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Discoidin domain receptor 1 (DDR1)
ablation promotes tissue fibrosis and
hypoxia to induce aggressive basal-like
breast cancers

Ken Takai,”? Allison P. Drain,® Devon A. Lawson,"® Laurie E. Littlepage,"”” Marcela Karpuj,'
Kai Kessenbrock,”” Annie Le,! Kenichi Inoue,” Valerie M. Weaver,>*° and Zena Werb'

"Department of Anatomy, University of California at San Francisco, San Francisco, California 94143, USA; *Division of Breast
Oncology, Saitama Cancer Center, Saitama 362-0806, Japan; *Department of Surgery, Center for Bioengineering and Tissue
Regeneration, University of California at San Francisco, San Francisco, California 94143, USA; “Department of Bioengineering and
Therapeutic Sciences, University of California at San Francisco, San Francisco, California 94143, USA; *Department 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.
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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
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mammary development may 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 possible mechanism of mammary 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
DDRI1’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.
DDRI1 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
DDRI 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).
DDRI 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). Interference with DDR1 sig-
naling in metastatic breast cancer cell lines decreases their
ability to colonize lung tissue (Hidalgo-Carcedo et al.
2011; Gao et al. 2016). Moreover, knockdown of DDR1 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 DDRI1
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 DDRI 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
DDRI-deficient breast cancer cell line (Hansen et al.
2006). Disruption of DDRI1 in cell-cell contacts in cancer
may favor metastasis by invading blood vessels (Hidalgo-
Carcedo et al. 2011). These data indicate that deletion of
DDRI1 might promote aggressive cancer. As a result, the
role of DDRI in cancers is controversial.

To understand the role of DDRI 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 how DDRI1 levels are related
to prognosis.

Results

DDRI1 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 DDRI in normal mammary gland development using
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the DDR1~/~ mouse model. When we analyzed the mam-
mary gland tissues from DDR1*/* mice by immunostain-
ing with anti-DDR1 antibody and anti-a-smooth muscle
actin (a-SMA) antibody, which is a marker of myoepithe-
lial cells, we detected DDRI1 in the luminal cell compart-
ment but not on myoepithelial cells (Fig. 1A), as was found
in the kidneys, where DDR1 expression also does not
colocalize with staining for a-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
DDRI17/~ mice but accelerated in 8-wk-old DDR17/~
mice (Fig. 1B,C). Our results showing distinct stage-specif-
ic effects of DDRI1 (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
DDR17/~ 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. SIA; 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 CD24°"CD49fhish
cell population was similar in DDR17”/~ 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 KI14*/DDRI1*/* 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 in Matrigel 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

GENES & DEVELOPMENT 245


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.301366.117/-/DC1

Takai et al.

DDR1* B

A DDR1++

DDR1++

DDR1*

Figure 1. DDRI is expressed in luminal epithelial
cells and regulates basal/myoepithelial cells. (A) Im-
munofluorescence of mammary glands from
DDRI1~/~ mice was conducted by using anti-DDR1
(green) and anti-a-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
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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 (CD24'°" CD49fM8) 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 (CD24Ms"
CD49f°%) and  basal/myoepithelial ~ (CD24%"
CD49fMeh) 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 ¢-
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
in G). K14~ /DDR1*/* and K14~ /DDR1~/~ were mixed
and aggregated with K14°/DDRI1"* and K14%/
DDR1~/~ for a three-dimensional (3D) branching as-

say. (H)K14*/DDR1~/~ basal/myoepithelial cells promoted mammary branching. K14*/DDR1*/* cells did not promote mammary branch-

ing of K14~/DDR1~/~ luminal cells.

K14* basal/myoepithelial cells from K14/DDR1*/* mice
and K14/DDR1~/~ mice by flow cytometry and aggregated
K14~/DDR1** and K147/DDR1~/~ luminal cells with
K14*/DDR1** and K14*/DDR17/~ basal cells (Fig. 1G).
K14*/DDR17/~ contractile basal/myoepithelial cells pro-
moted mammary branching (Fig. 1H). Since DDRI1 is not
expressed on myoepithelial cells and since incubation of
K14~ /DDR17~/~ luminal cells with K14*/DDR1*/* basal/
myoepithelial cells did not promote mammary branching
(Fig. 1H), this result indicates that DDR1 on luminal cells

Table 1. Comparison of DDR1™~ mice and PyMT/DDR1~/~
mice

DDR17/~ PyMT/DDR17/~

Branching | (in vitro)
Small clusters (in vivo)

Branching | (in vitro)

Branching |, duct length | (5 wk in
vivo)

Branching 1t (8 wk in vivo) Tumor growth 1 (in
vivo)

Basal/myoepithelial cells 1 (8 wk in K14* cells 1 (in vivo)

vivo)
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and interaction with 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 DDRI1 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.

DDR17/~ mammary tumors grow faster and are more
basal and necrotic

To determine how DDRI alters in breast tumor prognosis,
we determined whether deletion of DDRI1 leads to more
aggressive breast tumors. We crossed DDR17/~ 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
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of PyMT/DDR1*/*, PyMT/DDR1*/~, and PyMT/DDR1~/~
mice by quantitative PCR (qQPCR). As expected, PyMT/
DDR17/~ mice did not express DDR1, whereas DDR1 ex-
pression in PyMT/DDRI1*/~ 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 from both PyMT/DDR1*/~ and PyMT/DDR1*/*
mice had similar growth rates (Fig. 2A). In contrast, prima-
ry tumors of PyMT/DDR1~/~ mice grew faster (although
there were 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
DDRI1** 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 tumors mainly around the edges of the ep-
ithelial clusters. PyMT/DDR1~/~ mammary tumors had
significantly more phH3" cells than control tumors that
expressed DDRI1 (Fig. 2E,F). This suggests that DDR1~/~
mammary tumors are more proliferative than DDR1*/*.

We also examined expression of luminal markers (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
DDR17/~ 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
DDR17/~ tumor epithelial clusters increased in numbers,
while the expression levels of E-cadherin in DDR17/~ epi-
thelial clusters decreased (Fig. 21]).

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 DDR17~/~ 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 K87K14* cells) significantly increased in
DDRI1~/~ 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-
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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 DDRI1 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 DDRI1 is knocked
out, the tumors have a more basal phenotype and are more
aggressive. Taken together, these data suggest that loss of
DDRI1 may lead to breast cancers of poorer prognosis.

Hypoxic regions show increased hypoxia-inducible
factor-1a (HIF1a) 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 HIFla in primary tumors, we ob-
served that tumor necrosis was associated with hypoxia.
HIFla was highly increased in the PyMT/DDR1~/~ mam-
mary tumor tissue and was expressed near necrotic re-
gions (Fig. 20).

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 DDR17/~ tumors have a higher elastic
modulus than the DDR1*/* controls (Fig. 3C,D). To deter-
mine whether the stiffened collagen-rich extracellular ma-
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
FAK phosphorylation in the DDR17/~ 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 DDRI re-
sulted in more contractile tumors, as shown by increased
pMLC2 staining in the DDR1~/~ tumors (Fig. 3F,G). Given
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cells are more proliferative. Data are shown as
mean +SD. n=3. (*) P<0.02, unpaired Stu-
dent’s t-test. (G) Immunofluorescence of
DDRI1** and DDR17/~ 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 Image]
software. Vimentin levels increased in
DDR17/~ epithelial clusters. Data are shown as mean + SD. n=4. (*) P<0.05, unpaired Student’s t-test. (I,/) Immunofluorescence of
DDRI1*/*, 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 DDR17/~ 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 of DDR1~/~ mammary tumor tissues. Data are shown as mean = SD. 1= 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 a (anti-HIF1a) (red) antibodies and DAPI-stained nuclei (blue). (Right panel) The white dots represent a
border between an epithelial and a necrotic field. HIFla is expressed and localized near necrosis.
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the reduction in cell contractility upon DDR1 knock- tion force microscopy on flow-sorted luminal and
down in vitro, we asked whether the increased contrac- basal/myoepithelial cells from the murine mammary
tility in DDR17/~ tumors could be attributed to the glands, we also showed that the basal/myoepithelial cells
dramatic expansion of the basal/myoepithelial compart- generated much higher traction forces (Fig. 1F). These
ment in DDR17/~ mammary glands. Indeed, using trac- data suggest that the aggressive basal-like phenotype of
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Figure 3. PyMT/DDRI ™/~ tumors have increased fibrosis and exhibit increased mechanochemical 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 significantly more fibrillar collagen than DDR1*/* tumors. Data are shown as mean = SD. 1= 3. (*) P <
0.05, unpaired Student’s t-test. (C,D) Quantification of tissue elastic modulus measured by AFM. (C) (*) P < 0.0001, Mann-Whitney U-test.
(D) The histogram shows the distribution of the top 10% of measurements for each group. DDR1~/~ tumors have a higher elastic modulus
than DDR1*/* tumors. (E) Quantification of Western blots for pFAKY**” 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. The white dots represent a border between
an epithelium and a stroma. (G) The ratio of pMLC2* cells per epithelial cell increased significantly in DDR17~/~ tumors. Data are shown as
mean = SD. n=3. (*) P <0.05, unpaired Student’s t-test.

the DDR1~/~ tumors may result from a competitive ad-
vantage of the already enriched basal population due to
a DDRI1-dependent impairment in luminal cell interac-
tions with the ECM.

Loss of DDRI1 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 DDRI1 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 DDRI1 genotype (Fig. 4D,E).
Next, to examine whether DDRI1 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 DDRI1~/~ metastases (Fig. 4F,G).
These results suggest that DDRI deletion might induce
basal differentiation.

CD90*CD24* cells from PyMT/DDR1~'~ tumors
transplanted into wild-type mice 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
DDR17/~ mammary tumor cell populations contained
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more CD90"CD24" cells (Fig. 5A,B). To understand the in-
fluence on epithelial differentiation by DDR1 deletion, 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/
DDRI1** CD90*CD24* cells and two grafted tumors
from PyMT/DDR1~/~ CD90*CD24" cells. The grafted tu-
mors from PyMT/DDR1*/* mice had a more luminal mor-
phology with large epithelial clusters (Fig. 5C). In
contrast, one grafted mammary tumor from PyMT/
DDRI17/~ cells was less differentiated, and its size was
larger (Fig. 5C). The other grafted tumor from PyMT/
DDRI1~/~ cells grew huge once but shrank later and had ar-
eas of hemorrhagic necrosis (Fig. 5C). These PyMT/
DDR17/~ 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 DDR17/~ 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
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DDR1+/+ DDR1+/- DDR1-/-

Figure 4. Loss of DDRI results in in-
creased lung metastases. (A) PyMT/
DDR17/~ mice show larger and increased
lung metastatic tumors macroscopically.
(B) PYMT/DDR1~/~ mice have larger and
increased numbers of lung metastatic tu-
mors by H&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
DDRI 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 pm) metastatic tumors. n=8-
10. (*) P<0.01; (**) P<0.05, one-way
ANOVA and unpaired Student’s t-test.

DDR1+/+ DDR1+/- DDR1-/-

the resulting increase in K14* basal cells in the DDR17/~
epithelium promotes tumor growth.

DDRI1 expression predicts prognosis in breast cancer

DDRI1 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 DDRI1
(Fig. 6C).

We next analyzed clinical data from breast cancer pa-
tients (Chin et al. 2006) and found that DDRI1 expression
was lower in basal-type than in luminal-type tumors (Fig.
6D). The relapse-free survival rate was lower in the patient
group of low DDRI1 expression by a Kaplan-Meier plot
(Fig. 6E; Gyorffy et al. 2010; Szasz et al. 2016). These
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Figure 5. CD90*CD24* cells from PyMT/DDRI~/~ 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
into mammary glands. We observed sections of one grafted tumor
from PyMT/DDR1*/* cells and two grafted tumors from PyMT/
DDR17/~ cells. Mammary tumors from PyMT/DDR1*/* cells
showed large epithelial clusters by H&E staining, whereas the
mammary tumors from PyMT/DDR1 7/~ 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/
DDR17/~ 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 increased K14* basal cells (bottom panel). (E,F) The ra-
tio of K14 basal cells (K8 K14" and K8"K14" cells) increased in
DDR17/~ epithelial areas (shown in E). Increased K14* (E) and
K8'K14* (F) cells were seen near the necrotic field.

DDRI1 ablation causes aggressive breast cancer

data suggest that DDRI1 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, express DDR1 and that after
DDRI1 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 DDR17/~ tumors, which in
turn increases the number of K14 basal cells, including
K8*K14" cells (Fig. 7). Our data suggest that DDR1 thwarts
the development of poor-prognosis tumors. Thus, elimina-
tion of DDR1 may result in a more aggressive basal-type
breast cancer. In keeping with 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 and Maatta 2007; Cheung et al. 2013; Corsa
et al. 2016), this provides a second mechanism by which
loss of DDRI1 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 DDRI ablation, and
this effect may reflect breast tumor progression promoted
by DDRI1 ablation. On the other hand, DDR1 deletion de-
creased branching in mammary cells and tumor organoids
in vitro and reduced mammary branches and ductal
lengths in mammary 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 DDRI1 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 DDR17/~ 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 mark