissue blocks were sectioned into 5-µm sections and stained by
H&E. For each mouse analyzed, one section was scored for size
and number of metastases per lobe (Littlepage et al. 2010, 2012).
Tumor volumes (in square micrometers) were calculated using
the formula V = 0.52 ×W2 × L, whereW is width (in micrometers)
and L is length (in micrometers).

Transplantation

We injected 2 × 103 cells (CD90+CD24+ CSCs from PyMT/
DDR1+/+ or PyMT/DDR1−/− tumors) in a 10-µL volume of 1:1
(v/v) Matrigel:DMEM/F12 medium into the mammary glands
of FVB/n mice using a Hamilton syringe. Tumors were harvested
8 wk after transplantation.

Cell culture

MCF7, T47D, SKBR3, BT474, MDA-MB231, and HS578T cells
wereobtained fromAmericanTypeCultureCollection, Lawrence
Berkeley Laboratory, or theUCSFCell Culture Facility and grown
in DMEH-21medium supplemented with 10% FBS and 1 µg/mL
insulin. Organoids from MMTV-PyMT mammary tumors (see
“Flow Cytometry Analysis and Cell Sorting”) were cultured in
ACL4 + 5%FBSmedium (Brower et al. 1986) in a 3%O2 incubator.

Computational analysis

We compared DDR1 expression levels in 25 luminal and 26 basal
(A + B) cell lines and also in 61 luminal-type, 13 HER2-type, and
30 basal-type human breast tumors and 14 normal human breast
tissues using the publishedmicroarray data sets (Chin et al. 2006;
Neve et al. 2006). Breast cancer patients (n = 3951) were separated
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by high (n = 2867) versus low (n = 1084) DDR1 expression and an-
alyzed for relapse-free survival by a Kaplan-Meier plot (Gyorffy
et al. 2010; Szasz et al. 2016).

Statistical analysis

Statistical analysis was conducted using Prism 4 software (Graph
Pad Software, Inc.). Kaplan-Meier survival curves were analyzed
by log rank tests to determine the significance of observed differ-
ences between the curves. All tests used and P-values are speci-
fied in the figure legends. P < 0.05 was considered significant.
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