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ShcA is an important mediator of ErbB2- and transforming growth factor � (TGF-�)-induced breast cancer cell migration, inva-
sion, and metastasis. We show that in the context of reduced ShcA levels, the bone morphogenetic protein (BMP) antagonist
chordin-like 1 (Chrdl1) is upregulated in numerous breast cancer cells following TGF-� stimulation. BMPs have emerged as im-
portant modulators of breast cancer aggressiveness, and we have investigated the ability of Chrdl1 to block BMP-induced in-
creases in breast cancer cell migration and invasion. Breast cancer-derived conditioned medium containing elevated concentra-
tions of endogenous Chrdl1, as well as medium containing recombinant Chrdl1, suppresses BMP4-induced signaling in multiple
breast cancer cell lines. Live-cell migration assays reveal that BMP4 induces breast cancer migration, which is effectively blocked
by Chrdl1. We demonstrate that BMP4 also stimulated breast cancer cell invasion and matrix degradation, in part, through en-
hanced metalloproteinase 2 (MMP2) and MMP9 activity that is antagonized by Chrdl1. Finally, high Chrdl1 expression was asso-
ciated with better clinical outcomes in patients with breast cancer. Together, our data reveal that Chrdl1 acts as a negative regu-
lator of malignant breast cancer phenotypes through inhibition of BMP signaling.

Breast cancer is a heterogeneous disease that can be subdivided
into distinct molecular subtypes through the integration of

gene expression and genomics data (1, 2). While ErbB2� breast
cancers are considered a poor-prognosis subtype (3), other signal-
ing pathways can further modulate their malignant phenotypes.
The transforming growth factor � (TGF-�) family is a prominent
example that has been shown to enhance the migratory, invasive,
and metastatic abilities of ErbB2� breast cancer cells (4–7). We
have previously demonstrated that the ShcA adaptor protein plays
an important role, downstream of TGF-� and ErbB2 signaling
pathways, in mediating these cellular responses (8, 9). Loss of
ShcA expression in ErbB2-expressing cells significantly reduced
tumor growth, which was the result of reduced proliferation, di-
minished endothelial cell recruitment, and elevated apoptosis (9).
In the present study, through the use of microarray based tran-
scriptional profiling, we identified elevated levels of chordin-like 1
(Chrdl1) in ErbB2� breast cancer cells following TGF-� stimula-
tion; however, this upregulation of Chrdl1 occurs only in the con-
text of diminished ShcA levels.

Bone morphogenetic proteins (BMPs) are secreted cytokines
that belong to the TGF-� family of proteins, and their aberrant
expression is observed in numerous cancers, including breast can-
cer (10). However, much like the TGF-� isoforms, there are con-
flicting reports on whether BMPs exert pro- or antitumorigenic
effects on cancer cells (11, 12). In breast cancer, BMP4 has been
shown to promote cancer cell migration and invasion (13–16).
Similarly, BMP7 induces breast cancer cell proliferation, migra-
tion/invasion, and metastasis (17, 18). Interestingly, BMP4 and
BMP7 are the most frequently and most highly expressed family
members in breast cancer (10, 14).

Several factors influence BMP expression and activity. The
BMP pathway can be negatively regulated by BMP antagonists,
which are secreted proteins that bind BMP ligands and block their
interactions with cognate cell surface receptors (19). A tight bal-
ance between BMP and BMP antagonist activity is required dur-

ing development and normal tissue homeostasis in the adult. Dis-
ruption of this balance contributes to the progression of
numerous diseases, including cancer (20). Chrdl1 is a secreted
antagonist of BMP-mediated signaling via the Smad pathway, and
it has previously been reported to predominantly inhibit BMP4-
mediated signaling (21). While Chrdl1 function has been studied
mainly in the context of development, little is known about its
putative role in breast cancer.

In the current study, we demonstrated that, in the context of
reduced ShcA signaling, Chrdl1 expression is upregulated in nu-
merous breast cancer cells following TGF-� stimulation. Through
a series of in vitro experiments, we demonstrated that Chrdl1 acts
as an inhibitor of BMP4-induced migration and invasion. More-
over, Chrdl1 expression serves as a prognostic factor for better
outcomes in patients with breast cancer.

MATERIALS AND METHODS
Generation of an inducible ShcA knockdown system in NMuMG-
ErbB2 breast cancer cells. Retrovirus harboring the reverse Tet transac-
tivator (rtTA) was generated using 293 vesicular stomatitis virus (VSV)
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packaging cells as previously described (22). NMuMG cells were trans-
duced with virus and selected using 400 �g/ml of neomycin-G418
(Wisent) to generate a pooled cell population expressing the rtTA. Clonal
populations were subsequently established and characterized for doxycy-
cline inducibility using a tetracycline responsive element (TRE)-luciferase
reporter construct (Clontech). Briefly, transient retroviral infections were
performed with the TRE-luciferase reporter; individual clones were sub-
sequently split into two pools and left untreated or treated with 2 �g/ml of
doxycycline for 48 h. Cell lysates were prepared with luciferase assay cell
lysis buffer from the Promega luciferase assay system (catalog number
E1500). Whole-cell protein lysates (20 �g) from each clonal cell popula-
tion (treated and untreated) were aliquoted into 96-well plates, luciferase
assay reagent added to each well, and luciferase activity measured with a
BMG FLUOstar Omega plate reader (Imgen Technologies). Lumines-
cence readings were normalized to protein concentrations determined
from the cell lysates, and induced luciferase expression was determined by
plotting normalized luminescence values with and without doxycycline
treatment.

Populations that exhibited a 13-fold or greater induction in luciferase
activity following doxycycline treatment were selected and subsequently
transduced with the TMP vector containing microRNA-designed RNA
interference (RNAi) sequences (shRNAmirs) targeting the ShcA or lucif-
erase gene. Clones that exhibited an efficient knockdown of ShcA in re-
sponse to doxycycline treatment (2 �g/ml, 72 h) were then transduced
with virus containing a NeuNT cDNA (rat ortholog of activated ErbB2;
here denoted ErbB2). NMuMG clones bearing luciferase gene control
short hairpin RNAs (shRNAs), which showed no decrease in ShcA levels
following doxycycline treatment, were also transduced with activated
ErbB2.

DNA constructs and RNAi sequences. We utilized microRNA-de-
signed sequences (shRNAmirs) to target either the 3= untranslated region
(3=UTR) of the ShcA gene or luciferase gene transcripts as a control, as
previously described (9). The shRNAmirs were expressed under the con-
trol of a doxycycline-inducible promoter using the retroviral TMP vector
system (catalog number EAV4678; Open Biosystems).

Cell lines and cell culture. NMuMG-derived cell populations and ex-
plants (8)were treated with 2 �g/ml doxycycline for 48, 72, or 96 h prior to
experimentation, as required. The MDA-MB-231, BT549, and HCC1954
cell lines were purchased from the American Type Culture Collection
(Manassas, VA), and NIC cell populations were derived from mammary
tumors that formed in mouse mammary tumor virus (MMTV)/NIC mice
(22). Retroviruses were generated in 293VSV packaging cells according to
the manufacturer’s instructions (Clontech). NMuMG-ErbB2 (8), NIC
(22), and human breast cancer (MDA-MB-231, BT549, and HCC1954)
cell lines were cultured as previously described (23–25).

siRNA transfection. Expression of the endogenous ShcA gene was
transiently diminished in NICs and the MDA-MB-231 and BT549 breast
cancer cell lines by expression of small interfering RNAs (siRNAs) di-
rected against the 3=UTR of the ShcA gene. A mixture of 2 dicer substrate
duplex siRNAs (5=-AGCAGACAGUUGCGUGAUCCGGAAC-3= and 5=-
CAGCCUGAAUAUGGUGGCGCAC-3=) targeting the mouse ShcA gene
was used for the transfection of mouse NIC cells, and a mixture of 3 dicer
substrate duplex siRNAs (5=-AGAUGCCCUCCAAUCCUUUCCACCC-
3=, 5=-CCUAU GUACUCUACGCCAAAGUGCA-3=, and 5=-UGAGACU
AUAAAGCAGUAGACAATC-3=) was used for targeting the human ShcA
gene in MDA-MB-231 and BT549 cells. The breast cancer cells were also
transfected with a scrambled dicer substrate duplex siRNA as a control.
siRNAs were used at a final concentration of 60 nM per transfection (20
nM for each individual ShcA siRNA). INTERFERin transfection reagent
(catalog number 409-50; Polyplus Transfection) was used to perform all
transfections according to the manufacturer’s protocol. Cells were serially
transfected 3 times: once following cell plating, again 6 h later, and a final
time at 18 h after the second transfection. Prior to each transfection, cells
were lightly trypsinized to enhance transfection efficiency. Six hours fol-
lowing the last transfection, cells were treated with 2 ng/ml of TGF-�1

(catalog number HZ-1011; Humanzyme, Chicago, IL) for 24 h (NICs and
MDA-MB-231) or 48 h (BT549), and conditioned media and whole-cell
lysates were collected and subjected to enzyme-linked immunosorbent
assay (ELISA) and immunoblotting as described below.

Mammary tumor growth. Two clonal populations expressing either
the ShcA or luciferase gene-targeting shRNAmirs were injected into the
mammary fat pads of athymic mice to generate tumorigenic populations.
NMuMG-ErbB2 breast cancer cells (1 � 106) were injected into the in-
guinal mammary fat pads in a 50-�l volume of phosphate-buffered saline
(PBS) and Matrigel (50:50) (catalog number 356234; BD Biosciences),
and mice were not exposed to doxycycline, ensuring that the shRNAs were
not expressed. Tumor growth was monitored every 2 weeks by caliper
measurement for 6 weeks, and tumor volumes were calculated using the
formula �LW2/6, where L is the length and W is the width of the mam-
mary tumor. Tumors were excised at a defined tumor volume, and ex-
plant populations were generated by mincing the tumor tissue and then
incubating for 20 min at 37°C in 0.05% trypsin (Wisent). Explant popu-
lations were plated in fresh medium containing puromycin, hygromycin,
and neomycin-G418 to maintain expression of the shRNAmir, ErbB2,
and the rtTA, respectively. Three individual tumor explants of each
ErbB2/rtTA population, expressing either the ShcA or luciferase gene
control shRNAmirs, were pooled to reduce clonal variation.

To assess primary tumor growth of the ErbB2/rtTA/ShcA-KD and
ErbB2/rtTA/Luc-KD cells, 1 � 105 cells from each cell population were
injected into the mammary fat pads of female SCID/beige mice. When
tumor volumes reached a range of 150 to 200 mm3, doxycycline treatment
was initiated by adding doxycycline to the drinking water (containing
10% sucrose) at a final concentration of 2 mg/ml. Mammary tumors were
harvested at 6 weeks postinjection, and portions were flash frozen in liq-
uid nitrogen or fixed and embedded in paraffin. Mice were housed in
facilities managed by the McGill University Animal Resources Centre, and
all animal experiments were conducted under a McGill University-ap-
proved animal use protocol in accordance with guidelines established by
the Canadian Council on Animal Care.

RNA isolation, amplification, labeling, and hybridization to Agilent
microarrays. Basic procedures for the manipulation of RNA samples
were previously described (26), and a single round of amplification was
performed for all RNA samples prior to labeling and hybridization.
NMuMG-ErbB2/rtTA/ShcA-KD and NMuMG-ErbB2/rtTA/Luc-KD
cells were plated into 10-cm tissue culture dishes and treated with or
without 2 �g/ml doxycycline for 96 h. These breast cancer cells were left
untreated or stimulated for 3 or 24 h with TGF-�, and total RNA was
extracted using QIAshredder and RNeasy spin columns (Qiagen). Gene
expression analyses were performed on duplicate samples of the
NMuMG-ErbB2/rtTA/Shc-KD and NMuMG-ErbB2/rtTA/Luc-KD pop-
ulations (technical replicates). Purified RNA was subjected to reverse
transcription, amplification, and labeling protocols as previously de-
scribed (26). Labeled RNA was hybridized to 4x44K version2 whole
mouse genome microarray gene expression chips (Agilent Technologies)
for 17 h at 60°C. The microarray chips were then washed, dried with
gaseous N2, and immediately scanned using a DNA microarray scanner
(model G2565BA; Agilent Technologies).

Gene expression analysis. Raw data were normalized using the norm-
exp background correction and quantile between array normalization
methods. Differential expression was performed using a t test with false-
discovery-rate (FDR) correction. Using a fold change (FC) of �1.5 and an
FDR of �0.05, we identified 125 genes that were differentially expressed in
response to TGF-� (3 h or 24 h) and that were dependent on ShcA ex-
pression. A subset of these genes were included in the heat map, of which
the Chrdl1 gene was the gene whose increase in expression by TGF-� was
most dependent on ShcA loss. Gene ontology (GO) analysis was per-
formed by examining GO categories for overrepresentation in the set of
differentially expressed genes (uncorrected P value of less than 0.05) using
a hypergeometric test. All microarray analysis was performed using R/bio-
conductor (27).
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Total RNA extraction and RT-qPCR. NMuMG-ErbB2 doxycycline-
inducible ShcA knockdown cells were treated with 2 �g/ml doxycycline
for 96 h or not treated and left unstimulated or stimulated with TGF-� (2
ng/ml) for 3 or 24 h. Cells were then grown to 70 to 80% confluence and
subjected to RNA isolation using QIAshredder columns and the RNeasy
minikit (Qiagen) according to the manufacturer’s protocol. Total RNA
was quantified and subjected to reverse transcription-quantitative PCR
(RT-qPCR) as previously described (28). Each experiment was performed
in triplicate and normalized to mouse GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) gene expression. The primer sequences used for
Chrdl1, the metalloproteinase 2 gene (Mmp2), Mmp9, Mmp14, and
Gapdh were as follows: Chrdl1 forward, 5=-GTGATTCCCCTGCTAGAT
GA-3=; Chrdl1 reverse, 5=-TCCCACAGCACTTTAGGAAG-3=; Mmp2
forward, 5=-GAAGTTCCCCGGCGATGTC-3=; Mmp2 reverse, 5=-TTCT
GGTCAAGGTCACCTGTC-3=; Mmp9 forward, 5=-CAATCCTTGCAAT
GTGGATG-3=; Mmp9 reverse, 5=-AGTAAGGAAGGGGCCCTGTA-3=;
Mmp14 forward, 5=-CAGTATGGCTACCTACCTCCAG-3=; Mmp14 re-
verse, 5=-GCCTTGCCTGTCACTTGTAAA-3=; Gapdh forward, 5=-CAAG
TATGATGACATCAAGAAGGTGG-3=; Gapdh reverse, 5=-GGAAGAGT
GGGAGTTGCTGTTG-3=.

Conditioned medium and protein extraction. To assess Chrdl1 ex-
pression, NMuMG-ErbB2/rtTA/ShcA-KD cells were plated at 30 to 40%
confluence, pretreated in the presence or absence of doxycycline for 48 h,
and costimulated with TGF-� (2 ng/ml) or not costimulated for the last 3
or 24 h. Cell lysates and conditioned medium were collected to perform
ELISAs.

To evaluate the effects of conditioned medium harvested from
NMuMG-ErbB2/rtTA/ShcA-KD cells on BMP4-induced signaling, these
cells were first cultured to 30 to 40% confluence. The following day, cells
were treated with or without doxycycline for 72 h in conjunction with
TGF-� stimulation (2 ng/ml) for 24 h. Subsequently, conditioned me-
dium was harvested and added to a fresh culture of NMuMG-ErbB2/
rtTA/ShcA-KD cells that had been serum starved overnight. The same
cultures were then stimulated with BMP4 (2.5 ng/ml) (catalog number
315-27; PeproTech) or not stimulated. Thirty minutes later, conditioned
medium and cell lysates were harvested to perform ELISA and immuno-
blotting.

To directly examine the effects of Chrdl1, breast cancer cells were
treated with human recombinant Chrdl1 (rChrdl1) (catalog number
1808-NR/CF; R&D Systems). Briefly, NMuMG-ErbB2, BT549, and
HCC1954 cells were cultured to 30 to 40% confluence and then serum
starved overnight. Subsequently, breast cancer cells were stimulated with
BMP4 (2.5 ng/ml) or TGF-� (2 ng/ml) or not stimulated in the presence
or absence of increasing rChrdl1 concentrations for 30 min. Cell lysates
were collected and subjected to immunoblotting. Cells stimulated with
BMP4 (2.5 ng/ml) or not stimulated in the presence or absence of rChrdl1
(100 ng/ml) were subjected to Li-Cor quantitative immunoblot analysis.

All cells were washed with 1� PBS and lysed in TNE lysis buffer (50
mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 2 mM EDTA [pH 8.0],
0.1 mM sodium orthovanadate, 10 �g/ml aprotinin, 10 �g/ml leupeptin,
10 mM NaF, 2.5 mM sodium pyrophosphate, 1 mM �-glycerol phos-
phate). Protein concentrations were measured by Bradford assay.

ELISAs. For each cell population and experimental condition, condi-
tioned medium was collected and cell lysates were prepared in TNE lysis
buffer. Cell lysates were quantified by Bradford assay, and ELISAs were
performed to obtain quantitative measurements of secreted Chrdl1 ac-
cording to the manufacturer’s protocol. Secreted Chrdl1 concentrations
were normalized to protein concentrations measured from whole-cell
protein lysates. All incubations and washes were performed as suggested
by the manufacturer. Luminescence readings of each sample were mea-
sured using an automated Omega plate reader at a wavelength of 450 nm.

Immunoblot analysis. rChrdl1 was titrated to identify the concentra-
tion that maximally impaired BMP4 and BMP7 (50 ng/ml) (catalog num-
ber 120-03; Peprotech). Total protein (30 to 40 �g) was separated by 7.5%
SDS-polyacrylamide gel electrophoresis (PAGE) and resolved proteins

transferred onto polyvinylidene difluoride (PVDF) membranes. Mem-
branes were blocked for 1 h with 5% milk solution, except for membranes
used to detect pSmad1/5/8, total Smad2/3, and ShcA, for which 5% bovine
serum albumin (BSA) solution was used as the blocking agent. Mem-
branes were washed with 1� Tris-buffered saline (TBS)–1% Tween 20
and incubated overnight at 4°C using the following antibodies, as indi-
cated: ShcA (1:1,000 dilution) (catalog number 610081; BD Biosciences),
FLAG (M2) (1:1,000 dilution) (catalog number F1804; Sigma), ErbB2/
Neu (C-18) (1:1,000 dilution) (catalog number sc-284-G; Santa Cruz),
phospho-Smad 1/5/8 (1:1,000 dilution) (catalog number 9511; Cell Sig-
naling), phospho-Smad1/8 (1:1,000 dilution) (catalog number 562508;
BD Biosciences), Smad1 (1:1,000 dilution) (catalog number 38-5400; In-
vitrogen), Smad2/3 (1:1,000 dilution) (catalog number 610842; BD Bio-
sciences), phospho-Smad2 (Ser465/467) (1:1,000 dilution) (catalog num-
ber 3101; Cell Signaling), and 	-tubulin (1:5,000 dilution) (catalog
number T9026; Sigma). Membranes were washed 3 times with 1�
TBS–1% Tween 20 and incubated with appropriate horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (1:10,000 dilution) for 1 h.
The membranes were washed 3 times with 1� TBS–1% Tween 20 and
visualized with an enhanced chemiluminescence system.

Quantitative immunoblot analysis. For quantification of phospho-
Smad1/8 immunoblots using the Odyssey IR imager, immunoblotting
was performed as described above with the exception that the membrane
was blocked in Odyssey blocking buffer (Li-Cor) for 1 h. Membranes were
incubated at 4°C overnight with phospho-Smad1/8 antibodies (1:1,000
dilution) (catalog number 562508; BD Biosciences) and Smad1 antibod-
ies (1:1,000 dilution) (catalog number 38-5400; Invitrogen), which were
diluted in Odyssey blocking buffer containing 0.2% Tween 20. Mem-
branes were washed and subsequently incubated for 45 min in blocking
buffer containing Tween 20 (0.3%, vol/vol), 0.02% SDS, 1 mg/ml anti-rat
IgG conjugated to IR dye 680 (Li-Cor), and 1 mg/ml anti-rabbit IgG
conjugated to IR dye 800 (Li-Cor) and protected from light. Membranes
were scanned in the 500-nm channel using the Odyssey IR imager, and
phospho-Smad1/8 and Smad1 protein levels were quantified using the
Image Studio Lite software package.

Immunohistochemistry. Tissue fixation, immunohistochemical
(IHC) staining, and quantification of positive staining were carried out as
previously described (9). Immunohistochemical staining was performed
on NMuMG-ErbB2/ShcAhigh and NMuMG-ErbB2/ShcAlow mammary
tumors that have been described previously (9). Mammary tumors were
fixed overnight in 4% paraformaldehyde. Primary antibodies were used to
detect ShcA (1:100 dilution) (catalog number ab24787; Abcam) and
Chrdl1 (1:100 dilution) (catalog number ab103369; Abcam) in conjunc-
tion with the appropriate biotin-SP-conjugated anti-IgG secondary
antibodies (Jackson Laboratories, Bar Harbor, ME). Sections were devel-
oped with 3-3-diaminobenzidine-tetrahydrochloride and counterstained
with hematoxylin.

Cell-tracking migration assays. NMuMG-ErbB2 or BT549 cells (6 �
103) were plated in 24-well plates previously coated with 4.5 �g/cm2 of
fibronectin and allowed to adhere for 45 min at 37°C prior to cell imaging.
Cell tracking was performed using conventional phase-contrast micros-
copy (Zeiss Axiovert 200M), and cells were imaged using a Zeiss AxioCam
monochrome (3,900 by 3,900 pixels) camera once every 10 min for 28 h.
After 5 h, cells were treated with or without TGF-� (2 ng/ml) or BMP4
(2.5 ng/ml) in the presence or absence of human recombinant Chrdl1
(100 ng/ml). After data acquisition, 10 to 20 cells were tracked manually
using MetaXpress for each time point. The velocity in micrometers per
hour was calculated for each cell, as well as the mean velocity and standard
deviation.

Invasion assays. The BT549 and HCC1954 cell lines were used for the
evaluation of cell invasion using Boyden chamber assays. Cells were pre-
treated with or without BMP4 (2.5 ng/ml) and in the presence or absence
of human recombinant Chrdl1 (100 ng/ml) for 24 h. BT549 (8.5 � 104)
and HCC1954 (4 � 104) cells were subsequently trypsinized, resuspended
in serum-free medium, and plated onto 6% Matrigel that was overlaid on
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the top chamber of transwell inserts (8.0-�m pore size) (catalog number
353097; Falcon). The presence or absence of BMP4 and Chrdl1 in the top
chamber of each transwell is indicated. In the lower chamber, 1 ml of
standard cell medium containing 10% fetal bovine serum (FBS) was
added, and the cells were allowed to invade through the membrane for 24
h at 37°C. Quantification of invading cells was performed as previously
described (9). The data represent the averages from three (BT549) or four
(HCC1954) independent experiments performed in triplicate.

Fluorescent gelatin degradation assay. Glass coverslips were coated
with 0.1 mg/ml poly-D-lysine for 20 min at room temperature. Subse-
quently, glass coverslips were washed 3 times with PBS and incubated at
room temperature with glutaraldehyde for 20 min. After washing 3 times
with PBS, glass coverslips were incubated at 37°C for 1 h in gelatin matrix
consisting of diluted cross-linked-fluorophore (fluorescein isothiocya-
nate [FITC])-conjugated gelatin (catalog number G13187; Gibco/Invit-
rogen) in 0.1% unlabeled gelatin (1:50) and fibronectin (4.5 �g/cm2).
Glass coverslips were washed 3 times with PBS, incubated at room tem-
perature with 10% NaBH4 for 1 min, washed again in PBS, incubated at
room temperature with 70% ethanol for 20 min, and then given a final
PBS wash. The fluorescent-gelatin-coated coverslips were quenched in
Dulbecco modified Eagle medium (DMEM) containing 10% FBS for 1 h
at 37°C prior to plating the indicated breast cancer cells. NMuMG-ErbB2
and BT549 cells pretreated with or without BMP4 (2.5 ng/ml), in the

presence or absence of human recombinant Chrdl1 (100 ng/ml), for 24 h
were plated onto the fluorescent-gelatin-coated coverslips in 24-well
plates (3 � 104 NMuMG-ErbB2 cells and 4.5 � 104 BT549 cells). Cells
were stimulated with BMP4 (2.5 ng/ml) or not stimulated in the presence
or absence of Chrdl1 (100 ng/ml) for an additional 24 h at 37°C. Breast
cancer cells were fixed for 20 min with 2% paraformaldehyde in PBS,
permeabilized with PBS containing 0.2% Triton X-100 for 10 min, and
then washed 3 times with 100 mM glycine in PBS. To block the cells, a
30-min incubation in PBS containing 0.2% Triton X-100, 0.05% Tween
20, and 2% bovine serum albumin was performed. Images were captured
using an LSM510 confocal microscope at a magnification of �100. To
quantitate the degree of cell-mediated degradation, a total of 20 images
per experiment were captured and analyzed using CellTracker. The mean
from 2 independent experiments was calculated for each condition.

Gel zymography. NMuMG-ErbB2 and BT549 cells were plated to
40% confluence and stimulated with BMP4 (2.5 ng/ml) or not stimulated
in the presence or absence of human recombinant Chrdl1 (100 ng/ml).
After a 24-h incubation at 37°C, conditioned medium was harvested and
separated by 7.5% SDS-PAGE with 0.1% gelatin. Subsequently, gels were
washed 3 times with 2.5% Triton X-100 and incubated in reaction solu-
tion (50 mM Tris-HCl [pH 7.4], 5 mM CaCl2, 200 mM NaCl) for 24 h at
37°C under gentle agitation. The reaction was stopped and the gels stained
with Coomassie blue solution (0.25% Coomassie blue, 50% methanol,

FIG 1 Inducible reduction of ShcA expression impairs mammary tumor growth. (A) A doxycycline-inducible system for diminishing ShcA expression.
NMuMG-ErbB2/rtTA cells harboring ShcA or luciferase control shRNA sequences were left untreated or treated with doxycycline (Dox). Whole-cell protein
lysates were subjected to immunoblot analysis with antibodies specific for ErbB2/Neu, ShcA, and 	-tubulin. (B) ErbB2/rtTA-expressing tumor explant popu-
lations harboring shRNAs targeting ShcA (ShcA shRNA) or luciferase (Luc shRNA) were stimulated with doxycycline (�Dox) or not stimulated (
Dox) for 48
h. Immunoblot analysis was performed on whole-cell lysates with antibodies against ShcA and 	-tubulin. (C) Mammary tumor growth of ErbB2/rtTA/ShcA-KD
and ErbB2/rtTA/Luc-KD cells (n � 20 for each cell line). When tumors reached volumes between 100 and 150 mm3 (3 weeks postinjection), mice from each
cohort were left untreated (
Dox; n � 10) or received doxycycline treatment (�Dox; n � 10) through their drinking water. *, P � 0.050; **, P � 0.002. (D to
F) Immunohistochemical staining was performed on paraffin-embedded mammary tumor sections for markers of proliferation (Ki67) (*, P � 0.009) (D),
apoptosis (cleaved caspase-3) (*, P � 0.027) (E), and endothelial cell recruitment (CD31) (F). Representative images are shown. Arrows included in the
cleaved-caspase-3 IHC panels indicate apoptotic cells. Scale bar in panel D, 50 �m (applies to all panels).
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10% acetic acid) for 30 min prior to being destained for 15 min (50%
methanol, 10% acetic acid). Bands were visualized using a GelDoc-It Im-
ager (UVP) and quantified using the Image Studio Lite software package.

Clinical analysis of Chrdl1 expression. To assess associations be-
tween Chrdl1 expression and overall survival (OS), disease-free survival
(DFS), and distant metastasis-free survival (DMFS) of breast cancer pa-
tients or OS of lung, ovarian, and gastric cancer patients, we used the
kmplot.com data set (database version 2014) (29–31). Chrdl1 levels were
queried through the use of Affymetrix probe ID 209763_at. Patients were
split into high- and low-expressing groups based upon median Chrdl1
expression. Biased arrays were excluded from the analysis. Additional
settings used for the analysis of the kmplot.com data set were as follows:
follow-up threshold, all; probe set options, only JetSet best probe set. No

other filters were applied to the patient population before Kaplan-Meier
analysis.

Statistical analysis. Statistical significance values (P values) for RT-
qPCR, ELISA data, and migration and invasion experiments were ob-
tained by performing a two-sample unequal-variance Student t test.

RESULTS
Generation of a doxycycline-inducible system for reducing
ShcA expression. We have previously shown that stable shRNA-
mediated silencing of ShcA expression impairs the growth and
metastasis of ErbB2-expressing breast tumors (9). However, this
approach did not permit investigation of the temporal require-

FIG 2 TGF-�-induced, ShcA-dependent gene expression profiling in ErbB2-expressing breast cancer cells identifies Chrdl1. (A) Immunoblot analysis of
NMuMG-ErbB2/rtTA cells following doxycycline treatment for the indicated times using antibodies against ShcA, ErbB2, and 	-tubulin. (B) Schematic of
experimental design. (C) Gene ontology analysis of differentially expressed genes. (D) Gene expression heat maps of the most differentially expressed genes in
ErbB2-expressing breast cancer cells following TGF-� treatment (2.5 ng/ml) (3 or 24 h) in the context of high (
Dox) or low (�Dox) ShcA levels. A yellow to
blue gradient represents low to high gene expression levels. The red box highlights Chrdl1 Agilent gene expression data. (E and F) TGF-�-induced, ShcA-
dependent gene expression of BMP family members or BMP antagonists in ErbB2-expressing breast cancer cells. Gene expression heat maps of BMP genes (E)
or BMP antagonist genes (F) in breast cancer cells following TGF-� treatment (3 or 24 h) in the context of high (
Dox) or low (�Dox) ShcA levels are shown.
A yellow to blue gradient represents low to high gene expression levels. The red box highlights Chrdl1 Agilent gene expression data. (G) RT-qPCR analysis of
Chrdl1 mRNA expression levels following TGF-� stimulation in the presence or absence of ShcA. *, P � 0.029. (H) Chrdl1 secreted protein expression levels were
monitored by ELISA using conditioned medium harvested under the conditions described for panel G. Secreted Chrdl1 concentrations were normalized to
protein concentrations measured in whole-cell protein lysates. *, P � 0.023.
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ment for ShcA during tumor growth and metastasis. To circum-
vent this limitation, we generated a doxycycline-inducible ShcA
knockdown system. The same shRNAmir sequence used for a sta-
ble knockdown of ShcA (9) was cloned and expressed in a modi-
fied LMP vector, termed TMP, which contains a Tet-responsive
element in the promoter (32). NMuMG cells were engineered to
express the reverse Tet transactivator (rtTA), an activated form of
ErbB2 (NeuNT), and shRNAmir sequences targeting the ShcA or
luciferase gene as a negative control (Fig. 1A).

To overcome undesired clonal effects, two of the clonal popu-
lations from the ErbB2/rtTA/Shc-KD- and ErbB2/rtTA/Luc-KD-
expressing cell lines (clone 18 and clone 16) were injected into the
mammary fat pads of athymic mice to facilitate in vivo selection of
tumorigenic populations. Mice were not treated with doxycycline
to ensure that tumor growth was not affected by diminished ShcA
expression. Mammary tumors were excised and established for in
vitro culture, and three independent tumor explant populations
were pooled to generate ErbB2/rtTA/Shc-KD and ErbB2/rtTA/
Luc-KD NMuMG populations.

Inducible silencing of ShcA expression impairs ErbB2-medi-
ated tumorigenesis. Immunoblot analysis of ErbB2/rtTA/
Shc-KD cells revealed an efficient loss of ShcA expression follow-
ing doxycycline treatment (Fig. 1B). Following mammary fat pad
injection of these cells, the resulting tumors were allowed to grow
to a volume of 150 to 200 mm3 before the addition of doxycycline.
The growth of ErbB2/rtTA/Shc-KD mammary tumors in doxycy-
cline-treated mice was markedly impaired compared to their
growth in the absence of doxycycline (Fig. 1C). Importantly, the
growth of ErbB2/rtTA/Shc-KD tumors in untreated mice (
Dox)

paralleled the growth of ErbB2/rtTA/Luc-KD tumors in mice that
were untreated or treated with doxycycline (�Dox) (Fig. 1C). To
ascertain the cause of delayed tumor outgrowth resulting from
induced loss of ShcA expression, we examined tumor tissue sec-
tions by immunohistochemical staining for markers of prolifera-
tion (Ki67) (Fig. 1D), apoptosis (cleaved caspase-3) (Fig. 1E), and
endothelial cell recruitment (CD31) (Fig. 1F). A significant �1.8-
fold decrease in proliferating cells and an �3.3-fold increase in
apoptotic cells were observed in tumors with reduced ShcA ex-
pression following doxycycline treatment. Interestingly, there was
no significant difference in endothelial cell recruitment in ErbB2/
rtTA/Shc-KD tumors from doxycycline-treated mice versus non-
treated controls. These data argue that loss of ShcA expression in
established mammary tumors still results in significantly impaired
tumor growth.

Identification of TGF-�-regulated, ShcA-dependent gene ex-
pression changes in ErbB2-expressing breast cancer cells. To
identify genes regulated by TGF-� signaling and differentially ex-
pressed specifically in context of high versus low ShcA levels, gene
expression profiling was performed using NMuMG-ErbB2/rtTA/
ShcA-KD cells. These cells were treated with or without doxycy-
cline for 72 h to achieve cultures with both high (
Dox) and low
(�Dox) ShcA expression (Fig. 2A). NMuMG-ErbB2/rtTA/
ShcA-KD cells were treated with or without doxycycline and sub-
sequently left untreated or stimulated with TGF-� for 3 or 24 h
(Fig. 2B). Total RNA from each of these conditions was extracted,
labeled, and hybridized to Agilent microarray chips. Gene expres-
sion analysis identified a total of 125 genes, out of approximately
2,900 genes, that were differentially expressed in response to

FIG 3 Chrdl1 expression is elevated following TGF-� stimulation of HER2� and basal breast cancer cells in the context of reduced ShcA levels. (A to C)
Immunoblot analysis of ShcA expression was performed in NIC (A), MDA-MB-231 (B), and BT549 (C) breast cancer cells transfected with scrambled or
ShcA-specific siRNAs. Cells were stimulated with TGF-� (�) or not stimulated (
) for 24 (NIC and MDA-MB-231) or 48 h (BT549). In all cases, 	-tubulin was
used as a loading control. (D to F) ELISAs were performed to detect secreted Chrdl1 levels in the conditioned media of NIC (D), MDA-MB-231 (E), and BT549
(F) breast cancer cells. Secreted Chrdl1 concentrations were normalized to protein concentrations from whole-cell protein lysates. *, P � 0.044; **, P � 0.015;
***, P � 0.023.
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TGF-� in the context of acute ShcA loss. To categorize these genes
according to biological function, a gene ontology (GO) analysis
approach was performed. A list of categories was constructed, and
the numbers of significant GO terms that fell within these catego-
ries is shown in Fig. 2C. A heat map depicting some of the genes
most differentially expressed in response to TGF-� stimulation in
a ShcA-dependent manner was generated (Fig. 2D).

Reduced ShcA signaling results in upregulation of Chrdl1 in
breast cancer cells following TGF-� stimulation. BMPs can pro-
mote breast cancer progression, and both BMP4 and BMP7 are
highly expressed in breast cancer cell lines and primary breast
tumors (10). Furthermore, BMP4 was reported to be a potent
inducer of breast cancer cell growth and invasion (14). Chrdl1,
which is known to inhibit BMP activity by directly binding to
these ligands in the extracellular space (21, 33, 34), showed signif-
icantly higher gene expression levels in the context of diminished
ShcA levels following 24 h of TGF-� stimulation (Fig. 2D). To
interrogate whether the observed TGF-�-mediated upregulation
of Chrdl1, in the context of reduced ShcA expression, was unique,
we examined the expression of the known BMP family members
and BMP antagonists for which probes were available in the Agi-
lent gene expression arrays. The majority of BMPs exhibited the
same expression profiles following TGF-� treatment in cells with
normal versus reduced ShcA levels. The one exception was Bmp15
gene expression, which was specifically elevated following 24 h of
TGF-� stimulation in breast cancer cells with reduced ShcA ex-
pression (Fig. 2E). In addition to Chrdl1, Dand5 encoded another
BMP antagonist whose expression was also increased in response
to TGF-� in breast cancer cells with diminished ShcA expression

(Fig. 2F). Noggin expression was found to be elevated in ShcAlow

cells in the absence of TGF-� treatment (Fig. 2F).
Currently, no data that link the inhibitory activity of Chrdl1

toward BMPs and breast cancer progression have been reported.
These findings prompted us to investigate Chrdl1 as a modulator
of malignant breast cancer phenotypes. To validate the gene ex-
pression data, we performed RT-qPCR analysis on total RNA iso-
lated from NMuMG-ErbB2/rtTA/ShcA-KD cells treated with or
without doxycycline and stimulated with TGF-� for 0, 3, or 24 h.
These data revealed a significant induction of Chrdl1 mRNA levels
after 24 h of TGF-� treatment specifically when ShcA levels were
reduced (Fig. 2G). Similarly, when conditioned medium har-
vested from the same experiment was subjected to ELISA analysis,
secreted Chrdl1 levels were increased in this context (Fig. 2H).

Breast tumors possessing gene expression patterns indicative
of active TGF-� signaling belong predominantly to the HER2� or
basal-like subtypes (35). Moreover, breast cancer patients with
tumors exhibiting an active TGF-� signature exhibited poor re-
lapse-free and overall survival (35). To extend our analyses of
Chrdl1 expression, an additional HER2� (NIC) model and two
basal-like (MDA-MB-231 and BT549) breast cancer cell lines were
chosen. We transiently reduced ShcA levels using siRNA-medi-
ated approaches in NIC, MDA-MB-231, and BT549 cells and con-
firmed efficient knockdowns by immunoblot analysis (Fig. 3A to
C). Subsequently, all cells were incubated in the absence or pres-
ence of TGF-� for 24 h, and conditioned medium was harvested
and subjected to ELISAs to quantify secreted Chrdl1 levels. We
observed uniform increases in secreted Chrdl1 following TGF-�
stimulation in all breast cancer cell lines with low ShcA levels

FIG 4 Stable reduction of ShcA levels increases Chrdl1 expression within ErbB2-expressing mammary tumors in vivo. Representative images of ErbB2/ShcAhigh

(A) and ErbB2/ShcAlow (B) mouse mammary tumors following immunohistochemical (IHC) staining with antibodies against ShcA or Chrdl1 are shown. Scale
bar in �4 panel, 100 �m (applies to all panels). Scale bar in �20 inset, 20 �m (applies to all panels).
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(Fig. 3D to F). These results suggest that a combination of reduced
ShcA levels and TGF-� treatment causes a uniform upregulation
of Chrdl1 expression in multiple mouse and human breast cancer
cells.

Stable ShcA knockdown increases Chrdl1 protein expression
in vivo. Next, we determined if Chrdl1 protein expression was
elevated in vivo using ErbB2-expressing breast cancer cells with
stably diminished ShcA levels (9). NMuMG-ErbB2/ShcAhigh cells
represent pooled populations infected with a retrovirus vector
harboring shRNAs against the luciferase gene as a control, while
NMuMG-ErbB2/ShcAlow cells constitutively express ShcA gene-
targeting shRNAs; therefore these cell populations are distinct
from the doxycycline-inducible system described above. We per-
formed IHC staining of ShcA and Chrdl1 on paraffin-embedded
primary mammary tumors from mice injected with NMuMG-
ErbB2/ShcAhigh or NMuMG-ErbB2/ShcAlow breast cancer cells.
Importantly, we have previously shown that NMuMG-ErbB2
mammary tumors are constantly under the influence of TGF-�
(9). Strong Chrdl1 staining was uniformly distributed in tumor
tissues harboring reduced ShcA levels (NMuMG-ErbB2/ShcAlow),
whereas Chrdl1 levels were low in mammary tumors expressing
endogenous levels of ShcA (NMuMG-ErbB2/ShcAhigh) (Fig. 4).
These results demonstrate that induction of Chrdl1 expression is
associated with reduced levels of ShcA in vivo.

Chrdl1 suppresses BMP4-induced Smad phosphorylation in
breast cancer cells. Chrdl1 is an inhibitor of BMP signaling with
high affinity for BMP4 (21). For this reason, we chose to stimulate
ErbB2/rtTA/ShcA-KD cells using recombinant BMP4 protein in

the presence of conditioned medium containing low or high levels
of Chrdl1. First, ErbB2/rtTA/ShcA-KD cells were plated in the
presence or absence of doxycycline for 72 h and subsequently
stimulated with TGF-� for 24 h. Conditioned media containing
low or high levels of secreted Chrdl1 expression were collected and
added to fresh cultures of ErbB2/rtTA/ShcA-KD cells that had
been serum starved overnight. Finally, breast cancer cells were
treated with BMP4 for 30 min, and both cell lysates and condi-
tioned media were harvested to perform immunoblot and ELISA
analyses. In breast cancer cells possessing high ShcA levels
(ShcAhigh cells) and low Chrdl1 expression, increased levels of
phospho-Smad1/5/8 were observed following BMP4 stimula-
tion (Fig. 5A). Conversely, when cells were stimulated with
BMP4 in the context of diminished ShcA levels (ShcAlow cells)
and high Chrdl1 expression, BMP4 treatment failed to induce
the phosphorylation of Smad1/5/8 (Fig. 5A). Interestingly, the
basal levels of phospho-Smad1/5/8 were reduced under condi-
tions where secreted Chrdl1 levels were high (Fig. 5A). Elevated
Chrdl1 levels in ErbB2-expressing breast cancer cells, with in-
duced ShcA loss, were confirmed following TGF-� treatment
by ELISA (Fig. 5B).

Similar experiments were performed using conditioned media
harvested from NIC and MDA-MB-231 breast cancer cells. Tran-
sient knockdown of ShcA in each cell population was confirmed
by immunoblot analysis (Fig. 5C and D). Responder NIC and
MDA-MB-231 cells were incubated with conditioned medium
containing low or high levels of Chrdl1 and subsequently treated
with or without BMP4. Immunoblot analysis revealed that BMP4-

FIG 5 Conditioned medium containing Chrdl1 suppresses BMP4-induced Smad phosphorylation in breast cancer cells. (A) Immunoblot analysis with
antibodies specific for phospho-Smad and total Smad1 in cells with high or low Chrdl1 levels following BMP4 treatment (30 min, 2.5 ng/ml). (B) ELISAs were
performed on conditioned media from the indicated cell populations. Secreted Chrdl1 concentrations were normalized to protein concentrations from whole-
cell protein lysates. (C and D) Immunoblot analysis with antibodies against ShcA was performed on NIC (C) and MDA-MB-231 (D) breast cancer cells that were
transfected with scrambled control or ShcA-specific siRNAs and stimulated with TGF-� (2 ng/ml) or not stimulated for 24 h. Conditioned medium was collected
and added to serum-starved NIC and MDA-MB-231 cells, which were left untreated or immediately stimulated with BMP4 (2.5 ng/ml) for 30 min. (E and F) NIC
(E) or MDA-MB-231 (F) breast cancer cells were lysed and subjected to immunoblot analysis with antibodies specific for phospho-Smad1/5/8 (NIC), phospho-
Smad1/5/9 (MDA-MB-231), or total Smad1. In all cases, 	-tubulin was used as a loading control.
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induced Smad1/5/8 (NIC) or Smad1/5/9 (MDA-MB-231) phos-
phorylation was significantly impaired when conditioned me-
dium containing high Chrdl1 levels was used (Fig. 5E and F).
These results indicate that Chrdl1-containing conditioned me-
dium can suppress BMP4-mediated signaling in multiple breast
cancer cell lines.

Recombinant Chrdl1 attenuates BMP4-induced Smad phos-
phorylation in breast cancer cell lines. The data accumulated
thus far suggest that Chrdl1 secreted into the conditioned medium
of breast cancer cells can blunt BMP4 signaling. However, it is
conceivable that factors in the conditioned medium other than
Chrdl1 are responsible for these effects. To directly implicate
Chrdl1, we tested the ability of recombinant Chrdl1 (rChrdl1) to
block BMP4-induced signaling in breast cancer cells. We first de-
termined that 100 ng/ml of rChrdl1 was sufficient to maximally
impair BMP4-stimulated phosphorylation of Smad1/8 in
NMuMG-ErbB2 cells (Fig. 6A and B). Quantitative immunoblot
analysis revealed that Smad1/8 (NMuMG-ErbB2) or Smad1/9
(BT549 and HCC1954) phosphorylation was uniformly induced
by BMP4 treatment in all breast cancer cells and that the addition
of rChrdl1 (100 ng/ml) blunted this response by approximately
50% in HCC1954 and NMuMG-ErbB2 cells and close to 100% in
BT549 cells (Fig. 6C to E). We extended these analyses to BMP7-
induced Smad phosphorylation and determined that 400 ng/ml of
rChrdl1 was able to suppress Smad1/9 (MDA-MB-231 and
HCC1954) or Smad1/8 (NMuMG-ErbB2) phosphorylation in re-
sponse to BMP7 (50 ng/ml) treatment (Fig. 7A to F). These data

confirm that Chrdl1 is sufficient to block BMP4- and BMP7-in-
duced signaling in breast cancer cells.

Chrdl1 dampens BMP4-induced migration in NMuMG-
ErbB2 and BT549 cells. Previous studies have shown that BMP4
enhances breast cancer cell migration (14). To determine if
rChrdl1 could block this response, we performed time-lapse live-
cell imaging of breast cancer cells (NMuMG-ErbB2 and BT549)
cultured with BMP4 and in the presence or absence of rChrdl1. As
a control, we used NMuMG-ErbB2 cells stimulated with TGF-� in
the presence of Chrdl1. Low concentrations of Chrdl1 are insuffi-
cient to block TGF-�-induced signaling (21), and we have con-
firmed, using multiple breast cancer cell lines, that rChrdl1 (100
ng/ml) fails to blunt TGF-�-induced Smad2/3 phosphorylation
(Fig. 7G to I).

As expected, NMuMG-ErbB2 or BT549 breast cancer cells
stimulated with either BMP4 or TGF-� exhibited enhanced mi-
gration (Fig. 8). When these cells were cotreated with BMP4 and
rChrdl1, migration was severely impaired by the BMP antagonist
(Fig. 8A and C). In contrast, rChrdl1 was insufficient to impair
TGF-�-induced migration of NMuMG-ErbB2 breast cancer cells
(Fig. 8B). Thus, rChrdl1 efficiently impairs BMP4-induced migra-
tion in cell lines representative of different breast cancer subtypes.

Chrdl1 suppresses BMP4-induced invasion in HER2� and
basal-like breast cancer cells. We next subjected HER2�

(HCC1954) and basal-like (BT549) human breast cancer cell lines
to cell invasion assays following BMP4 treatment, in the presence
or absence of rChrdl1. In agreement with previous findings (15),

FIG 6 Recombinant Chrdl1 diminishes BMP4-induced Smad phosphorylation in breast cancer cells. (A) Immunoblot analyses using antibodies against
phospho-Smad1/8 and total Smad1 in NMuMG-ErbB2 breast cancer cells treated with BMP4 (30 min, 2.5 ng/ml) and increasing concentration of rChrdl1 (30
min, 25 to 250 ng/ml). (B) The ratio of phosphorylated Smad1/8 to total Smad1 protein in NMuMG-ErbB2 cells was measured using the Odyssey infrared
imaging system, and the averaged fold increases relative to untreated controls (
BMP4 and 
rChrdl1) from three independent experiments are shown. (C to E)
Immunoblot analyses using antibodies against phospho-Smad and total Smad1 in NMuMG-ErbB2 (phospho-Smad1/8) (C), BT549 (phospho-Smad1/9) (D),
and HCC1954 (phospho-Smad1/9) (E) breast cancer cells treated with BMP4 (30 min, 2.5 ng/ml) and rChrdl1 (30 min, 100 ng/ml). The ratio of phosphorylated
Smads to total Smad1 protein in NMuMG-ErbB2 (C), BT549 (D), and HCC1954 (E) cells was measured using the Odyssey infrared imaging system and the fold
increases relative to untreated controls (
BMP4 and 
rChrdl1) are indicated at the bottom of each panel.
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both HCC1954 and BT549 breast cancer cells displayed enhanced
invasion in response to BMP4 compared to unstimulated cells
(Fig. 9A) (15). BMP4 stimulation resulted in a 2.0-fold increase in
HCC1954 invasion and a 2.0- to 2.5-fold increase in BT549 cell
invasion compared to that in unstimulated cultures (Fig. 9A).
BMP4-induced invasion of both HCC1954 and BT549 cells was
significantly inhibited by the addition of rChrdl1 relative to that in
cells treated with BMP4 alone (Fig. 9A). Together, these results
demonstrate that BMP4 enhances the invasion of both HCC1954
and BT549 breast cancer cells, and this response can be abolished
by rChrdl1.

BMP4-induced gelatin matrix degradation is impaired by
Chrdl1. Cancer cell invasion is associated with the formation of
specialized degradative structures, called invadopodia, that digest
extracellular matrix (ECM) (36, 37) via a metalloproteinase-de-
pendent mechanism (38, 39). Previous studies have demonstrated
that invadopodium-mediated extracellular matrix degradation is
directly correlated with the invasive potential of breast cancer cells
(40–42). Based on these observations, we hypothesized that cells
stimulated with BMP4 would exhibit a greater extent of ECM

degradation than unstimulated cells. To test this, BMP4-pre-
treated NMuMG-ErbB2 and BT549 breast cancer cells were plated
on fluorescent-gelatin-matrix-coated coverslips for 24 h. Cover-
slips were imaged using immunofluorescence microscopy, and
the area of gelatin matrix degradation was quantified (Fig. 9B).
BMP4-stimulated breast cancer cells produce multiple regions of
degradation compared to unstimulated cells, where almost no
matrix degradation was observed. Thus, the total area of gelatin
degradation is significantly higher in BMP4-treated breast cancer
cells than in unstimulated cells. Moreover, this BMP4-induced
effect was almost completely abolished when cells were treated
with Chrdl1 (Fig. 9B).

Chrdl1 diminishes BMP4-induced MMP2 and MMP9 activ-
ity. ECM degradation by invadopodia is dependent on MMP14
(39), a transmembrane metalloproteinase that can activate the
soluble metalloproteinases MMP2 and MMP9, which can degrade
gelatin (43, 44). To determine if BMP4 induces expression of these
metalloproteinases, we performed RT-qPCR analyses in BMP4-
stimulated breast cancer cells. Our results indicate that BMP4
treatment (24 and 48 h) does not induce MMP2, MMP9, or

FIG 7 Recombinant Chrdl1 suppresses BMP7-induced Smad1/8 phosphorylation in mouse breast cancer cells and Smad1/9 phosphorylation in human breast
cancer cells but fails to block TGF-�-induced signaling. (A to C) Immunoblot analyses using antibodies against phospho-Smad and total Smad1 in MDA-MB-
231 (phospho-Smad1/9) (A), HCC1954 (phospho-Smad1/9) (B), and NMuMG-ErbB2 (phospho-Smad1/8) (C) breast cancer cells treated with BMP7 (60 min,
50 ng/ml) and increasing concentrations of rChrdl1 (60 min, 100 to 400 ng/ml). (D to F) The ratio of phosphorylated Smads to total Smad1 protein in
MDA-MB-231 (D), HCC1954 (E), and NMuMG-ErbB2 (F) breast cancer cells was measured using the Odyssey infrared imaging system, and the averaged fold
increases relative to untreated controls (
BMP7 and 
rChrdl1) from three independent experiments are shown. (G to I) BT549 (G), HCC1954 (H), and
NMuMG-ErbB2 (I) breast cancer cells were serum starved overnight and stimulated with TGF-� (2 ng/ml) (�) or not stimulated (
) in the presence (�) or
absence (
) of recombinant Chrdl1 (100 ng/ml) for 30 min. Immunoblot analyses were performed with antibodies against phospho-Smad2 and total Smad2/3.
In all cases, 	-tubulin was used as a loading control.
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MMP14 mRNA expression (Fig. 10A). To explore the possibility
that BMP4 induces MMP activity, conditioned media from
NMuMG-ErbB2 and BT549 breast cancer cells that were treated
with BMP4 for 48 h were subjected to zymography assays. In con-
trast to the case for MMP2 and MMP9 expression, 48 h of BMP4
treatment resulted in a clear induction of MMP2 and MMP9 en-
zymatic activity in both cell lines, which was effectively blocked by
Chrdl1 (Fig. 10B and C).

High levels of Chrdl1 expression are associated with better
outcome in breast and lung cancer patients. To determine the
clinical relevance of our observations, we investigated whether
Chrdl1 expression was prognostic of outcome in patients with
diverse cancers using publically available gene expression data sets
(29–31). In breast cancer, Chrdl1 mRNA expression was found to
be higher in basal and luminal A breast cancers than in HER2� or
luminal B disease (Fig. 11A). We used the Kaplan-Meier method
and log rank test to analyze correlations between Chrdl1 mRNA
levels and the overall survival (Fig. 11B), disease-free survival (Fig.
11C), or distant metastasis-free survival (Fig. 11D) of breast can-
cer patients (n � 1,115). Patients were split into high- and low-
Chrdl1 mRNA-expressing groups based upon median Chrdl1
mRNA expression across all samples. Our findings revealed that
breast cancer patients with high-Chrdl1 mRNA-expressing tu-
mors had significantly greater overall, disease-free, and distant
metastasis-free survival times than patients with low-Chrdl1
mRNA-expressing tumors (Fig. 11B to D). The relationship be-
tween Chrdl1 expression and overall survival in 1,926 lung cancer
patients, 1,581 ovarian cancer patients, and 1,305 gastric cancer
patients was also examined (Fig. 12). Similar to the results for
breast cancer, lung cancer patients with high-Chrdl1 mRNA-ex-
pressing tumors had significantly greater overall survival times
than those with low-Chrdl1 mRNA-expressing tumors (Fig. 12A).
In contrast, Chrdl1 mRNA levels were not prognostic of better
overall survival in ovarian and gastric cancer patients (Fig. 12B
and C). Thus, the ability of Chrdl1 to impair malignant cancer
phenotypes may be cancer and context specific.

DISCUSSION

We previously demonstrated that TGF-�- and ErbB2-mediated
breast cancer cell migration and invasion relied on the ShcA adap-
tor protein (8, 9). To understand how ShcA signaling contributes
to TGF-�-induced gene expression changes in ErbB2-expressing
breast cancer cells, we developed a system to stably knock down
ShcA expression in a doxycycline-inducible manner. The Chrdl1
gene emerged as a gene that is upregulated in numerous breast
cancer cells (HER2� and basal subtype) following TGF-� stimu-
lation, but only in the context of reduced ShcA signaling. More-
over, in ErbB2-expressing mammary tumors that are under the
influence of constitutive TGF-� derived from the microenviron-
ment, Chrdl1 levels were dramatically increased in the absence of
ShcA in vivo. We show that BMP4 increases the migratory, inva-
sive, and matrix-degradative phenotypes of breast cancer cells,
which are effectively blocked by Chrdl1. In keeping with this bio-
logical activity, high Chrdl1 expression in breast cancer is associ-
ated with better outcomes for patients with this disease.

Chrdl1 functions as a BMP inhibitor, exhibiting the highest
affinity for BMP4 and requiring much higher concentrations to
impair other BMP and TGF-� family members (21). Our data
confirmed that both conditioned medium from breast cancer cells
containing high Chrdl1 levels and rChrdl1 suppress BMP4-in-
duced Smad1/5/8 phosphorylation. Moreover, at the concentra-
tions of rChrdl1 utilized in these studies, we failed to see suppres-
sion of TGF-�-induced Smad2/3 phosphorylation. BMPs can
influence numerous aspects of tumor growth and metastasis, and
levels of specific family members, such as BMP4 and BMP7, are
frequently elevated in breast cancers (10, 14, 45). Indeed, it has
been shown that BMP4 positively regulates angiogenesis via en-
hanced endothelial cell migration and tube formation in vitro (46,

FIG 8 Chrdl1 blocks BMP4-induced but not TGF-�-induced cell migration
of NMuMG-ErbB2 cells and BT549 breast cancer cells. Analysis of cellular
velocity as measured by manual tracking of NMuMG-ErbB2 and BT549 cells is
shown. Cells were stimulated with BMP4 (2.5 ng/ml) (A and C) or TGF-� (2
ng/ml) (B) in the absence (left panels) or presence (right panels) of rChrdl1
(100 ng/ml). The graphs represent the mean cellular velocity from one repre-
sentative experiment (four experiments for NMuMG-ErbB2 cells and three
experiments for BT549 cells). The arrow in each panel indicates the time that
ligand (BMP4 or TGF-�), in the presence or absence of rChrdl1, was added to
the cultures. *, P � 0.001.
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47). Thus, it is conceivable that loss of BMP4-mediated signaling,
via induction of Chrdl1 expression, may account for the reduced
endothelial recruitment observed in mammary tumors harboring
diminished ShcA expression (9).

BMPs can promote the migration and invasion of breast cancer
cells in vitro (13–15, 48–50). By performing time-lapse live-cell
imaging, we demonstrated that treatment with either BMP4 or
TGF-� promoted the migration of NMuMG-ErbB2 and BT549
breast cancer cells. We further showed, using HER2� and basal
breast cancer cells, that Chrdl1 suppressed BMP4-induced migra-
tion but failed to diminish TGF-�-mediated migration. These

data are consistent with results showing that distinct BMP inhib-
itors, such as Chordin or Noggin, can inhibit BMP-induced mi-
gration in melanoma and ovarian cancer cell lines (47, 51, 52).

Our data also reveal that BMP4 treatment of BT549 and
HCC1954 cells can induce a significant increase in cell invasion, as
was previously shown for HCC1954 cells (15). In agreement with
previous studies showing that inhibition of BMP4 signaling di-
minishes the invasion of malignant melanoma cells (47), we dem-
onstrated that Chrdl1 significantly reduced BMP4-induced breast
cancer cell invasion. Recent evidence implicates Smad-indepen-
dent pathways as regulators of BMP4-induced migration and in-

FIG 9 Chrdl1 impairs BMP4-induced breast cancer invasion and gelatin degradation. (A) Boyden chamber invasion assays were performed with HCC1954 and
BT549 cells. The data represent the average from three (HCC1954) or four (BT549) independent experiments performed in triplicate. Representative images
from each breast cancer cell line, under each condition, are shown. *, P � 0.001. (B) NMuMG-ErbB2 and BT549 cells treated with or without BMP4, in the
presence or absence of Chrdl1, for 24 h were cultured on glass coverslips coated with green fluorescent protein (GFP) fluorescent-gelatin matrix. Cells were fixed
and images captured using confocal microscopy. Quantification of matrix degradation is illustrated in the graph, and representative images from each experi-
mental condition are shown. The data represent two independent experiments (20 images were quantified for each condition in each independent experiment).
Arrows indicate areas of gelatin degradation. NMuMG-ErbB2: *, P � 0.0164; **, P � 0.044. BT549: *, P � 0.0373; ** P � 0.027.

Cyr-Depauw et al.

1520 mcb.asm.org May 2016 Volume 36 Number 10Molecular and Cellular Biology

http://mcb.asm.org


vasion. CCN6, a secreted matricellular protein, has been shown to
associate with and antagonize the promigratory and proinvasive
functions of BMP4 in MDA-MB-231 breast cancer cells via inhi-
bition of TAK1 and p38 MAPK signaling (16). Another putative
mechanism for BMP4-induced cancer cell invasion involves
downstream activation of MMP expression, including expression
of MMP1, MMP3, and MMP14 (13, 14). More recently, it was
shown that BMP also indirectly influences breast cancer invasion.

Indeed, BMP4-stimulated cancer-associated fibroblasts (CAFs)
secrete proinflammatory cytokines and MMPs that induce the
invasive properties of breast cancer cells (53).

Using a gelatin matrix degradation assay, we further demon-
strated that BMP4 promotes cellular invasion, an effect that is
blunted by Chrdl1. In breast cancer cells, actin-rich membrane
protrusions, called invadopodia, have been characterized as im-
portant structures required for cancer cell invasion through ma-

FIG 10 Chrdl1 impairs BMP4-induced MMP2 and MMP9 enzymatic activity. (A) NMuMG-ErbB2 and BT549 breast cancer cells were stimulated with BMP4
(2.5 ng/ml) or not stimulated for 24 and 48 h. MMP2, MMP9, and MMP14 mRNA levels were measured by RT-qPCR. The data represent the means from three
independent experiments performed in triplicate. No statistically significant differences in MMP mRNA expression were observed following BMP4 stimulation.
(B and C) Conditioned media (CM) from NMuMG-ErbB2 (B) and BT549 (C) breast cancer cells stimulated with BMP4 (2.5 ng/ml) or not stimulated, in the
presence or absence of rChrdl1 (100 ng/ml), for 48 h were harvested and analyzed for MMP activity by gelatin zymography. The gels were photographed, and
band intensities were digitally quantified. The data represent the mean band intensity for each condition from three (B) or four (C) independent experiments.
(B, left) *, P � 0.0022; **, P � 0.024; (B, middle) *, P � 0.022; **, P � 0.029; (C, left) *, P � 0.045; (C, middle) *, P � 0.016; **, P � 0.045.
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trix (36, 37). Maturation of invadopodia requires cell membrane
localization of MMP14 (MT1-MMP), a metalloproteinase known
to activate MMP2 and MMP9 (39, 44). However, very little is
known about how BMPs influence the formation of degradative
structures such as invadopodia. Our results revealed that BMP4
induces MMP2 and MMP9 enzymatic activity in breast cancer
cells and increases their ability to degrade a gelatin matrix. These
responses were effectively blocked by addition of rChrdl1. Mech-
anisms underlying MMP-dependent matrix degradation are now
emerging. Recently, a link between CDCP1 expression and the
localization of MMP14 (MT1-MMP) to invadopodia structures
has been established (54). That study reports that knockdown of
CDCP1 reduces the accumulation of MMP14 (MT1-MMP) at
invadopodia without affecting its expression, which as a result
decreases gelatin matrix degradation. Interestingly, there is evi-
dence that BMP4 induces CDCP1 expression through extracellu-
lar signal-regulated kinase (ERK) pathway activation (55). There-
fore, it is conceivable that BMP4 enhances matrix degradation
through induction of CDCP1 expression and subsequent MMP14

(MT1-MMP) localization to invadopodia. However, further in-
vestigation will be needed to elucidate the exact mechanism by
which BMP4 induces breast cancer cell invasion. Thus, our data
highlight a new tumor-intrinsic mechanism through which BMPs
stimulate breast cancer invasion. Our data are consistent with a
recent publication demonstrating that a BMP antagonist, DMH1,
is capable of suppressing mammary tumor cell proliferation, in-
creasing apoptosis, and impairing lung metastasis (56).

It is important to note that not all BMP antagonists are thought
to suppress breast cancer metastasis. For example, the BMP ligand
antagonist Coco enhances the self-renewal capability of metas-
tasis-initiating breast cancer cells within the lung, and knock-
down of Coco in MDA-MB-231 cells was sufficient to block
lung metastasis (57). Overexpression of another BMP inhibi-
tor, Noggin, can enhance the ability of breast cancer cells to
form bone metastases (58). In addition, BMP4 has recently
been attributed tumor-suppressive functions via its ability to
block the activity of infiltrating myeloid-derived suppressor
cells (MDSCs) (59). Thus, BMP4 signaling and its regulation by

FIG 11 Correlations between Chrdl1 expression and clinical outcomes in breast cancer patients. (A) Chrdl1 mRNA expression is elevated in the basal and luminal
A subtypes. The average Chrdl1 mRNA levels in all breast cancer subtypes was compared to the average Chrdl1 mRNA levels in each individual subtype (Lum A,
luminal A; Lum B, luminal B). (B to D) Kaplan-Meier survival curves comparing Chrdl1 expression with overall survival (OS) (B), disease-free survival (DFS) (C),
or distant metastasis-free survival (DMFS) (D) in breast cancer (n � 1,115 patients). P values were calculated using the log rank test between patients with high
versus low Chrdl1 expression by using a median split.
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BMP antagonists can have complex and context-dependent ef-
fects on breast cancer progression.

In this regard, our analysis of clinical data sets provides the first
evidence that Chrdl1 may serve as a useful prognostic indicator of
good outcome in specific types of cancer. Kaplan-Meier analysis
revealed that breast cancer patients whose tumors expressed high
Chrdl1 levels had significantly longer overall, disease-free, and dis-
tant metastasis-free survival times than patients whose tumors
expressed low levels of Chrdl1. Interrogation of a lung cancer data
set revealed a similar correlation between high Chrdl1 levels and
longer overall survival times. Interestingly, similar to studies cited
above for breast cancer, several reports provide evidence that BMP
signaling promotes the growth and progression of lung cancer
(60). In this regard, although BMP4 has not been extensively stud-
ied in lung cancer, BMP2 has repeatedly been positively associated
with lung cancer progression (61, 62). Conversely, we did not
observe a positive correlation between Chrdl1 and better overall
survival in ovarian and gastric cancer patients. In fact, high levels
of Chrdl1 trended with poorer overall survival in these cancers;
however, the differences in the survival curves were small and did
not reach significance. These clinical associations are consistent
with a study showing that high BMP4 levels in ovarian cancer
patients prior to chemotherapy was a prognostic factor for longer
progression-free and overall survival times (63). At present, very
little is known regarding BMP4 signaling activity and clinical out-
comes in gastric cancer. Taken together, our data reveal the in-
triguing possibility that Chrdl1 levels are prognostic of good out-
come in certain types of cancer, including breast cancer. These
data are in agreement with the ability of Chrdl1 to impair BMP4-
induced breast cancer cell migration and invasion.

It is interesting that breast tumors exhibiting gene expression
profiles associated with active TGF-� signaling (constitutively ac-
tive T�RI signature) belong mostly to the HER2� or basal-like
subtypes and that these patients exhibit poor relapse-free and
overall survival (35). The emergence of inhibitors that target re-
ceptor tyrosine kinases (RTKs) in HER2� and basal breast cancers
would create a situation of diminished signaling downstream of
RTKs akin to the situation we have achieved through reduction of
ShcA expression. Given the prominent activation of TGF-� sig-
naling in these subtypes, it would be interesting to examine Chrdl1

levels in breast tumors of patients receiving anti-RTK inhibitors
(anti-ErbB2/EGFR inhibitors or anti-Met inhibitors).
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