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ABSTRACT: Differential expression of extracellular proteases and
endogenous protease inhibitors has been associated with distinct
molecular subtypes of breast cancer. However, due to the tight post-
translational regulation of protease activity, protease expression-level
data alone are not sufficient to understand the role of proteases in
malignant transformation. Therefore, we hypothesized that global
profiles of extracellular protease activity could more completely
reflect differences observed at the transcriptional level in breast
cancer and that subtype-associated protease activity may be
leveraged to identify specific proteases that play a functional role
in cancer signaling. Here, we used a global peptide library-based
approach to profile the activities of proteases within distinct breast
cancer subtypes. Analysis of 3651 total peptide cleavages from a
panel of well-characterized breast cancer cell lines demonstrated differences in proteolytic signatures between cell lines. Cell line
clustering based on protease cleavages within the peptide library expanded upon the expected classification derived from
transcriptional profiling. An isogenic cell line model developed to further interrogate proteolysis in the HER2 subtype revealed a
proteolytic signature consistent with activation of TGF-β signaling. Specifically, we determined that a metalloprotease involved in
TGF-β signaling, BMP1, was upregulated at both the protein (2-fold, P = 0.001) and activity (P = 0.0599) levels. Inhibition of
BMP1 and HER2 suppressed invasion of HER2-expressing cells by 35% (P < 0.0001), compared to 15% (P = 0.0086) observed in
cells where only HER2 was inhibited. In summary, through global identification of extracellular proteolysis in breast cancer cell lines,
we demonstrate subtype-specific differences in protease activity and elucidate proteolysis associated with HER2-mediated signaling.

Breast cancer is a highly complex disease composed of
multiple molecular subtypes that display unique clinical

outcomes and response to treatment.1,2 Traditional classi-
fication of breast cancer by immunohistochemistry (IHC) has
been based on estrogen receptor (ER), progesterone receptor
(PR), and HER2 (ERBB2) receptor expression.3,4 Absence of
these markers is known as triple negative breast cancer
(TNBC).3,4 TNBC is associated with a more aggressive
phenotype and has a worse prognosis than receptor-positive
subtypes.5 IHC markers are routinely used in the clinic for
diagnosis and as predictors of therapeutic response;6 however,
given the complexity of the disease, individual markers
sometimes provide limited information about the underlying
mechanisms and appropriate targeted therapy.
Genome-wide transcriptional analysis of breast tumors and

cancer cell lines has allowed for a better understanding of the
molecular mechanisms dysregulated in the disease.7−9 Differ-
ential expression of previously known and novel genes has
resulted in further refinement of breast cancer groups with
most studies classifying breast cancer into three major
molecular subtypes: luminal (positive for ER, PR, and/or
HER2-positive); HER2-positive, in which the receptor is

overexpressed or amplified; and basal-like, which is usually
triple negative for the receptors.7−9 In addition to genes
involved in cell cycle regulation and differentiation such as
TP53 and GATA3, proteases and protease inhibitors have been
found to be differentially expressed in breast cancer subtypes.
For example, expression of the serine proteases KLK5, KLK6,
and KLK8 were found to be associated with a subgroup of
basal-like cell lines termed basal A.9 Further studies have
identified elevated levels of the serine protease urokinase
plasminogen activator or uPA (PLAU) and its receptor uPAR
(PLAUR) in basal-like cell lines.9,10 In addition, high levels of
uPA and its cognate inhibitor PAI-1 have been clinically
validated as prognostic biomarkers for lymph-node negative
breast cancer and correlate with poor disease-free survival.11
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However, the impact of such changes in gene or protein
expression on global protease activity within breast cancer
remains poorly explored.
In normal tissues, proteolysis is tightly regulated at the post-

translational level with most proteases synthesized as inactive
zymogens requiring the removal of a propeptide for enzymatic
activity.12 In addition, proteolytic activity is regulated by the
presence of endogenous protease inhibitors and changes in
subcellular localization.12 In contrast to normal tissues,
dysregulation of proteolysis has been linked to the initiation
and progression of cancer.13−15 For example, increased activity
of the transmembrane serine protease, matriptase, due to
reduced relative levels of its cognate inhibitor, HAI-1, has been
associated with malignant progression in colon cancer.16 In
addition, lysosomal cysteine proteases, such as cathepsin B in
breast cancer, have been found to be mislocalized to the
extracellular space where they trigger invasion and meta-
stasis.17 An increasing body of evidence demonstrates that
proteases play a highly complex role in cancer progression not
only through degradation of extracellular matrix proteins but
also participation in numerous proteolytic signaling path-
ways.17

Given the high degree of post-translational regulation of
proteases, we hypothesized that protease activity could more
completely reflect changes in the functional proteome than
protease and/or inhibitor expression levels alone. Here, we
used a mass-spectrometry-based approach to identify extrac-

ellular protease activity in a global and unbiased manner. To
this end, a physiochemically diverse library of 228 synthetic
peptide substrates18,19 was exposed to the secretome of a panel
of well-characterized breast cancer cell lines from distinct
molecular subtypes (Figure 1A, Table 1). Analysis of 3651

total cleavages from all cell lines revealed differences in global
proteolytic signatures. Cell line clustering based on peptide
cleavages both supported and expanded upon the expected
classification derived from transcriptional analysis. Next, we
focused our efforts within the HER2 subtype to identify
signaling pathways driving protease activity in HER2-positive
breast cancer using an isogenic cell line model (Figure 1B).

Figure 1. Evaluating the role of extracellular proteolysis in breast cancer subtypes. (A) Analysis of protease activity in model breast cancer cell lines
of distinct molecular subgroups. (B) Analysis of HER2-associated proteolysis in breast cancer using an isogenic cell line model. Created with
BioRender.

Table 1. Selection of Cell Lines to Study Extracellular
Proteolysis in Breast Cancer

cell line gene cluster intrinsic subtype ER PR HER2

BT-549 basal B basal − − −
MDA-MB-436 basal B basal − − −
MDA-MB-231 basal B basal − − −
MDA-MB-435 basal B HER2 − − +
MDA-MB-468 basal A basal − − −
SK-BR-3 luminal HER2 − − +
MCF7 luminal luminal A + + −
BT-474 luminal luminal B + + +
MDA-MB-453 luminal HER2 − − +
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HER2 expression revealed changes consistent with activation
of transforming growth factor beta (TGF-β) signaling. We
determined that the activity of the metalloprotease BMP1,
which is involved in TGF-β signaling was increased in
MCF10A HER2-overexpressing cells, and BMP1 inhibition
resulted in decreased cellular invasion. Here, we present an
approach in which functional subtypes of breast cancer can be
identified based on differences in protease activity. We take
advantage of these differences to further elucidate a specific
protease program associated with HER2-mediated oncogenesis
in breast cancer.

■ RESULTS
Protein Distribution of Extracellular Protease and

Inhibitors in Breast Cancer Subtypes. To determine
whether gene expression levels for extracellular proteases and
inhibitors found to be associated with specific subtypes (Figure
S1A) were observed at the protein level as well, we performed
proteomic analysis on conditioned media from a panel of nine
breast cancer cell lines corresponding to distinct molecular
subtypes defined by transcriptional profiling (luminal, basal A,
and basal B), including the melanoma cell line MDA-MB-435,
previously misidentified as a breast cancer cell line9,20 (Table
1). Of note, aminopeptidase N (ANPEP), a single-pass type II
transmembrane protein, previously found to be associated with
the basal B subtype by transcriptional profiling,9 was uniquely
detected by proteomics in conditioned media from the basal B
cell line BT-549. In addition, uPA (PLAU), a secreted serine
protease also associated with the basal B subtype, was uniquely
detected by proteomics in conditioned media from the basal B
cell lines MDA-MB-436 and MDA-MB-231. Further, members
of the serine protease kallikrein family, kallikrein-5 and
kallikrein-6 (KLK5, KLK6), previously associated with the
basal A subtype at the transcriptional level,9 were detected by
proteomics in conditioned media from the basal A cell line,
MDA-MB-468 (Figure S1B, Table S1). Similarly, protease
inhibitors differentially expressed at the transcriptional level in
breast cancer subgroups were also found to be differentially
expressed at the protein level by proteomics. For example,
transcriptional upregulation of antileukoproteinase (SLPI) and
downregulation of cystatin C (CST3) in the basal A subtype
were observed at the protein level as well (Figure S1, Table
S1). Importantly, we also identified aberrant secretion of
cathepsin lysosomal cysteine proteases, which could not be
predicted from gene expression analysis alone.9 For example,
gene expression levels of cathepsin B show that it is widely
expressed in all cell lines, yet secretion of cathepsin B is mostly
observed in basal B cell lines (Figure S2, Table S1). Our
proteomic analysis of cell line secretomes demonstrated that in
many instances proteases and protease inhibitors found to have
differential expression at the transcriptional level in specific
breast cancer subtypes had differential abundance at the
protein level as well, while also highlighting changes in
protease protein levels and/or localization not evident by
transcriptional analysis alone.
Global Protease Profiling of Breast Cancer Subtypes.

Next, we analyzed global changes in extracellular protease
activity in the panel of breast cancer cell lines to assess
correlation with previously defined genetic subtypes. To
identify global profiles of extracellular proteolysis, conditioned
media were assayed using a substrate profiling approach
termed Multiplex Substrate Profiling by Mass Spectrometry
(MSP-MS).18,19 Matched conditioned media samples were

incubated with the MSP-MS library, and time-dependent
peptide cleavage products were identified by liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS). Analysis of
the peptide cleavage products revealed that basal-like cell lines
(BT-549, MDA-MB-231, MDA-MB-436, and MDA-MB-468)
displayed an overall higher proteolytic activity against the
peptide library compared to luminal cell lines (BT-474, SK-
BR-3, MCF7, and MDA-MB-453), based on the total number
of peptide cleavages observed throughout the assay time course
(n = 2053 for basal-like and n = 1254 for luminal at 240 min;
Table S2).
To determine whether cell lines associated based on total

cleavage events observed against the peptide library, two-way
clustering analysis was performed.21 Clustering results revealed
at least three major groups, correlating with previously defined
genetic subtypes, while also uncovering potential unique
groups based on differences in global protease activity (Figure
2). Luminal cell lines, BT-474, SK-BR-3, MCF7, and MDA-

MB-453, grouped together in one cluster (cluster 4) while
basal-like cell lines demonstrated more heterogeneous
clustering. Basal B cell lines, BT-549 and MDA-MB-436,
grouped together in a second cluster (cluster 1), while basal A
and basal B cell lines, MDA-MB-468 and MDA-MB-231,
grouped together in a third cluster (cluster 3). Interestingly,
the melanoma cell line, MDA-MB-435, did not cluster with the
others (cluster 2; Figure 2).
To visualize differences in the substrate specificity profiles of

the major four clusters, we generated an iceLogo frequency
plot,22 which considers both cleaved and uncleaved positions
in the peptide library, with cleavage occurring between P1 and
P1′. Among the shared specificity features identified in the
complex conditioned media profiles, all clusters displayed an

Figure 2. Global analysis of extracellular protease activity in breast
cancer subtypes. Conditioned media from breast cancer cell lines of
distinct molecular subtypes (luminal, basal A, and basal B) were
analyzed for changes in protease activity using the MSP-MS peptide
library. (A) Two-way clustering analysis was performed on 3651 total
cleavages for all cell lines at 240 min. Clustering results revealed at
least three major functional groups based on differences in peptide
cleavage within the basal B subtype. Each amino acid of a peptide was
encoded using three Hellberg z scores where a positive value indicates
cleavage along the peptide. Heatmap rows represent each peptide, and
columns represent 24 z scores or descriptors. The color scheme
denotes previously defined molecular subtypes: basal B, red; basal A,
yellow; and luminal, turquoise. Breast cancer cell lines used and their
intrinsic subtype classification are provided (Table 1).
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enrichment for bulky hydrophobic or aromatic amino acids at
the P1 position (including leucine, norleucine, phenylalanine,
tryptophan, or tyrosine). Clusters 3 and 4 demonstrated an
enrichment of arginine at the P1 position and several prime-
side positions (P1′−P3′). Cluster 4, composed of luminal cell
lines, displayed non-prime side specificity not observed in the
other clusters with a moderate preference for hydrophobic
amino acids, leucine and phenylalanine (P4−P2; Figure S3).

Together, our substrate profiling and clustering analysis
demonstrate that breast cancer cell lines display distinct
protease activity profiles. Future work expanding our analysis
to incorporate patient samples can be used to determine
whether differences in protease activities may enable activity-
based stratification in a more clinically relevant context.

Characterization of an Isogenic Cell Line Model to
Study Extracellular Proteolysis in Breast Cancer. Given

Figure 3. Characterization of an isogenic cell line model of the HER2 subtype. Expression of constitutively active HER2V659E results in activation of
downstream signaling pathways and changes consistent with epithelial-to-mesenchymal (EMT) transition. (A) HER2 expression in MCF10A cells
leads to activation of PI3K-AKT signaling determined by phosphorylation of AKT at T308 (P < 0.0001) and S473 (P = 0.0001) and activation of
MAPK signaling indicated by phosphorylation of ERK1/2 at T202/Y204 (P = 0.0218). (B) HER2 activation resulted in changes consistent with
malignant transformation such as downregulation of E-cadherin (P < 0.0001) and β-catenin (P = 0.0007), as well as upregulation of N-cadherin (P
= 0.0004) and vimentin (P = 0.0018). Signal intensities were normalized to GAPDH protein levels and are reported as mean intensity ± SD.
Results are an average of three independent experiments ± SD. (C) HER2 expression resulted in increased invasion in vitro across a basement
membrane extract with the biggest difference observed using 5% serum as a chemoattractant (P = 0.0004). Results for cell invasion are reported as
mean RFU ± SD of six wells.
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the higher degree of heterogeneity observed in basal-like breast
tumors compared to luminal subtypes, we chose to further
elucidate the regulation of protease activity within HER2-
positive breast cancer. To this end, we selected the non-
tumorigenic epithelial cell line MCF10A, which has been
previously used to study HER2-associated signaling in breast
cancer, as an isogenic model for the HER2 subtype.23 To asses
activation of downstream signaling pathways regulated by
HER2, MCF10A cells expressing constitutively active HER2
(MCF10A HER2), and MCF10A expressing an empty vector
(MCF10A EV) were analyzed by Western blot (Figure 3A). In
addition to autophosphorylation, HER2 activation can lead to
activation of both the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K)-AKT
pathway.24 MCF10A HER2 cells showed strong phosphor-
ylation of HER2 Y1221/1222 and Y1248 (P < 0.0001). This
was accompanied by activation of AKT signaling, notable by
phosphorylation of AKT at T308 and S473 (P < 0.0001 and P
= 0.0001, respectively). Activation of MAPK signaling was also
observed by increased phosphorylation of ERK1/2 at T202/
T204 (P = 0.0218; Figure 3A). Taken together, these results
confirm that expression of constitutively active HER2 in
MCF10A cells results in the expected activation of downstream
signaling pathways.
HER2-mediated Oncogenic Transformation Activates

Epithelial-to-Mesenchymal Transition (EMT) Program-
ming. Previous studies have demonstrated that constitutive
activation of HER2 signaling in MCF10A cells results in
oncogenic transformation and activation of the epithelial-to-
mesenchymal transition programming (EMT).23 To this end,
we performed Western blot analysis to assess changes in

proteins associated with EMT signaling (Figure 3B). HER2
expression in MCF10A cells resulted in downregulation of the
epithelial markers E-cadherin (P < 0.0001) and β-catenin (P =
0.0007), as well as upregulation of mesenchymal markers N-
cadherin (P = 0.0004) and vimentin (P = 0.0018; Figure 3B).
EMT is a key event in cancer characterized by a loss of cell-to-
cell adhesion and increased invasion,25,26 and activation of
HER2 signaling has been shown to result in increased
invasiveness in vitro.27 While HER2 expression did not
significantly affect cell proliferation (P = 0.7723; Figure S4),
it resulted in a significant increase in invasion (P = 0.0004;
Figure 3C). Taken together, our data show that expression of
HER2 in MCF10A cells results in activation of downstream
signaling pathways and is consistent with malignant trans-
formation as observed by activation of EMT programming and
increased invasion in vitro.

Identification of Proteins Differentially Expressed
upon HER2-mediated Transformation. To identify
proteins differentially regulated in HER2 cells, we performed
proteomic analysis on conditioned media from the MCF10A
HER2 overexpressing and MCF10A E.V. (control) cells. HER2
expression resulted in differential levels of 55 proteins which
included proteases, protease inhibitors, and other proteins
involved in regulation of intracellular signaling pathways
(Table S3). Three of the top proteins upregulated in
MCF10A HER2 cells, serglycin (SRGN; 13-fold, P = 0.007),
fibrillin-2 (FBN2; 8-fold, P = 7.41 × 10−07), and latent-
transforming growth factor beta-binding protein 1 (LTBP1; 8-
fold, P = 8.05 × 10−05) are involved in TNF-α and TGF-β
pathway activation.28−30 Interestingly, proteins downregulated
by HER2 expression such as 14−3−3 protein sigma (SFN;

Figure 4. Proteomic analysis of differentially regulated proteins upon HER2 activation. (A) Volcano plot of proteins differentially expressed in
MCF10A HER2-expressing cells that were identified by shotgun proteomic analysis of conditioned media. Selected proteases and proteins involved
in downstream signaling pathways are highlighted. Trypsin-derived peptides were sequenced by LC-MS/MS and analyzed using MaxQuant. (B)
HER2 expression results in differential regulation of proteases, protease inhibitors, and proteins involved in downstream signaling pathways.
Downregulation of negative regulators and upregulation of activators involved in TGF-β signaling were identified, suggesting activation of TGF-β
signaling in MCF10A HER2 cells. The color scheme on the right denotes proteases, protease inhibitors, and proteins involved in downstream
signaling pathways in panels A and B. Differential expression (log2 fold change, FC) and statistical analysis (−log10 P value) were conducted using
MaxQuant protein files in the Bioconductor R package, Proteus. Differential expression was based on analysis of three biological samples and three
technical replicates. The significance cutoff was set at log2 FC ± 1, −log10(P value) of 1.3.
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12.1-fold, P = 4.99 × 10−08), laminin subunit beta-3 (LAMB3;
10.6-fold, P = 0.0003), CD109 antigen (CD109; 3.7-fold, P =
0.001), and fibulin-1 (FBLN1; 3.2-fold, P = 2.41 × 10−06;
Figure 4), mediate the switch of TGF-β from tumor suppressor
to tumor promoter, demonstrate involvement in extracellular
matrix regulation, and negatively regulate TGF-β pathway
activation.31−33 TGF-β has been previously shown to synergize
with oncogenic pathways, and in HER2-overexpressing cells,
HER2-TGF-β crosstalk results in increased cell proliferation,
cell growth, and invasion.34 In addition, TGF-β amplifies
HER2 signaling by inducing proteolytic cleavage of ErbB
ligands into the tumor microenvironment.35 In turn, HER2
signaling induces the expression and secretion of TGF-β
cytokines, creating a positive feedback loop allowing for
uncontrolled growth and proliferation.35,36

In addition to differential regulation of proteins involved in
TGF-β signaling, among the 55 proteins differentially
regulated, 12 were found to be proteases or protease inhibitors.
Lysosomal cysteine proteases cathepsin B (CSTB; 4-fold, P =
0.003) and cathepsin Z (CSTZ; 2-fold, P = 0.006) were found
to be significantly upregulated. Downregulation of the serine
protease complement factor B (CFB; 6.5-fold, P = 0.002) and
serine protease inhibitors antileukoproteinase (SLPI; 10.6-fold,
P = 4.99 × 10−08), alpha-1-antichymotrypsin (SERPINA3; 3.9-
fold, P = 0.01), and serpin B5 (SERPINB5; 3.2-fold, P =
0.0004), a non-inhibitory member of the serine protease
inhibitors (SERPINs) family was also observed (Figure 4).
Further, consistent with previous studies, the serine protease

inhibitor, plasminogen activator inhibitor 1 (SERPINE1), a
marker of EMT,37 was upregulated in MCF10A HER2 cells
(2.1-fold, P = 0.003). Last, the metalloproteases bone
morphogenic protein 1 (BMP1; 2-fold, P = 0.001) and
aminopeptidase N (ANPEP; 2-fold, P = 0.009) were found to
be significantly upregulated in MCF10A HER2 cells (Figure
4). Together, our results support the hypothesis that HER2
amplification and/or overexpression activates signaling path-
ways that may lead to altered proteolysis in HER2-positive
breast cancers with higher metastatic potential.38,39

Global Analysis of Extracellular Proteolysis Associ-
ated with HER2-mediated Transformation. To identify
global changes in extracellular proteolysis associated with
HER2 expression, conditioned media from MCF10A HER2
overexpression and MCF10A control cell lines were assayed
using the MSP-MS peptide library. Comparison of the cleavage
profiles revealed that the secretome of MCF10A HER2 cells
displayed differential activity against the peptide library
(Figures 5A, S5). To identify the protease classes responsible
for the major activity observed in both cell lines, broad-
spectrum protease inhibitors were incorporated into the MSP-
MS assay. Pretreatment of conditioned media with the
metalloprotease inhibitor, 1,10-phenanthroline (1,10-P), re-
duced the total number of cleavages observed by 87% from the
MCF10A control cells and 88% from MCF10A HER2
overexpression cells, indicating that metalloproteases were
the most active in both cell lines (Table S4). Cleavages
significantly enriched 2-fold or more in MCF10A HER2

Figure 5. Global analysis of extracellular proteolysis in an isogenic HER2 cell line model. Global analysis of protease activity was performed in
conditioned media from MCF10A E.V. (control) and MCF10A HER2 cells using the MSP-MS peptide library. (A) HER2 expression in MCF10A
cells resulted in higher proteolytic activity against the peptide library (n = 389 for control and n = 475 for HER2 at 240 min). (B) Pretreatment of
conditioned media with protease inhibitors Bestatin, E-64, 1,10-P, and AEBSF revealed predominant metalloprotease activity in both cell lines.
Cleavages significantly enriched 2-fold or more in MCF10A HER2 (n = 4, P < 0.05) and found in the MSP-MS assay incorporating inhibitors were
completely inhibited by 1,10-P. Differentially cleaved peptides (log2 FC) and statistical analysis (−log10 P value) were conducted using
Bioconductor R package limma. For this analysis, peptide cleavages of three independent experiments were used. The significance cutoff was set at
log2 FC ± 1, −log10 (P value) = 1.3.
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overexpression cells (n = 4, P < 0.05) and found in the MSP-
MS assay incorporating inhibitors (Table S4) were also
completely inhibited by 1,10-P (Figure 5B). While the
metalloprotease inhibitor 1,10-P broadly blocked HER2
selective cleavages, some of these cleavages were also inhibited
by cysteine protease inhibitor E-64, suggesting that HER2-
driven proteolysis is probably not related to a single class of
proteases. Taken together, these results show that oncogenic
transformation by HER2 results in changes in extracellular
proteolysis with differential metalloproteinase activity as the
predominant contributor.
HER2 Expression Results in Increased BMP1- and

MMP2-like Activity. On the basis of TGF-β signaling
activation and predominant metalloproteinase activity, we
decided to investigate whether two secreted metalloproteases,
BMP1 and MMP2, were also upregulated at the activity level.
While it is difficult to definitely match the inhibited cleavages
observed in the profiling assay (Figure 5B) with BMP1 and
MMP2 due to their broad substrate specificities and likely
overlap with other proteases present in the complex mixture,
both BMP1 and MMP2 are known to play a critical role in
TGF-β signaling activation. Increased expression of BMP1 and
not MMP2 was observed by proteomics in conditioned media;
however, increased MMP2 expression in HER2-expressing
cells has been well documented.40 In its inactive state, TGF-β
is sequestered to the extracellular matrix by covalent linkage to
LTBP1; BMP1 cleavage of LTBP1 at two positions then allows

for MMP2-mediated release of TGF-β.30 Conditioned media
from MCF10A HER2 overexpression and MCF10A control
cells were incubated with commercially available substrates for
BMP1 and MMP2. We found BMP1- (P = 0.0599) and MMP-
like (P = 0.0380) activity to be upregulated in MCF10A HER2
cells (Figure 6A). Increased activity was confirmed to be
inhibited by a BMP1 specific inhibitor (UK-383367) and
broad-spectrum metalloprotease inhibitor (batimastat; Figure
6B).
TGF-β signaling has been studied in the context of the

increased invasive potential of HER2-overexpressing cells;35

however, the exact role BMP1 plays in this process has not
been elucidated. Therefore, we sought to investigate the
functional role of BMP1 in the invasiveness of MCF10A HER2
cells. Cells were treated with CI-1033 (HER2 inhibitor),
galunisertib (TGF-β receptor, TGFBR, inhibitor), and UK-
383367 (BMP1 inhibitor). Differences in cellular invasion
across a basement membrane extract were assessed after 24 h
in vitro. HER2 inhibition resulted in a 15% decrease (P =
0.0086) in invasion, whereas BMP1 inhibition resulted in an
18% decrease (P = 0.0002) in cell invasion. Importantly,
inhibiting HER2 and BMP1 together resulted in a 35%
decreased invasion (P < 0.0001; Figure 6C). As expected,
TGFBR and TGFBR/HER2 inhibition also showed a
significant decrease in invasion, 17% (P = 0.0006) and 26%
(P < 0.0001), respectively (Figure 6C). BMP1 and TGFBR
inhibition did not have any effect on cell proliferation after 72

Figure 6. Activity of the metalloprotease BMP1 is upregulated in HER2-expressing cells. HER2 expression results in upregulation of the
metalloprotease BMP1 involved in TGF-β signaling. BMP1- and MMP-like protease activity were assayed in conditioned media from MCF10A
E.V. (control) and MCF10A HER2 cells using commercially available substrates ± inhibitors. (A) BMP1- (P = 0.0599) and MMP-like (P =
0.0380) activity was upregulated in MCF10A HER2 cells compared to MCF10A control. (B) Activity was inhibited by a BMP1-specific inhibitor
(UK-383367) and broad-spectrum metalloprotease inhibitor (batimastat). (C) Inhibition of MCF10A HER2 cells with a HER2 and BMP1
inhibitor resulted in decreased invasion in vitro across a basement membrane extract after 24 h (P = 0.0086 for HER2, P = 0.0002 for BMP1, and P
< 0.0001 for HER2/BMP1). Mean activity/percent inhibition is reported as the mean RFU of three replicates ± SD. Mean invasion is reported as
mean RFU of 12 well replicates ± SD.
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h (Figure S6). Taken together, our results support the role of
BMP1 in the functional crosstalk between TGF-β and HER2
signaling, possibly through regulation of TGF-β bioavailability.

■ DISCUSSION
Genome-wide transcriptional analyses of breast tumors and cell
lines have been instrumental in elucidating molecular-level
differences in cancer, identifying markers of disease pro-
gression, and developing predictors of drug response.7−9

Although there is a strong association between molecular
subtypes of breast cancer and prognosis, a significant number
of patients present similar morphological or molecular features
but have distinct clinical outcomes. For example, endocrine
therapy is the treatment of choice for luminal A breast cancer,
typically characterized by the presence of the estrogen and
progesterone hormone receptors.41 However, while many
luminal A tumors are responsive to hormone therapy such as
tamoxifen, a subset of tumors possess intrinsic and/or acquired
resistance.42−44 The heterogeneity observed even in well
characterized breast cancer subtypes reflects the need for
complementary approaches that more accurately reflect the
functional state of tumors. Understanding the correlation
between genotype and phenotype has the potential to improve
genetic markers currently being explored in precision
medicine.45 Numerous strategies exploiting differential pro-
tease activity in cancer are already being explored for
improving cancer diagnosis and therapy.45 Here, we used an
unbiased and global substrate profiling strategy coupled with
proteomics to identify differences in protease activities in
breast cancer subtypes. Using cancer cell lines, we identified
functionally distinct subtypes based on differences in protease
global substrate specificities within previously defined genetic
subtypes. In addition, using an isogenic cell line model of the
HER2 subtype, we were able to identify proteases contributing
to the oncogenic potential of HER2 through activation of
TGF-β signaling.
Basal-like breast tumors are often associated with a more

aggressive phenotype.46 Indeed, previous functional studies
assessing the invasion potential of breast cancer subtypes have
shown that basal B cell lines are able to invade across a
basement membrane barrier more efficiently than luminal cell
lines.9 Consistent with an increase in protease activity
associated with cancer aggressiveness,47 we observed higher
proteolytic activity in basal B cell lines compared to luminal
cell lines. Leveraging differences in protease activity in breast
cancer subtypes can allow for a better understanding of the
molecular mechanisms underlying the disease and pave the
way for diagnostic development. For example, a recent study
has identified differences in protease activity that enable
differentiation of pancreatic cysts (nonmucinous vs mucinous)
in patient samples, significantly outperforming molecular
biomarkers.48 In addition, activity-based profiling of whole
tissue extracts has been used for the optimization and design of
fluorescent probes that are specifically activated in the tumor
microenvironment.49

Previous studies have examined the role of proteases in
oncogenic signaling and therapeutic response.50 For example,
proteolytic cleavage of the HER2 extracellular domain by the
“sheddase” ADAM10 results in constitutive activation of HER2
signaling.51 Metalloproteases have been studied in detail both
under normal physiological conditions and in cancer with
matrix metalloproteases (MMPs) in particular emerging as
promising therapeutic targets because of their role in cancer

progression.52,53 However, MMP inhibitors have not been
successful in clinical trials, in part due to an incomplete
understanding of the complex and multifaced roles that
proteases play in oncogenic signaling pathways.54 Here, we
identified BMP1 as one of the metalloproteases differentially
upregulated upon HER2 overexpression. Although the family
of BMP/TGF-β growth factors has been evaluated in some
detail in breast cancer,55,56 the functional role of BMP1 in this
context has not been studied extensively. Our analysis shows
an important role for BMP1 in HER2-mediated invasion,
possibly through regulation of TGF-β bioavailability. Future
analysis of BMP1 activity in breast tumors is required to
validate the importance of BMP1 in the HER2 subtype and
across the breast cancer disease spectrum.
In summary, we present an unbiased and global approach

that can be used to identify functional subtypes of breast
cancer based on differences in global proteolytic signatures. In
the future, differences in proteolytic activity can be exploited to
generate functional probes to further interrogate signaling
mechanisms driving the disease. While beyond the scope of
this paper, we envision that protease activity may lead to the
establishment of functionally relevant activity-based subtypes
that have the potential to advance decision-making for cancer
diagnosis and treatment.

■ METHODS
Cell Lines. Breast cancer cell lines: BT-549, BT-474, MDA-MB-

231, MDA-MB-435, MDA-MB-436, MDA-MB-453, MDA-MB-468,
SK-BR-3, and MDA-MB-231 were purchased from American Tissue
Culture Collection (ATCC) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM): high glucose medium, supplemented with
10% Fetal Bovine serum, 1X sodium pyruvate and 1X Pen/Strep. The
MCF10A control (Empty Vector) and MCF10A HER2 cell lines were
a gift from the laboratory of Sourav Bandyopadhyay at UCSF and
generated according to published methods.57 Cell lines were
maintained in 50% DMEM and 50% F-12 (DMEM/F12) medium,
supplemented with 5% Horse serum (Invitrogen), 20 ng/mL
epidermal growth factor (EGF; Invitrogen), 500 ng/mL hydro-
cortisone (Sigma), 100 ng/mL Cholera Toxin (Sigma), 10 μg/mL
Insulin (Sigma), 2 μg/mL Puromycin (Invitrogen), and 1X Pen/
Strep. Cell line identities were continuously authenticated by
morphological inspection. Symptoms for mycoplasma contamination
were not observed. All cell lines were incubated at 37 °C in a
humidified atmosphere of 5% CO2.

Conditioned Media Preparation for Proteomic and MSP-MS
Analysis. Cell lines were grown to approximately 80% confluency at
37 °C in a humidified atmosphere of 5% CO2. Cells were washed 3−5
times with D-PBS and switched to serum-free DMEM or serum-free
DMEM/F12 medium for 20−24 h. Conditioned media were
harvested by spinning at 900 rpm for 5 min to pellet cells, and the
supernatant was collected. Supernatant was filtered using a 0.45 μm
vacuum filtration system. Filtered conditioned media were concen-
trated immediately or frozen in liquid nitrogen and stored at −80 °C.
Conditioned media were concentrated through centrifugation with a
10 kDa molecular weight cutoff (MWCO) spin filter and buffer
exchanged into D-PBS, pH 7.4 (10-fold). Protein quantification was
done using the Bradford or bicinchoninic acid assay (BCA) method,
flash frozen, and stored at −80 °C.

Proteomic Analysis. Conditioned media for proteomics analysis
were prepared following previously published methods for proteo-
mics.58 Trypsin-derived peptides were subjected to peptide
sequencing by LC-MS/MS. Protein identification and label-free
quantification were carried out in MaxQuant59 and analyzed using
Perseus.60 Differential protein expression and statistical analysis were
performed using the Bioconductor package: Proteus.61

Peptide sequencing for cell lines in Table 1 was carried out by LC-
MS/MS on an LTQ-Orbitrap XL mass spectrometer (Thermo) with a
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nanoACQUITY ultraperformance LC (UPLC) system (Waters) and
an EASY-Spray ion source (Thermo) using previously described
methods for data acquisition.58 Peptide sequencing for MCF10A cell
lines was carried out by LC-MS/MS on an LTQ-Orbitrap Velos mass
spectrometer (Thermo) with a nanoACQUITY ultraperformance LC
(UPLC; Waters) and an EASY-Spray ion source (Thermo). Sample
loading in the UPLC system was conducted at a flow rate of 600 nL/
min for 20 min, followed by peptide separation with a linear gradient
from 2 to 50% acetonitrile (0.1% formic acid). Survey scans were
recorded over a mass range of 350 to 1500 m/z, with the six most
intense precursor ions fragmented by higher-energy collisional
dissociation (HCD) for tandem MS analysis.
Multiplex Substrate Profiling by Mass Spectrometry (MSP-

MS). Global protease activity was determined by assaying matched
conditioned media using the MSP-MS assay as previously described.58

Sequences for the 228-member synthetic peptide library used in the
MSP-MS assay have been previously published.19 Briefly, matched
conditioned media from breast cancer cell lines, MCF10A control and
MCF10 HER2 were diluted to 50 μg/mL (1X) in assay buffer (PBS,
pH 7.4) and preincubated for 30 min on ice with or without inhibitor.
Protease inhibitor assays were carried out using the following final
concentrations: 1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride
hydrochloride (AEBSF; Sigma), 2 μM E-64 (Sigma), 2 μM Bestatin
(Sigma), 1 mM 1,10-Phenanthroline (1,10-P; Sigma), or DMSO (no
inhibitor).
Peptide sequencing by LC-MS/MS was carried out on an LTQ-

Orbitrap XL mass spectrometer (Thermo) with a nanoACQUITY
ultraperformance LC (UPLC) system (Waters) and an EASY-Spray
ion source (Thermo). Data acquisition was performed using
previously described methods.58

Clustering Analysis. Cluster analysis was performed using the
coupled two-way clustering algorithm implemented in biclust package
in R programming language.21 Each amino acid of a peptide was
encoded using three Hellberg z-scores or descriptors.62 These scores
are represented by the first three principal components of the 20
physicochemical properties of the 20 amino acids. The first principal
component is dominated by the hydrophilicity or polarity of the
amino acid and the second principal component is related to the size
of the amino acid. Thus, each 8-mer peptide (P4−P4’) represented by
3 × 8 = 24 descriptors. Prior to cluster analysis, descriptors were
centered and scaled. Centering was done by subtracting the means of
each descriptor and scaling was done by dividing the (centered)
descriptor values by their standard deviations. Distances between
encoded peptides were calculated using Euclidean metric.
Cell Viability Assays. The effects of CI-1033 (HER2; Sell-

eckchem), Galunisertib (TGFBR; Selleckchem), and UK-383367
(BMP1; Selleckchem) on cell viability were assessed using Cell Titer-
Glo (Promega). Cells were plated in black-walled, clear bottom 96-
well plates at 5,000 per well and allowed to adhere overnight at 37 °C
in a humidified atmosphere of 5% CO2. Varying concentrations of
inhibitors were then added, and cells were incubated for 3 days. Cell
Titer-Glo was added according to manufacturer’s protocol and the
luminescent signal was measured using a SpectraMax iD5 Hybrid
Multi-Mode Microplate Reader with excitation at 485 nm and
emission at 520 nm. For all cellular assays, dose−response curves were
generated using GraphPad Prism version 8.4 (GraphPad Software).
Cell Proliferation and Invasion Assays. To determine cell

proliferation, 2,000 cells were plated per well in 96-well plates and
frozen at −80 °C at given time points (24−72 h). Cell proliferation
was determined as an increase in fluorescence using the CyQUANT
Cell Proliferation Assay kit (Invitrogen) and reading in a BioTek
Synergy H4 Hybrid Multi-Mode Microplate Reader with excitation at
485 nm and emission at 520 nm. The invasion potential of MCF10A
EV and MCF10A HER2 cells was assessed using a 1X basement
membrane extract (BME) coated Boyden chamber according to
manufacturer’s protocol (Trevigen). Optimal seeding density was
determined to be 50,000 cells per well for each cell line. For inhibitor
invasion assay, inhibitors were added to top and bottom wells in
corresponding media at concentrations not toxic to the cells. The
following concentrations were used: 100 nM CI-1033, 1 μM UK-

383367 (Selleckchem), and 1 μM Galunisertib (Selleckchem). The
number of invaded cells in the lower chamber was determined per
manufacturer’s protocol by fluorescence measurement using a
SpectraMax iD5 Hybrid Multi-Mode Microplate Reader with
excitation at 485 nm and emission at 520 nm.

Western Blots. Cells were harvested and lysed in RIPA buffer
(Pierce), supplemented with a Protease/Phosphatase inhibitor
cocktail (100X) following standard sample preparation protocol
(Abcam). Protein concentration of cell lysates were determined by
BCA. Cell lysate (30−50 μg) was run on 4−12% SurePAGE Bis-Tris
polyacrylamide gel (GenScript). Proteins were transferred onto
nitrocellulose membrane (Life Technologies) using the iBlot Dry
Blotting System (Life Technologies). Membranes were blocked for at
least 1 h in 5% nonfat dry milk in Tris-buffered saline with 0.1%
Tween-20 (TBS-T) at 4 °C. All primary antibodies were prepared in
5% nonfat dry milk in TBS-T (1:1000 dilution) and incubated
overnight at 4 °C. GAPDH was used as a loading control (1:10000).
LI-COR secondary antibodies (1:10000) were used to simultaneously
measure protein of interest and GAPDH levels. Signal was detected
using the Odyssey Infrared Imaging System (LI-COR Biosciences).
Densitometry analysis was done using ImageJ (National Institute of
Health).

Protease Activity Assays. Activity assays with commercially
available fluorogenic substrates for BMP1 (Catalog No. ES007, R&D
Systems) and MMP2 (Catalog No. SCP0192, Sigma) were performed
for 1 h in black 96-well round-bottom plates (Catalog No. 3356,
Costar) using a BioTek Synergy H4 Hybrid Multi-Mode Microplate
Reader set to 37 °C with excitation at 320 nm and emission at 405
nm. Activity assays were performed with 10 μM substrate and 50 μg/
mL conditioned media. For inhibitor assays, conditioned media were
preincubated with 10 μM UK-383367 (Selleckchem) or 10 μM
Batimastat (Selleckchem) for 30 min on ice. Activity assays were
carried out in PBS buffer, pH 7.4, supplemented with 0.01% Brij 35.
Relative fluorescence units (RFUs) were calculated using Gen5
software. Activity is reported as mean RFU values ± SD of three
replicates.

Statistical Analysis. Statistical analysis was carried out in
Proteus60 for proteomic analysis and in GraphPad Prism version 8.4
(GraphPad Software Inc.) for all other experiments. Statistical
significance was calculated using unpaired two-tailed t test. For
densitometry analysis, the mean value is reported ± standard
deviation (SD) of three replicates. For the cell proliferation assay,
the mean value is reported ± SD of four replicates. For in vitro
invasion assays, the mean value is reported ± SD of six wells or 12
wells (Figure 3C, Figure 6C, respectively). For protease activity
assays, mean activity is reported ± SD for three replicates.
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