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Abstract
Increased stromal collagen deposition in human breast tumours correlates with metastases. We
show that activation of the collagen I receptor DDR2 regulates Snail1 protein stability by
stimulating ERK2 activity, in a Src-dependent manner. Activated ERK2 directly phosphorylates
Snail1, leading to Snail1 nuclear accumulation, reduced ubiquitination, and increased protein half-
life. DDR2-mediated stabilization of Snail1 promotes breast cancer cell invasion and migration in
vitro, and metastasis in vivo. DDR2 expression was observed in the majority of human invasive
ductal breast carcinomas studied, and was associated with nuclear Snail1 and absence of E-
cadherin expression. We propose that DDR2 maintains Snail1 protein level and activity in tumor
cells that have undergone EMT, thereby facilitating continued tumor cell invasion through
collagen I-rich ECM by sustaining the EMT phenotype. As such, DDR2 could be an RTK target
for the treatment of breast cancer metastasis.
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INTRODUCTION
Tumor-microenvironment interactions are critical for tumor development and metastasis. In
addition to alterations in cell types and their function, the stroma associated with primary
tumours also exhibits increased deposition of matrix proteins, including fibrillar collagens.
In human breast tumors and transgenic mouse models increased collagen in the tumor
stroma correlates with metastases1, 2, and can increase stromal stiffness or tension,
influencing breast tumor invasion through tumor cell integrin-dependent
mechanotransduction signaling3. Breast tumor cells also preferentially migrate along linear
collagen fibrils near the tumor-extracellular matrix (ECM) boundary4. Although integrins
are important collagen receptors for tumor cell invasion and migration, the role of other
collagen receptors, such as the discoidin domain receptors (DDR), in cancer development
and metastasis has not been extensively explored5.

DDRs are distinctive receptor tyrosine kinases (RTKs) in that their ligands are fibrillar
collagens, their activation kinetics is slow, and they may exist as preformed dimers in the
absence of ligand6. DDR1 is present in epithelial but not mesenchymal cells, whereas DDR2
is expressed in mesenchymal cells and not epithelia. DDR2 displays more selective ligand
specificity and is activated by collagens I and III, that are abundant in the ECM. DDR1 has
broader collagen specificity that includes collagen IV, a major component of the basement
membrane (BM).

Epithelial-mesenchymal transitions (EMT) contribute to breast cancer metastasis7. EMT
facilitates primary tumor invasion through the BM and migration through the tumor
associated stroma or ECM by suppressing tumor cell-cell adhesion and stimulating tumor
cell invasion and migration 8. Various signals generated within the tumor microenvironment
activate tumor cell intrinsic transcription factors considered to be inducers of EMT, such as
Snail1, Snail2 (Slug), Twist1 and ZEB9–11.

Human and mouse cancer cell line experiments and human pathology studies implicate
Snail1 in breast cancer metastasis9, 12, 13. Snail1 protein, which has a very short half-life is
degraded by the proteasome, is predominantly present in tumor cells at the tumor-ECM
boundary and in mesenchymal cells within the tumor associated stroma13, whereas Snail1
mRNA is more broadly expressed throughout the primary tumor. Although EMT stimulating
signals (e.g., TGFβ) induce Snail1 transcription, post-transcriptional and post-translational
regulation influence Snail1 protein stability and subcellular localization, which is critical for
Snail1’s capacity to induce or sustain cancer EMT14–16. Given the distinct pattern of Snail1
mRNA and protein levels in tumors, the environmental signals regulating Snail1 protein
stability likely originate at the tumor-ECM boundary. The identity, mechanism of Snail1
protein stabilization, and functional consequences of these signals on metastasis are only
beginning to be determined15, 16.

Here we show that the collagen receptor DDR2 stabilizes the Snail1 protein and is critical
for breast cancer invasion and migration in vitro and for metastasis in vivo. We propose that
DDR2 contributes to breast cancer metastasis by sustaining Snail1 protein stability and
activity in tumor cells that have undergone EMT, to promote their invasion and migration
through collagen I-enriched tumor-associated matrix.

RESULTS
DDR2 stabilizes cellular Snail1 protein level, post-transcriptionally

We previously identified DDR2 in a human kinome/phosphatome siRNA screen for
regulators of total cellular Snail1 protein level16. RNAi-mediated depletion of DDR2, but
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not DDR1, in HEK293 cells that stably expressed a bioluminescent Snail1 fusion protein,
Snail1-Clic Beetle Green (Snail1-CBG)16, reduced Snail1-CBG bioluminescence and
protein level without affecting transcription of Snail1 or Snail1-CBG (Supplementary Fig.
1a,b).

DDR2 depletion in human MDA-MB-231 and mouse 4T1 cells that have undergone EMT
resulted in decreased Snail1 protein without affecting Snail1 transcription (Fig. 1a,b),
demonstrating that DDR2 also affected endogenous Snail1 levels. DDR2 depletion also
affected other EMT inducers: Snail2 protein was slightly diminished, ZEB1 level increased
slightly, whereas Twist1 was unchanged (Fig. 1a). Depletion of DDR2 or Snail1 in MDA-
MB-231 cells that stably expressed bioluminescent Snail1-CBG, reduced Snail1-CBG
bioluminescence, Snail1-CBG protein and endogenous Snail1 protein levels (Figs. 1c,d).
Thus, Snail1-CBG bioluminescence could serve as an approximation of cellular Snail1
protein level to allow live cell analyses.

Overexpression of DDR2 in MDA-MB-231 or 4T1 cells increased Snail1 protein (Fig. 1e,f)
without affecting mRNA levels (Supplementary Fig. S1c). This depended on DDR2 kinase
activity, as overexpression of a “kinase-dead” DDR2 form did not affect Snail1 protein level
(Fig. 1e). Overexpression of DDR1 may slightly increase Snail1 levels (Fig. 1f). These
experiments indicated that DDR2 stabilized Snail1 protein without affecting Snail1
transcription.

Collagen I-induced stabilization of Snail1 protein requires DDR2 and can occur
independently of integrin or TGFβR

Addition of HEK293 cells, co-transfected with myc-DDR2 and Snail1-Flag, or MDA-
MB-231 cells to collagen I resulted in tyrosine phosphorylation and activation of DDR2 and
increased Snail1 protein level (Fig. 2a, b), in contrast to exposure of MDA-MB-231 cells to
collagen IV, fibronectin, or gelatin which had little effect on Snail1 levels (Fig. 2b). DDR2
depletion in MDA-MB-231 cells abrogated the increase in Snail1 protein following collagen
I stimulation (Fig. 2b). Snail1 protein was stabilized by exposing MDA-MB-231 cells to
collagen I in a two-dimensional or three-dimensional context (Supplementary Fig. S1d), and
this was also the case for MDA-MB-231 cells containing Snail1-CBG, which led to
increased Snail1-CBG bioluminescence and protein level (Supplemental Fig. S1e, f).

When MDA-MB-231 cells were mixed with neutralizing antibodies against β1-integrin,
prior to and during their exposure to collagen I, Snail1 cellular protein level increased
despite inhibition of integrin signaling (e.g., pFAK) (Fig. 2c). Inhibition of TGFβ signaling
in MDA-MB-231 cells also had no effect (Fig. 2d), despite TGFβ increasing Snail1-CBG
protein level in the absence of collagen I stimulation (Supplemental Fig. S1g), indicating
that collagen I-induced stabilization of Snail1 protein level required DDR2 and could occur
independently of integrin and TGFβ.

DDR2 expression is induced during EMT but is not required for EMT induction
Normal breast epithelial cells (MCF-10A) do not express Snail112. When exposed to TGFβ
they undergo EMT and Snail1 expression is induced, DDR2 protein expression increased,
and DDR1 protein expression decreased (Fig. 2e). DDR2 was not required for TGFβ–
dependent EMT induction in MCF-10A cells, as DDR2 depletion minimally affected EMT
(Fig. 2e). Consistent with a role for DDR2 in stabilizing Snail1 protein, Snail1 protein levels
were reduced in DDR2-depleted cells as compared to control cells following EMT (Fig. 2e).
Constitutive overexpression of Snail1 in MCF-10A cells induces TGFβ-independent EMT
(Fig. 2f)12, however, DDR2 overexpression did not induce morphological or biochemical
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EMT (Fig. 2f). These results indicated that although DDR2 expression was induced during
EMT, the presence or absence of DDR2 did not influence TGFβ-induced EMT.

DDR2 influences breast cancer cell invasion and migration ex vivo and metastases in vivo
A major function for Snail1 during cancer metastasis is induction of invasion through the
BM and migration through the ECM8. Depletion of Snail1 and DDR2 in 4T1 and MDA-
MB-231 cells inhibited their migration in 3D collagen I matrices (Fig. 3a and
Supplementary Fig. S2a), without influencing their proliferation (Fig. 3b and Supplementary
Fig. S2b) and also inhibited cell invasion through matrigel (Supplementary Fig. S3c).

To determine whether DDR2 influenced breast cancer cell metastases in vivo Snail1 or
DDR2 were stably depleted in 4T1-Luc/GFP cells and equal numbers of cells were
surgically implanted into the breast tissue of syngeneic Balb/cJ mice. After correcting for
the small differences observed in the growth of the Snail1- and DDR2-depleted primary
tumors in vivo (Fig. 3c, d), reduced lung metastases were observed in DDR2- and Snail1-
depleted tumor-bearing mice (Fig. 3e–g). Both the number of mice that developed lung
metastases (Fig. 3f) and the extent of metastasis present (Fig. 3g) were reduced in mice
injected with DDR2-depleted tumor cells. Fluorescent GFP imaging of isolated lungs
(Supplementary Fig. S2d) and histologic analysis of lung slices (Supplementary Fig. S2e)
confirmed the bioluminescent results, demonstrating that DDR2 promoted breast to lung
metastases in vivo.

Collagen I activated DDR2 induces collagen I transcription and remodeling of collagen
fibers at the tumor-ECM boundary

During breast cancer progression, increased deposition of ECM proteins, particularly
collagens, can occur within and near the primary tumor17, 18. This is associated with poor
outcome due to increased local invasion and distant metastasis19, 20. The collagen fibers
deposited near tumours can also thicken and realign, and tumors with fibers aligned
perpendicularly to the tumor edge have an increased propensity to invade and metastasize.
This observation has led to a classification of “Tumor Associated Collagen Signatures” or
TACS in primary breast tumors that correlates with breast tumor progression and patient
outcome2, 4, 21. The DDRs have been implicated in both collagen synthesis by cells and
remodeling of the ECM22–24.

Collagen fiber alignment was measured and TACS was calculated using second harmonic
generation imaging of collagen fibers at the tumor/ECM boundary. Tumors depleted of
Snail1 or DDR2 showed an increase in TACS-2, the non-invasive collagen signature, and
decrease in TACS-3, the invasive collagen signature, compared to control tumors (Fig. 4a, b;
Supplementary Fig. S3a, b), suggesting that breast cancer cell-expressed DDR2 might
influence collagen remodeling by invasive tumors.

Addition of MDA-MB-231 cells to collagen I coated plates, induced collagen I mRNA
transcription by 2–2.5 fold, and depletion of DDR2 or Snail1 reduced this transcriptional
response (Fig. 4c). Similar results were observed with 4T1 cells (Supplementary Fig. S3c).
Despite this effect upon collagen I transcription there was no discernable change in the
collagen content of DDR2-depleted 4T1 tumors compared to control tumors, as determined
from trichrome staining (Supplementary Fig. S4a).

DDR2 activated ERK2 associates with and phosphorylates Snail1
Stabilization of Snail1 protein by collagen I-induced DDR2 activation was unlikely to be the
result of direct phosphorylation by DDR2, as tyrosine phosphorylation of Snail1 has not
been observed in phosphoproteomic analyses16, 25.
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Addition of MDA-MB-231 cells to collagen I led to activation of ERK1/2, but not p38, JNK
or Akt, which was shown by pharmacological inhibitor studies to be required for
stabilization of Snail1 protein (Fig. 5a), but had no effect on Snail1 mRNA levels
(Supplementary Fig. S5a). RNAi-depletion revealed that ERK2, but not ERK1, was required
for Snail1 protein stabilization following collagen I activation (Supplementary Fig. S5b).
ERK2 was recently shown to be critical for EMT induction of RasV12-transfected
MCF-10A cells26. Sequence analysis of Snail1 revealed the presence of potential D-domain
and DEF-domain ERK docking sites (Fig. 5b)27. In MDA-MB-231 cells a small amount of
endogenous ERK2 associated with endogenous Snail1, and this association increased when
cells were added to collagen I, yet blocked by pretreating cells with the MEKK inhibitor
PD98059 (Fig. 5b). Snail1 and ERK2 readily co-immunoprecipitated from HEK293 cells
co-transfected with both (Supplemental Figs. S5c, d and S6a). Mapping experiments
indicated that the Snail1 D-domain docking site, but not the DEF-domain, was important for
ERK2 association (Supplementary Fig. S5c). Mutation of the D-domain ERK docking site in
Snail1 (RK-MM) reduced its association with ERK2 (Supplementary Fig. S5d). Mutation of
the D-domain recognition region of ERK2 (D319N), but not the DEF-domain recognition
region (Y261A)26 reduced ERK2-Snail1 association (Supplemental Fig. S6a). In vitro
kinase assays with purified ERK2 and purified GST-Snail1 proteins containing S-A
mutations in three potential ERK phosphorylation sites identified, revealed that S82 and
S104 were phosphorylated (Fig. 5c).

To determine if phosphorylation of Snail1 by ERK2 was functionally relevant we tested
whether mutation of S82 and S104 affected Snail1 protein stability in response to collagen I.
When expressed in MDA-MB-231 cells, the protein half-life of an 82/104A Snail1-CBG
mutant was half that of WT Snail1 (Fig. 5d). When cells were added to collagen I, WT
Snail1-CBG half-life increased whereas the half-life of 82/104A Snail1-CBG remained
unaltered (Fig. 5d). In contrast to WT Snail1-CBG-expressing cells, which required DDR2
for Snail1 stabilization in response to collagen I, the stability of 82/104A Snail1-CBG in
collagen I stimulated cells was unaffected by the presence or absence of DDR2
(Supplemental Fig. S6b).

Depletion of endogenous Snail1 in MDA-MB-231 cells and concurrent rescue with RNAi-
resistant WT Snail1, using dual copy lentiviruses28, completely restored 3D cell migration to
Snail1-depleted cells, whereas rescue with the 82/104A mutant (2A) or ERK D domain
mutant of Snail1 (RK-MM) only partially rescued the migration defect of Snail1 depleted
cells (Fig. 5e; Supplemental Fig. S7a). Control Western blots indicated that endogenous
Snail1 was effectively depleted and that RNAi-resistant rescue mutants were expressed at
levels equivalent to endogenous Snail1 (Supplementary Fig. S7b). Endogenous DDR2 was
not affected by these manipulations (Supplementary Fig. S7b).

Both WT Snail1-CBG and 82/104A.Snail1-CBG were stabilized by proteasome inhibition,
but only WT Snail1-CBG protein was stabilized by exposure to collagen I (Fig. 6a). Snail1
protein is degraded by proteasomes in the cytosol and when nuclear is more stable14, 16.
When transfected in MCF-10A cells, WT Snail1 was predominantly nuclear whereas
82/104A Snail1 was predominantly cytosolic (Fig. 6b), however, Leptomycin B treatment,
to inhibit nuclear export, resulted in accumulation of both forms in the nucleus (Fig. 6b).
This suggested that the 82/104A mutant was not retained in the nucleus and that ERK2-
mediated phosphorylation of Snail1 leads to its nuclear accumulation and protection from
ubiquitination and subsequent proteosomal degradation. When MDA-MB-231 cells were
treated with collagen I, the increase in WT Snail1 protein was exclusively nuclear (Fig. 6c).
In HEK293 cells transfected with DDR2, Snail1, and HA-tagged ubiquitin and then
stimulated with collagen I, in the absence of proteosommal inhibition, immunoprecipitated
82/104A Snail1 was more ubiquitinated than WT Snail1 (Fig. 6d). These results indicated
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that phosphorylation of Snail1 on 82S and 104S by Collagen I-DDR2-stimulated ERK2 led
to its accumulation in the nucleus and decreased ubiquitination. Thus Snail1 protein was
stabilized, its level increased, and Snail1’s capacity to mediate tumor cell invasion and
migration was maintained.

Delineation of the intracellular signaling pathway whereby DDR2 leads to Snail1 protein
stabilization and tumor cell invasion/migration

To evaluate the contribution of more proximal DDR2-activated signaling enzymes to ERK2
activation and Snail1 stabilization we asked whether FAK or Src was required for collagen I
induced Snail1 protein stabilization5, 29. FAK depletion in MDA-MB-231 cells did not
affect ERK activation or Snail1 stabilization (Supplementary Fig. S8a). Src, however, was
required for collagen I induced stabilization of Snail1 (Supplemental Fig. S8b).

Glycogen Synthase kinase 3β (GSK3β) is a well-established regulator of Snail1 protein
stability14. ERK can associate with and inactivate GSK3β by acting as a scaffold for
p90RSK and GSK3β30, and this ERK-p90RSK-GSK3β pathway can be stimulated by RTKs
such as HER230, 31. Thus, we tested whether DDR2 activation could modulate GSK3β
activity downstream of ERK2. pS9-GSK3β (inhibited) was present in unstimulated MDA-
MB-231 cells, and its levels were increased when cells were added to collagen I (Fig. 7a).
DDR2 depletion in unstimulated cells decreased the level of inhibited GSK3β, however
when these cells were added to collagen I the level of pS9-GSK3β increased to the same
extent as in control cells (Fig. 7a). This suggested that when breast cancer cells interacted
with collagen I, GSK3β activity was inhibited independently of DDR2. This DDR2-
independent pathway could also contribute to stabilization of Snail1 protein in response to
collagen. We tested this possibility by assessing whether depleting GSK3β affected Snail1
stabilization following exposure to collagen I. Snail1 protein increased 2.5–3.5 fold in
unstimulated cells indicating that GSK3β contributed to basal Snail1 levels (Fig. 7b).
However, when GSK3β-depleted cells were added to collagen I Snail1 protein increased to
the maximal level seen in control cells (Fig. 7b), indicating that although GSK3β contributed
to Snail1 protein stabilization, it did so in unstimulated cells and was not necessary for
collagen I-induced stabilization of Snail1.

To determine if ERK2 activation in response to collagen I was required for GSK3β
inhibition and Snail1 stabilization, ERK2 was depleted in MDA-MB-231 cells. In
unstimulated cells, depletion of ERK2 resulted in decreased inhibition of GSK3β (Fig. 7c);
however, when these cells were added to collagen I, pS9-GSK3β levels were equal to those
in control or ERK1-depleted cells (Fig. 7c). As expected, depletion of ERK2 resulted in
decreased level of Snail1 protein in unstimulated cells (Fig. 7c), which was equivalent to
Snail1 levels in DDR2-depleted cells (Fig. 7a). Therefore, ERK2 was required to inhibit
GSK3β in unstimulated cells. When ERK2-depleted cells were added to collagen I, Snail1
protein levels increased to 2-fold, whereas those in control cells increased 3-fold (Fig. 7c).
The level of Snail1 protein in ERK2 depleted cells stimulated with collagen I did not
approach that observed in control or ERK1-depleted cells, despite equivalent levels of pS9-
GSK3β (Fig. 7c). Taken together, these results indicated that although ERK2 also stabilized
Snail1 by inhibiting GSK3β, this was a minor contribution.

These signaling experiments suggested a pathway whereby Collagen I mediated activation
of DDR2 stabilized Snail1 protein (Fig. 7d). Collagen I activated DDR2 stimulated ERK2
activity, in a Src-dependent manner. ERK2 then interacted with and phosphorylated Snail1
on S82 and S104 and inhibited GSK3β activity, with both effects contributing to
stabilization of Snail1 protein. Elevated Snail1 levels sustained both MT1-MMP production
and activity32, 33 and collagen synthesis (Fig. 4c), both of which could contribute to the
remodeling of collagen fibers seen at the breast tumor/ECM interface (Fig. 4a, b).
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To test this proposed pathway we depleted each component individually, and determined the
activity and level of other proteins in the pathway. DDR2 depletion affected the activity or
protein level of all downstream components (Fig. 7e). ERK2 depletion influenced the
activity or protein level of GSK3β, Snail1, MT1-MMP, but not DDR2 (Fig. 7e). GSK3β
depletion only affected the Snail1 levels in unstimulated cells and had no effect on other
pathway components, or Snail1 in collagen I-stimulated cells (Fig. 7e). Snail1 depletion only
affected the level of MT1-MMP (Fig. 7e). Finally, depletion of MT1-MMP did not affect
Snail1 protein levels (Supplemental Fig. S8c), but was required for MDA-MB-231 cell
migration in 3D collagen I gels (Supplemental Fig. S8d).

DDR2 is expressed in human invasive ductal breast cancers and correlates with nuclear
Snail1, loss of E-cadherin, and increased collagen

We performed IHC on human invasive ductal (IDC) and invasive lobular breast cancer
samples compared with tumor-associated normal breast tissue. Snail1 and DDR2 were not
expressed in normal breast ducts or acini (Fig. 8a, b; Supplemental Fig. S8e), however, 71%
of invasive ductal carcinoma cells expressed DDR2 (Fig. 8a). There was no difference in
DDR2 expression and lymph node involvement (Supplemental Fig. S8e). Only 21% of
invasive lobular cancers expressed low levels of DDR2 (Fig. 8a). Ongoing TCGA RNA
sequence analysis of gene copy number in breast cancers34 found that 5% of invasive breast
tumors exhibited amplified copy number of the DDR2 gene and these patients had worse
survival rates (Fig. 8b). 38% of IDCs were Snail1 positive and of these 91% were DDR2
positive and 81% E-cadherin negative (Fig. 8c). However, in Snail1 negative tumors 47%
were DDR2 positive (Fig. 8c). Thus, DDR2 was expressed in the majority of invasive ductal
breast carcinomas studied, and most of those positive for nuclear Snail1 expression also
expressed DDR2 and lacked E-cadherin.

Trichrome staining was used to assess collagen content in invasive ductal carcinomas. Of
IDC with increased collagen (70%), 86% were positive for DDR2, whereas 55% of collagen
negative tumors (30%) were DDR2 positive (Fig. 8d). Starting with DDR2 positive tumors
(77%), 78% exhibited increased collagen (Fig. 8e). But in DDR2 negative tumors (23%),
42% exhibited increased collagen (Fig. 8e). This suggested that in tumors with increased
collagen content there was a strong association with the presence of DDR2, however, this
was not specific as significant numbers of collagen negative tumors expressed DDR2 and a
significant number of DDR2 negative tumors had increased collagen content.

DISCUSSION
We have identified the collagen receptor DDR2 as contributing to invasion, migration, and
metastasis of breast cancer cells by stabilizing Snail1 protein level. Our working model
posits that breast tumor environmental signals such as TGFβ or Wnt induce Snail1
transcription14, 15 and EMT12. As a result tumor cells become mesenchymal and DDR2 is
expressed as part of the EMT process. Following invasion through the BM tumor cells are
exposed to the collagen I-rich ECM associated with breast tumors and this activates DDR2
and serves as a positive signal to maintain Snail1 protein level and activity thereby
sustaining tumor cell migration leading to metastasis.

Most human invasive ductal breast cancer expressed DDR2. Although genetic events
leading to DDR2 expression cannot be currently excluded, it is likely that many invasive
breast cancers have undergone EMT and DDR2 expression could reflect this process.
Although we observed an association between nuclear Snail1, lack of E-cadherin and the
presence of DDR2, a significant proportion of Snail1 negative tumors expressed DDR2,
suggesting that in addition to stabilizing Snail1, DDR2 could contribute to cancer metastasis
by other means. RNA sequence analysis found that 5% of invasive breast tumors have
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amplified DDR2 gene expression34, with this single variable revealing that these patients
exhibited decreased survival. Whether these tumors also express Snail1 is not known, and it
would be interesting to study whether they represent the aggressive claudin-low subtype of
triple negative breast cancers that exhibit mesenchymal features, including the presence of
EMT inducers such as Snail17.

The presence of collagen fibers perpendicularly aligned to the tumor boundary predicts for
increased relapse and decreased survival4. An increase in collagen in vitro drives expression
of EMT markers35, providing support for a link between increased collagen and EMT. Our
studies suggest that DDR2 could provide a connection between collagen and sustained
EMT. However, DDR2 is not the only collagen I receptor expressed by invasive breast
cancer cells. Invasive breast cancers can exhibit increased tissue stiffness with tumor cells
responding to increased ECM tension through integrin-mediated mechanotransduction3.
Thus, integrin activity is important for breast cancer invasion3,36. Whether DDR2
contributes to integrin-mediated mechanotransduction responses during tumor invasion is
not known, but other RTKs have been shown to influence integrin function37, 38. In addition,
the increase in ERK activity in tumor cells in a stiff environment was ascribed to integrin-
dependent focal adhesion activation and EGFR signaling3. Collagen-induced DDR2
activation also led to an increase in ERK activity that contributed to Snail1 protein
stabilization and tumor cell invasion/migration, raising the possibility that, in addition to
integrin/FA-Rho-ROCK mediated mechanotransduction3, Snail1 protein stabilization and
EMT maintenance could also contribute to tumor cell invasion in stiff tissues. Regardless,
DDR2 depletion from aggressive, metastatic breast cancer cell lines that have undergone
EMT and express Snail1, led to reduced in vivo metastases, implying that DDR2, like
integrin, is an important collagen receptor during breast cancer metastasis.

The collagen I-induced, DDR2-ERK2 signaling axis that maintains Snail1 protein level and
activity in breast tumor cells that have undergone EMT, could contribute to the increased
aggressiveness of breast cancer in women with dense breasts that are due, in part, to
increased fibrillar collagen deposition39, tumors in an involuting breast microenvironment
that are associated with increased collagen deposition40, and in breast cancer patients with
extensive fibrotic reactions around the primary tumors1. Thus, DDR2 could be a potential
target to treat breast cancer metastasis.

Supplementary Material
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Figure 1. DDR2 stabilizes cellular Snail1 protein level, post-transcriptionally
(a, b) Human MDA-MB-231 or mouse 4T1 breast cancer cells were infected with
lentiviruses expressing two different shRNAi targeting DDR2 (#1, #2) or control scrambled
shRNAi (SCR). (a) Western blot was performed with the indicated antibodies. (b) Q-PCR
determination of mRNA levels for indicated genes. Means and s.d. are shown for three
independent experiments; 3 wells of cells were analyzed in each experiment. P-values were
calculated using unpaired, two-sided Student’s t-tests. ** P<0.01. (c, d) MDA-MB-231 cells
containing a bioluminescent Snail1-CBG transgene were infected with lentiviruses
expressing shRNAi targeting DDR2, Snail1 (Sn1), or a scrambled control (SCR). (c)
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Bioluminescence radiance was determined and photon flux plotted relative to control cells.
Means and s.d. are shown for three independent experiments; 3 wells of cells were analyzed
in each experiment. P-values were calculated using unpaired, two-sided Student’s t-tests. *
P<0.05. (d) Western blot with indicated antibodies. (e) DDR2 was overexpressed in human
MDA-MB-231 and mouse 4T1 breast cancer cells by infecting cells with retroviruses
expressing myc-tagged wild type DDR2 (WT), myc-tagged kinase-dead DDR2 (KD), or
empty vector (CTL). Western blots with the indicated antibodies were performed on cell
extracts. (f) MDA-MB-231 or 4T1 cells were infected with retroviruses expressing myc-
tagged DDR1, myc-tagged DDR2, or empty vector (CTL) and Western blots with the
indicated antibodies performed on cell extracts.
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Figure 2. Collagen I-induced stabilization of Snail1 protein requires DDR2
(a) HEK293 cells transfected with indicated plasmids (CTL – empty vector) were added to
plates coated with collagen I (2 mg/ml) for indicated times (hours). Western blots were
performed. (b) Human MDA-MB-231 cells were added to plates coated with ECM proteins
for 8 hours: FN – fibronectin; Gel – gelatin. DDR2 was immunoprecipitated and bound
products Western blotted with pTyr or DDR2 antibodies (upper panels). Western blots of
cell extracts (lower panels). In the last two lanes cells were depleted of DDR2 with shRNAi.
(c) MDA-MB-231 cells were untreated (CTL), pretreated with mouse IgG or neutralizing
antibody against β1-integrin (MAb13) for 2 hours, added to collagen I coated (+) or
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uncoated plates (−) for 15 minutes or 8 hours. Western blots were performed. (d) MDA-
MB-231 cells were treated with DMSO or SB431542 (10 µM), an inhibitor of TGFβ
signaling, before addition to plates coated with collagen I (+) or uncoated (−) for 8 hours.
Western blots were performed. (e) MCF-10A cells infected with DDR2 or scrambled control
(SCR) shRNAi lentiviruses were treated with TGFβ (2 ng/ml) continuously for 4 days to
induce EMT. Western blots were performed on cell extracts each day for 4 days of TGFβ
treatment. (f) MCF-10A cells were infected with empty (CTL), Snail1-Flag, or myc-DDR2
retroviruses and cultured without TGFβ for 4 days. Phase images of cells on day 4 (left).
Scale bar 100 µm. Western blots of day 4 cell extracts with the indicated antibodies (right).
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Figure 3. DDR2 influences breast cancer cell migration in vitro and metastases in vivo
(a) Cell migration in 3D collagen gels of 4T1 cells depleted of Snail1, DDR2, or control
(SCR). Distance traveled relative to control cells was determined at 48 h. Scale bar 250 µm.
Means and s.d. for five experiments; ten cell aggregates analyzed each experiment. P-values
calculated using unpaired, two-sided Student’s t-tests. ** P<0.01. (b) 4T1 cell proliferation
curve: control (black line), DDR2-depleted (red line), or Snail1-depleted cells (green line).
Means and s.d. for five experiments; three wells of cells analyzed each experiment. (c)
Representative images of BALB/cJ mice whose breast tissue was implanted with 1×106

4T1-Luc/GFP control (shSCR), DDR2 depleted (shDDR2), or Snail1 depleted (shSnail1)
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cells. Whole mouse bioluminescence performed day 1 and 35 post-implantation. (d) Growth
curve of primary tumors, as determined by bioluminescence. Means and s.d.; data derived
from one experiment of twelve mice per condition. (e) Bioluminescence of representative
images of lungs 5 weeks post tumor cell implantation into breast. Scale bar 0.5 cm. (f)
Percent of mice with lung metastases 5 weeks post-injection, as determined by lung
bioluminescence. Means and s.d.; data derived from one experiment of twelve mice per
condition. P-values calculated using 2-tailed Fisher Exact test. ** P< 0.01. (g) Total
bioluminescence of lungs imaged 5 weeks post tumor implantation. Means and S.E.M.; data
derived from one experiment of twelve mice per condition. Uninjected control mice n=3.
Primary data for (d) and (g) are provided in the Statistics Source Data file in the
supplementary information.
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Figure 4. Collagen fiber alignment at tumor-ECM boundary
(a) Second harmonic generation imaging of collagen fibers at the tumor-ECM boundary of
primary tumors from xenografts of 4T1 cells transduced with control shSCR, shSnail1, or
shDDR2 RNAi expressing lentiviruses. Dashed line represents the tumor boundary. Scale
bars = 100µm. Both magnifications are of the same tumor but at different locations. (b)
Using CurvAlign software, the angle of collagen fibers relative to the tumor boundary was
determined. Each column consists of n=3 tumors with three fields of view for each (nine
images for each tumor). All angles from 0–30 degrees were catagorized as “TACS-2”,
parallel to the tumor boundary. Fibers in the range of 60–90 degrees were categorized as
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“TACS-3”, perpendicular to the tumor boundary. Means and S.E.M. are shown for one
experiment. Primary data are provided in the Statistics Source Data file in the supplementary
information. (c) MDA-MB-231 cells shRNAi-depleted of Snail1 (shSnail1), DDR2
(shDDR2), or control (SCR) were added to uncoated plates or plates coated with 2 mg/ml of
collagen I for 8 hours and Q-PCR determination of mRNA levels for collagen I (black
columns), Snail1 (light gray columns), and DDR2 (dark gray columns) relative to control
cells not added to collagen-coated plates was determined. Means and s.d. for three
independent experiments; three wells of cells were analyzed each experiment. P-values
calculated using unpaired, two-sided Student’s t-tests. * P<0.05; ** P<0.01.
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Figure 5. DDR2 stabilizes Snail1 protein through ERK2 phosphorylation of Snail1
(a) MDA-MB-231 cells added to collagen I coated (+) or uncoated plates (−) in the presence
of inhibitors: DMSO; PD98059 (50 µM), MEKK1; SB203580 (20 µM), p38; Wortmannin
(100 nM), PI3K; SP600125 (10 µM), JNK. Western blots were performed. (b) ERK D- or
DEF-binding domains in human Snail1 (bold). MBA-MB-231 cells added to collagen I
coated plates, +/− MEKK1 inhibitor PD98059, Snail1 immunoprecipitated and bound
products Western blotted for the presence of ERK2 and Snail1. The right lanes are input
controls. (c) In vitro kinase assays with purified ERK2 and GST-Snail1 or serine mutants
(S–A) as substrate (2 µg).
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Autoradiography (left), coumassie-stained gel of input proteins (right). (d) MDA-MB-231
cells containing WT Snail1-CBG or 82/104A.Snail1-CBG treated with cycloheximide (100
µg/ml), added to uncoated (Ctrl) or collagen I coated plates. Bioluminescence determined
and plotted as photon flux relative to cell at t=0. The vertical Y-axis lines indicate half-life
of each protein. (e) MDA-MB-231 cells depleted of Snail1 (shSn) or DDR2 (shDDR2) or
control (shSCR) (columns 1–3). Snail1 depleted cells were rescued with RNAi-resistant WT
Snail1, 2A – 82/104A Snail1 mutant, or the RK-MM – ERK D domain binding site Snail1
mutant. Cell migration in 3D collagen I gels relative to control cells was determined. Means
and s.d. for three independent experiments; ten cell aggregates analyzed in each experiment.
See Supplemental Figure S7a for experimental data.
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Figure 6. ERK2 phosphorylation of Snail1 results in nuclear accumulation and diminished
ubiquitination
(a) MDA-MB-231 cells containing WT Snail1-CBG or 82/104A.Snail1-CBG were added to
uncoated or collagen I coated wells for 8 hours +/− proteasome inhibitor MG132.
Bioluminescence determined and results plotted relative to respective cells added to
uncoated plates in the absence of MG132. Means and s.d. for three independent
experiments; three wells of live cells analyzed each experiment. P-values calculated using
unpaired, two-sided Student’s t-tests. ** P<0.01. (b) MCF-10A cells transfected with WT
Snail1 or 82/104A.Snail1 were treated with Leptomycin B (20 nM) (LMB) for 4 hours (+)
or not (−). Cells lysed and nuclear (N) and cytosolic (C) fractions isolated. Western blots
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were performed on subcellular fractions. The relative distribution of Snail1 between
fractions was determined from densitometry. (c) MDA-MB-231 cells added to collagen I
coated (+) or uncoated plates (−) for 8 hours. The first two lanes are Western blots of total
cell lysates. Lanes 3–6 are Western blots of subcellular fractions: nucleus (N), cytosol (C).
(d) HEK293 transfected with myc-DDR2, Snail1-Flag, and HA-Ubiquitin, as indicated.
Cells were added to uncoated (−) or collagen I coated plates (+). No proteosome inhibitor
was present. Snail1 was immunoprecipitated and bound products Western blotted (upper
panels). Lower panels are input controls.
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Figure 7. Delineation of the intracellular signaling pathway whereby DDR2 leads to Snail1
protein stabilization and tumor cell invasion/migration
(a) MDA-MB-231 cells shRNAi-depleted of DDR2 or control (SCR) were added to
collagen I coated (+) or uncoated plates (−). Western blot with the indicated antibodies was
performed on cell extracts. The fold change in phospho-S9-GSK3β relative to unstimulated
control cells was calculated from densitometry. (b) MDA-MB-231 cells shRNAi-depleted of
GSK3β or control (SCR) were added to collagen I coated (+) or uncoated plates (−). Western
blots with the indicated antibodies were performed on cell extracts. The fold change in the
level of Snail1 relative to unstimulated control cells was calculated from densitometry. (c)
MDA-MB-231 cells shRNAi-depleted of ERK1 or ERK2 or control (SCR) were added to
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collagen I coated (+) or uncoated plates (−). Western blots with the indicated antibodies
were performed on cell extracts. The fold change in the level of Snail1 protein relative to
unstimulated control cells was calculated from densitometry. (d) Proposed signaling
pathway from collagen activated DDR2 to Snail1 stabilization and MT1-MMP and collagen
I production. (e) MDA-MB-231 cells were shRNAi-depleted of the indicated proteins then
added to collagen I coated (+) or uncoated plates (−). Cell extracts were Western blotted
with the indicated antibodies.
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Figure 8. DDR2 expression is present in the majority of human invasive ductal breast cancers
and correlates with the presence of nuclear Snail1 and loss of E-cadherin expression
(a) Immunohistochemical analysis for DDR2 protein expression in 80 human invasive
ductal carcinoma, 80 human invasive lobular carcinoma, or 15 cancer-associated normal
breast samples. Shown is a representative example of invasive ductal carcinoma sample
(right) and cancer-associated normal breast sample (left). Scale bar 100 µm. Results are
tabulated in the table below. (b) Kaplan-Meier survival curve for 320 humans with invasive
breast cancers. Gene copy number assessment at MSKCC cancer genome portal. 5% (18)
have increased DDR2 gene copy number (red line). Blue line represents remaining patients
with normal DDR2 gene copy number. (c) Immunohistochemical staining for DDR2, Snail1,
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and E-cadherin in sequential slices of 148 invasive human ductal breast carcinoma or 20
cancer-associated normal breast samples. Shown is a representative sample of normal breast
(upper panels) and invasive ductal carcinoma (lower panels). Black arrow indicates the
presence of nuclear Snail1 staining in a DDR2 positive, E-cadherin negative sample. Scale
bar equals 100 µm. Results are tabulated in the table of the right. (d, e)
Immunohistochemical determination of DDR2 protein expression and collagen deposition
(Trichrome stain) in 30 human invasive ductal carcinomas. (d) The percent of tumors with
increased collagen deposition, or not, that expressed DDR2. (e) The percent of DDR2
positive or negative tumors that exhibited increased collagen deposition.
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