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Abstract

Metastasis causes most cancer-related deaths, and one poorly understood aspect of metastatic
cancer is the adaptability of cells from a primary tumor to create new niches and survive in
multiple, different secondary sites. We used quantitative mass spectrometry to analyze the
extracellular matrix (ECM), a critical component of metastatic niches, in metastases to the brain,
lungs, liver and bone marrow, all derived from parental MDA-MB-231 triple-negative breast
cancer cells. Tumor and stromal cells cooperated in forming niches; stromal cells produced
predominantly core, structural ECM proteins and tumor cells produced a diverse array of ECM-
associated proteins, including secreted factors and modulators of the matrix. Additionally, tumor
and stromal cells together created distinct niches in each tissue. Downregulation of SERPINB1, a
protein elevated in brain metastases, led to a reduction in brain metastasis, suggesting that some
niche-specific ECM proteins may be involved in metastatic tropism.
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Introduction

Metastasis is responsible for the majority of cancer deaths (1), yet our understanding of its
fundamental processes, as well as how to detect and treat it, remains inadequate relative to
the threat it poses. This is particularly relevant in the case of triple-negative breast cancer
(TNBC), a breast cancer subtype defined by the lack of expression of estrogen receptor,
progesterone receptor and epidermal growth factor receptor (EGFR). TNBC, which accounts
for 15% of all breast carcinomas, is especially aggressive, capable of metastasizing to the
brain, lungs, liver and bone marrow (2). However, the lack of the above three genes makes
targeted treatment of TNBC difficult, so chemotherapy remains the standard of care (3).
Nevertheless, even with chemotherapeutic treatment, the median overall survival rate for
women with metastatic breast cancer is only two years (4). Thus, there is a clear need for
additional ways to target and treat this disease, especially its metastasis.

The extracellular matrix (ECM) represents one promising avenue of research in cancer
therapy. The ECM is a critical part of the tumor microenvironment, which is the complete
collection of tumor cells, stromal cells, vasculature and non-cellular components that make
up a tumor (5,6). ECM proteins provide structural support, migration control, and growth
and survival signals to tumor cells, fibroblasts and blood vessels. Tumor cells both produce
ECM proteins themselves as well as induce surrounding stromal cells to alter their own
ECM production, which can suit the growth of the tumor (7,8). Moreover, the extracellular
localization of the ECM makes it well-suited for use in imaging and targeting, since it is
accessible to probes without the need to cross through cell membranes (9,10). Indeed, we
have successfully used ECM-targeting nanobodies for PET/CT imaging of both primary
tumors and metastases in several cancer models (11).

The ECM is also essential for the construction of the metastatic niche, the microenvironment
that tumor cells create in collaboration with stromal cells when colonizing different sites,
which is conducive to the survival and proliferation of disseminated tumor cells into overt
metastases (12). A few specific ECM proteins have previously been identified as crucial
parts of certain metastatic niches in both human and mouse breast cancers, including
Tenascin C (TNC), osteopontin (OPN or SPP1) and periostin (POSTN) (13-15). Moreover,
amplified fibronectin (FN1) production can promote metastasis of a wide variety of cancers
(16-19). However, overall understanding of which ECM proteins are present in metastatic
niches is lacking, particularly in secondary sites aside from the lung. Therefore, a more
complete survey of the ECM in different metastatic sites would markedly increase our
knowledge of both the role of the ECM in breast cancer metastasis, as well as how the ECM
is differentially altered in various metastatic sites.

We have previously developed methods for enriching tissue samples for their ECM protein
content by taking advantage of the relative insolubility of the ECM, and we have used these
techniques in conjunction with mass spectrometry-based proteomics to profile the
“matrisome,” the complete collection of both core ECM and ECM-associated proteins, in
several different cancers (8,20). Such analyses have identified several ECM proteins
associated with primary tumors more likely to metastasize, including SNED1, LTBP3, TNC,
S100A10 and S100A11, in both mouse xenograft models and human patient samples (21—
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23). ECM profiling has thus been useful in discovering ECM proteins in the primary tumor
microenvironment relevant to disease progression. Nevertheless, there are no reports to date
that have examined the ECM in metastases to multiple organs in the context of the same
cancer, which could explore how cells from a single primary tumor cell type can adapt to
different tissues.

Here we define and compare the ECM components of metastatic niches and how they differ
among the specific secondary sites common in TNBC. For this purpose, we use as a model
the MDA-MB-231 human TNBC cell line, originally derived from a patient pleural effusion
(24), which is capable of metastasizing to the brain, lungs, liver and bone marrow in mouse
xenografts. We identify which ECM proteins are commonly elevated at multiple different
metastatic sites, and which are preferentially elevated in particular sites. We investigate how
these specific ECM proteins, as well as the tumor matrix overall, are differentially produced
by the tumor and stromal cells; in this paper, we use “stromal” to include all cells in the
tumor that are not tumor cells. Finally, as an example of the utility of this system for finding
novel ECM mediators of metastasis, we show that knockdown in tumor cells of a protein
highly expressed in brain metastases, SERPINB1, can significantly reduce their brain-tropic
metastasis. This survey of the ECM in metastases thus presents insight into the fundamental
biology of metastatic niche formation, as well as how tumor cells can adapt to survive in
different tissue environments.

Cells and vectors

The human MDA-MB-231 (ATCC Cat# CRL-12532, RRID:CVCL_0062) mammary
carcinoma cell line (24) expressing firefly luciferase was a kind gift of Joan Massagué
(Memorial Sloan Kettering Cancer Center, New York, NY). These cells were further
retrovirally infected to express ZsGreen using MSCV-ZsGreen-2A-Puro (25). Cells were
cultured in HyClone high-glucose DMEM (ThermoFisher, San Jose, CA) supplemented with
2 mM glutamine and 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) in a 37°C
incubator with 5% CO,. Production of retrovirus and lentivirus, as well as transduction of
cells, was performed as previously described (26). Cells were tested monthly for
mycoplasma using a PCR-based Universal Mycoplasma Detection Kit (ATCC, Manassas,
VA). All cell lines were used for experiments 1-2 passages after thawing.

Experimental metastasis assays

Metastatic tumor samples for this study were generated by injecting MDA-MB-231 cells in
100 pL of Hanks’ Balanced Salt Solution (HBSS, Thermo Fisher Scientific, San Jose, CA)
into female NOD-SCID (RRID:IMSR_JAX:001303) or NOD/SCID/IL2R-y-null
(RRID:IMSR_JAX:005557) mice (Jackson Laboratory, Bar Harbor, ME) and allowing
tumors to grow for 4-12 weeks. Injections were via the lateral tail vein (for lung tumors) or
intracardiac injection into the left ventricle (for brain, liver and bone tumors). 250,000 cells
were injected to generate bone and lung tumors, while 50,000 cells were injected to generate
brain and liver tumors. Intracardiac injections were guided using a Vevo 770 ultrasound
imaging system (VisualSonics, Toronto, Canada). Metastases were isolated through their
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ZsGreen fluorescence, and bone-tumor samples were collected by flushing the bone marrow
from femurs and tibias with phosphate-buffered saline (PBS) after confirming the presence
of ZsGreen-positive tumors. At least 25 mg of tumor tissue were used for each sample for
analysis, which required pooling several tumors for each sample from either the same (liver,
lung) or multiple (bone marrow) mice, except for brain tumors, which were sizeable enough
(30-50 mg) to be used singly. For brain, lung and liver, three metastatic samples and one
healthy tissue sample (an entire brain, full set of lungs, and liver left lobe) were collected per
organ. For bone marrow, two metastatic samples and one healthy tissue sample were
collected from each of NOD-SCID and NOD/SCID/IL2Ry-null mice (Supplementary Table
S1). The primary focus of this study was comparisons among metastases rather than
comparisons between normal tissue and metastases, so relatively more metastatic samples
were included in the experimental design.

For assays of metastatic tropism, 500,000 or 250,000 MDA-MB-231 cells were injected via
intracardiac injection into NOD-SCID mice (as above) and allowed to grow for 3 or 4
weeks, respectively, at which point brains, lungs and bones (femurs and tibias) were
dissected and imaged with a Leica M165 FC dissecting microscope (Leica, Wetzlar,
Germany). Tumor burden was quantified by dividing ZsGreen-positive tumor area by total
tissue area using ImageJ. Data for all assays were expressed as mean + standard deviation.
Since liver metastases were not observed in NOD-SCID mice (see Results), liver tropism
could not be evaluated in these experiments. Statistical analysis was conducted with
GraphPad Prism 6 (GraphPad Software). All comparisons were made using two-tailed
Student’s t-tests, controlled for a false discovery rate (FDR) below 0.1 (according to the
Benjamini-Hochberg procedure), with P< 0.05 considered significant (*). All procedures
were performed according to an animal protocol approved by MIT’s Committee on Animal
Care.

ECM protein enrichment, immunoblotting and in-solution digestion

Tissue samples were homogenized with a Bullet Blender (Next Advance, Averill Park, NY)
according to the manufacturer’s instructions. Enrichment of tissue samples for their ECM
protein content was performed by sequential extractions using the CNMCS compartmental
extraction kit (Millipore, Billerica, MA) as previously described (8,20), except that brain
samples were incubated a second time in the CS buffer to remove additional non-ECM
proteins. Quality control of each step of the enrichment process was monitored by
immunoblotting as previously described (8) with the following antibodies: rabbit anti-
Collagen I (Millipore, Billerica, MA), rabbit anti-Vimentin produced in our laboratory (27),
rabbit anti-pan-histone (Millipore) and mouse anti-GAPDH (Millipore). ECM protein
resuspension, alkylation, deglycosylation and proteolytic digestion with trypsin and LysC
were performed as previously described (8,20).

Sample preparation

Proteolytic digests of the ECM preparations were desalted using C18 stage-tip columns
(Empore, 3M, St. Paul, MN) (28), and 5% was used for label-free analysis. After vacuum
centrifugation and resuspension in 0.1% formic acid, half of the 5% was analyzed by LC-
MS/MS to determine the amount of total peptide approximated by the total ion current (TIC)
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and the intensity of ECM proteins. This was performed to estimate the abundance of ECM
peptides in the digest. Approximately five micrograms of peptides from each sample were
labeled with TMT according to the on-column protocol (29,30). Roughly 0.9 ug of each
sample was combined (15 ug total) and labeled with TMT-131 to create a common reference
sample. The pooled reference sample was split in two, on-column labeled in parallel and re-
mixed after confirmation of individual labeling efficiency. Aliquots of this reference sample
were used in each of the two 10-plex sample sets (Supplementary Table S2). Ammonium
formate (20 mM) was added to each on-column labeling prior to mixing and drying. After
vacuum centrifugation, samples were step-fractionated using a Stage tip packed with four
punches of SDB-RPS (Empore) extraction disks. Step fractions were eluted in 20 mM
ammonium formate with increasing percentages of acetonitrile (ACN), 5, 7.5, 10, 12.5, 15,
17.5, 25, and 55%. Samples were dried by vacuum centrifugation, resuspended in 0.1%
formic acid and stored at —80°C until data acquisition.

Data acquisition and analysis

LC-MS/MS was performed on a Q Exactive Plus mass spectrometer as previously described
(29,31). Data were searched and interpreted using Spectrum Mill version 6.0 (Agilent
Technologies, Santa Clara, CA) using parameters similar to those previously described
(8,21). MS/MS spectra were searched against a combined dataset including both human and
mouse Uniprot entries downloaded on 17 Oct 2014, containing 100,236 entries, including
150 common laboratory contaminants. Matrisome proteins were identified bioinformatically
as described previously (8). TMT log2-fold change ratios (sample over common reference)
were median- and median absolute deviation-normalized to the total set of ECM proteins
quantified in each sample, such that the overall distribution of log2-fold change ratios for
each sample was centered at zero and had a standardized variability. Fractional intensities of
proteins from particular TMT channels were calculated as described previously (30).

Hierarchical clustering, correlation and marker selection analysis were performed using
Morpheus (https://software.broadinstitute.org/morpheus/). Clustering was performed using
one minus the Pearson correlation. Correlation analysis was conducted by calculating
Spearman’s rank correlation coefficient (rho) for the total protein set of each sample. Marker
selection was performed as described previously (30) to identify proteins significantly
different between two sample sets, with signal to noise used as the metric and 10,000 test
permutations, and with significance determined as P<0.05 and FDR<0.1 (Benjamini-
Hochberg procedure for multiple comparisons correction).

Ingenuity Pathway Analysis (IPA; Qiagen, Germantown, MD) to detect potential upstream
regulator proteins was performed with the 20 most significantly elevated human and mouse
proteins from each metastatic site as identified by marker selection (see above). The 12 most
significant predicted regulators (all P<0.05) for each tissue were compared, with separate
analyses for human and mouse proteins. Kaplan-Meier estimates of disease/progression-free
survival were conducted with cBioPortal (www.cbioportal.org) (32,33) using data from
PanCancer Atlas Studies from The Cancer Genome Atlas (TCGA, www.cancer.gov/tcga).

Gene Set Enrichment Analysis (GSEA) was performed using GSEA v4.0.2 (http://
software.broadinstitute.org/gsea/index.jsp). We employed a gene expression dataset of
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human patient primary breast tumors (GSE12276), with defined phenotypic classes
according to whether those primary tumors were associated with relapse to the brain or
elsewhere (34). Probe sets were collapsed to unique gene symbols. We generated gene sets
corresponding to the tumor-cell-derived (human) or stroma-derived (mouse) ECM proteins
that were elevated at least one log2 value in brain metastases compared to normal brain
tissue, along with gene sets for the 12 most significant upstream regulators predicted by IPA.
Distributions of each of these gene sets were compared to rank-ordered brain relapse vs. no
brain relapse primary tumor expression data using GSEA with the default settings. Note that
this analysis includes only those genes in the gene set that are also in the expression dataset.
Significance was determined by GSEA as FDR g-value<.25.

Gene knockdown and quantitative PCR

Results

miR30-based shRNAs (Supplementary Table S3) were designed using a tool developed by
the laboratory of Michael Hemann (shrna.mit.edu) and cloned into MSCV-Blast-miR30, as
previously described (26). An shRNA against Firefly luciferase (shFF) was used as a
control. sgRNAs for CRISPRiI (Supplementary Table S4) were designed using a tool
developed by the lab of Feng Zhang (crispr.mit.edu) and cloned into U6-sgRNA-CMV-
tdTomato, a kind gift of Michael Hemann (35). This vector was used in tandem with Lenti-
dCas9-KRAB-Blast, a gift from Gary Hon (Addgene plasmid # 89567 ; http://n2t.net/
addgene:89567 ; RRID:Addgene_89567) (36). Retroviral and lentiviral production and
transduction of cells were performed as previously described (26).

For quantitative PCR (qPCR), cells were lysed in TRIzol (Invitrogen, Carlsbad, CA), RNA
was isolated according to the manufacturer’s instructions, and cDNA was synthesized by
reverse transcription using the First-Strand cDNA Synthesis Kit (Promega, Madison, WI).
gPCR reactions were performed using SYBR Green Supermix (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions, and data analysis was performed using Bio-
Rad CFX Manager Software. PCR conditions were 95°C for 10 min, followed by 40 cycles
of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s. Data for all assays were expressed as
mean + standard deviation. Primers used are listed in Supplementary Table S5.

Quantitative proteomics highlights differences in metastases among tissues

To evaluate the composition of the ECM of metastases formed when triple-negative breast
cancer cells grow in different tissues, we used as a model the metastatic MDA-MB-231
human triple-negative mammary carcinoma cell line (24). These cells were introduced into
circulation in order to colonize tumors in the brain, lung, liver and bone marrow. Brain, lung
and bone metastases were harvested from NOD-SCID mice. However, as these cells do not
form liver tumors in NOD-SCID mice, perhaps because of high NK cell levels (37,38), we
also injected cells into NOD-SCID-IL2Ry-null mice to collect liver metastases. Bone
tumors from both mouse strains were collected for purposes of comparison.

Following collection of metastatic and normal tissue samples from all four tissues and
pooling as described in Methods, the samples were enriched for their ECM protein content
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as previously described (20). After performing western blots to track the enrichment of ECM
proteins and depletion of intracellular proteins (Supplementary Fig. S1A and B, bone
marrow; Supplementary Fig. S1C and D, liver), the samples were digested and labeled with
tandem mass tags (TMT) for quantitative mass spectrometry (Fig. LA). Samples were named
according to their tissue of origin, mouse strain, and normal or metastatic sample type (Fig.
1B, Supplementary Table S1). Preliminary, label-free analysis of the different tissues showed
a clear difference in ECM protein profiles (Supplementary Fig. S2 and S3). The brain had a
considerably lower quantity of ECM proteins overall compared to the other, relatively more
matrix-rich tissues, while liver metastases had a notably higher proportion of glycoproteins
relative to other metastases.

The matrisome is divided into core matrisome proteins (collagens, ECM glycoproteins and
proteoglycans) and matrisome-associated proteins ([1] ECM regulators such as proteases
and crosslinking enzymes, [2] ECM-affiliated proteins that are often found in association
with the core matrisome proteins, and [3] secreted factors such as growth factors) (8,39,40).
Among all samples, we quantified 307 human and mouse matrisome proteins, including
nearly 100 glycoproteins and over 70 ECM regulators (Fig. 2A). The samples were divided
into two 10-plex TMT series (Supplementary Table S2), though we observed 80-90%
overlap between the two TMT plexes (Fig. 2B), with the majority of non-overlapping
proteins coming from Plex A, which contained all of the normal tissue samples.
Accordingly, 30/42 of the non-overlapping proteins from Plex A (Supplementary Fig. S4A)
came from the stroma (mouse proteins), compared to only 8/18 non-overlapping proteins in
Plex B (Supplementary Fig. S4B), suggesting that many of these Plex A-only stromal
proteins are likely present only in normal tissue. Moreover, despite matrisome proteins being
only around 5% of the total number of proteins quantified in our data (Fig. 2C), they
represented a third of the total protein abundance due to our ECM enrichment (Fig. 2D),
despite the extremely low matrix content of tissues like the brain (Supplementary Fig. S3).
Finally, calculation of the Spearman correlation between each pair of samples revealed that
metastatic samples tended to cluster by tissue, but that individual tissues, particularly the
brain, were markedly different from one another (Fig. 2E). Some metastases were so
different compared to their corresponding normal tissue, as was the case for liver, that they
did not form a tissue-specific clade. Thus, even on a global level, the same population of
tumor cells can create clearly distinct metastatic niches in different organs.

Tumor and stromal cells produce different components of the metastatic niche ECM

In a xenograft model system, human tumor cells grow embedded in mouse stromal tissue.
We took advantage of this species difference to distinguish whether a given protein
originated from tumor or stromal cells based on peptide sequence differences between
human and mouse versions of the same protein (8). In this study, we use the term “tumor
cell” to mean all human cancer cells, and we use the term “stromal cell” to include all non-
cancerous mouse cells within the tumors. The distinction between tumor-cell-derived and
stromal-cell-derived proteins is particularly useful in the context of metastatic niches across
multiple tissues, where tumor cells are growing in notably dissimilar stromal environments.
The bulk of the matrisome protein content of metastases was produced by the stroma (Fig.
3A). Moreover, the tumor and stroma made remarkably different types of matrisome
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proteins, with the tumor largely producing matrisome-associated proteins like ECM
regulators and secreted factors, and the stroma mostly creating core matrisome proteins,
particularly collagens (Fig. 3B).

The tumor and stromal production of matrisome proteins can be further broken down by
examining whether a given protein was made only by the tumor cells, only by the stromal
cells, or by both the tumor and stromal compartments (Fig. 3C, D). The largest component
of the proteins made exclusively by the tumor cells was secreted factors, followed by ECM
regulators (Fig. 3E), suggesting that tumor cells secrete factors that modulate the existing
tissue ECM to form a metastatic niche. Indeed, tumor cells produced more than twice as
many secreted factors as the stromal cells by total abundance, despite the much greater
overall quantity of matrisome proteins made by the stroma (Fig. 3A, D). Furthermore, a
closer look at the 40 quantified human proteins that were produced only by the tumor cells
reveals a mix of mostly matrisome-associated proteins, notably several members of the S100
family, LOX family, and SERPINB1 (Supplementary Fig. S5). Meanwhile, the uniquely
stroma-derived proteins consist largely of ECM glycoproteins, and both the tumor and
stroma were responsible for producing collagens (Fig. 3E), which were mostly fibrillar (Fig.
3F). Brain metastases had at least four-fold lower abundance of matrisome proteins overall
(Fig. 3G), but also had a notably more diverse niche with a greater proportion of matrisome-
associated proteins, particularly compared to the lung and bone, which were comprised of at
least 80% collagens (Fig. 3H). This increased overall diversity in the brain was driven
largely by the relatively lower stromal contribution to its niche (Supplementary Fig. S6A,
B), since the total and relative abundance of matrisome proteins in the brain was fairly
similar to other tissues (Supplementary Fig. S6C, D). Notably, bone metastases also had a
more than two-fold greater tumor-cell-derived matrisome protein contribution compared to
other tissues (Supplementary Fig. S6C). The tumor and stromal cells therefore appear to take
distinct roles in creating the matrix of the metastatic tumor microenvironment, with stromal
cells producing more core structural proteins and tumor cells making modulators of the
matrix environment.

The tumor and stroma create distinct metastatic niches in each tissue

In addition to broad differences in the types of matrix proteins made by the tumor and
stroma, quantitative mass spectrometry also allows the identification of particular proteins
that characterize the metastatic niche of each tissue. We performed a marker selection
analysis, comparing the metastatic samples from each particular tissue to all other metastatic
samples, looking for proteins that are significantly elevated only in that tissue (see Methods
and Ref. (30)). These comparisons did not simply identify the most elevated proteins in each
tissue, but rather the proteins most significantly different in abundance in one tissue relative
to all others. Separate analyses were conducted for tumor-cell-derived (human) and stroma-
derived (mouse) proteins.

Beginning with tumor-cell-derived proteins (Fig. 4A), the brain had a particularly large and
diverse set of characteristic proteins, including several that were produced only by the tumor
cells: CD109, SERPINB1, HCFC1 and cerebellin-1 (CBLN1) (Supplementary Fig. S5). The
lung metastases were characterized by several basement membrane proteins, including
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collagen COL4A4 and laminin-121 (a1p2y1, formerly known as laminin-3). The liver was
not particularly set apart by its tumor-cell-derived protein production, aside from COL6AS5,
but the bone marrow metastatic niche had significantly increased levels of both S100A6 and
S100A11, both of which were produced only by the tumor cells (Supplementary Fig. S5).
We also compared the total set of metastatic samples to all normal tissues to identify
proteins that were broadly over-represented in metastases of MDA-MB-231 cells in all
tissues (Fig. 4B). The most broadly abundant protein overall was S100A4. Also notable
were a couple of annexin family members (ANXA1 and ANXAZ2), the proteoglycan
perlecan (HSPG2, found both in basement membranes and in other matrices), and the
protease cathepsin D (CTSD). As there would be no human proteins present in these mouse
tissues without the introduction of the human MDA-MB-231 cells, all of these tumor-cell-
derived proteins characteristic of each metastatic niche represent particular adaptations of
the tumor cells to each tissue.

Next, we used Ingenuity Pathway Analysis (IPA) on the tumor-cell-derived ECM proteins
most significantly elevated in each tissue to predict possible common upstream regulators
(Fig. 4C). TGFP1 was predicted as a regulator in all tissues, while C-C chemokine receptor
type 2 (CCR2) was predicted in three out of the four organs (brain, lungs and liver).
However, most of the predicted upstream regulators were unique to each tissue, consistent
with the distinct ECM niches observed. That is, the varying ECM environments appear to be
the result of differing regulatory programs. MDA-MB-231 tumor cells thus have both a
common set of matrisome proteins they secrete in different tissue environments, as well as
unique adaptations to each site, both in terms of specific proteins and predicted regulatory
programs.

A parallel comparison uncovered stroma-derived proteins particular to each metastatic niche
(Fig. 5A). The brain, once again, displayed a wide variety of niche proteins, many of which
are known to be expressed specifically in the brain, such as the secreted neuronal
glycoprotein Lgil and its receptor Adam22 (41,42), as well as brevican (Bcan). The lung
stroma, much like the tumor-cell-derived lung matrix, was distinguished by a great many
basement membrane proteins, including six different laminin chains and five type IV
collagens, though it also contained lung-specific proteins like pulmonary surfactant-
associated protein Al (Sftpal). The liver stroma contained the known metastasis promoters
Tnc and Fnl, as well as a number of proteins typically associated with the coagulation
response: fibrinogens (Fga, Fgb and Fgg), thrombin (F2) and von Willebrand factor (Vwf).
Additionally, the bone niche had significantly elevated levels of thrombospondin-1 (Thbs1),
another S100 protein (S100a13), the protease cathespin-G (Ctsg), and the protease inhibitors
cystatin C (Cst3) and stefin-2 (Stfa2).

Given that these stromal proteins were simply the most specifically abundant in each
metastatic tissue, a number of them may simply represent variation among normal tissue
ECMs. Accordingly, a similar marker selection can be performed by subtracting the normal
abundance of each protein from the value in each metastatic sample (Supplementary Fig.
S7A-D). This method identified fewer stromal proteins significantly elevated in each tissue,
but many of the top proteins found by each analysis were similar.
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Next, we performed a marker selection for stroma-derived proteins broadly elevated in
normal tissue compared to metastases (Fig. 5B), which could, in principle, represent
potential suppressors of metastasis. Indeed, among this list was tubulointerstitial nephritis
antigen-like 1 (Tinagl1), which was recently shown to inhibit the progression and metastasis
of TNBC in several mouse models and to correlate with survival in human patient samples
(43). Finally, we used IPA to predict upstream regulators of the stroma-derived ECM
proteins characteristic of metastases to each tissue (Fig. 5C). While this analysis identified
some common regulators between tissues, such as Tgfbl and Ccr2, the predicted regulators
for each tissue were much more distinct for the stroma-derived ECM proteins than for the
tumor-cell-derived proteins (Fig. 4C). These data are consistent with the fact that metastases
in each tissue are derived from the same population of tumor cells but presumably contain
distinct stromal cell types. Metastatic niches demonstrate considerable diversity from tissue
to tissue in their matrisome composition, both in tumor and stromal production, suggesting
that tumor cells do not simply recapitulate the same ECM environment in every tissue, but
rather induce characteristic adaptations to each.

SERPINB1 knockdown demonstrates tissue-specific dependency

Given the proteins identified above that are characteristic of various metastatic niches, we
wanted to test whether any could affect metastatic tropism, the differential tendency of
tumor cells to colonize and grow in particular organs. For example, could knocking down a
protein produced selectively in brain metastases specifically inhibit development of
metastases in the brain? This is most readily achieved for tumor-cell-derived proteins. We
focused on the brain due to its relative abundance of unique markers and the less well
studied nature of the brain niche itself. SERPINBL is elevated in both brain and lung
metastases compared to normal tissue, though its overall level is highest in the brain (Fig.
6A). We knocked down SERPINBL1 expression in MDA-MB-231 cells using CRISPRi (Fig.
6B) and introduced those cells into circulation in NOD-SCID mice via intracardiac injection.
SERPINB1 knockdown significantly reduced brain metastasis by more than two-fold,
slightly (but not statistically significantly) reduced lung metastasis, and did not change the
average burden of bone metastasis (Fig. 6C, D). Liver metastases were not observed in
NOD-SCID mice. These /n-vivoresults are consistent with the observed protein levels in
different metastatic tissues from our mass spectrometric analysis (Fig. 6A). Moreover,
alterations in SERPINBL are significantly associated with lower progression-free survival in
patients with a variety of cancers, indicating that this protein might be involved in metastasis
in other contexts (Supplementary Fig. S8).We also tested knockdown of a number of
additional brain metastasis and overall metastasis markers, but, while a few showed some
effect on metastatic tropism, none was statistically significant for the sample sizes studied
(Supplementary Fig. S9A-D). This may imply that these matrisome proteins are
insufficiently consequential to tropism on their own, while altering several of them
simultaneously might have a greater effect. Regardless, our results demonstrate that our data
on metastatic niches can be used to find matrisome proteins with tissue-specific effects on
metastasis.

Finally, to examine potential clinical associations for the ECM proteins we identified in
brain metastases, we performed Gene Set Enrichment Analysis (GSEA) on expression data
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from patient primary breast tumors, comparing tumors that relapsed to the brain with tumors
that relapsed elsewhere. We found that sets of both the tumor-cell-derived and stroma-
derived ECM proteins elevated in the brain (including SERPINBL), as well as their predicted
upstream regulators, were significantly enriched in primary tumors that relapsed to the brain
(Supplementary Fig. SI0A-E). These data suggest that some of the ECM changes we
observe in established brain metastases could already be present in primary tumors and
might be predictive of their later metastasis. Indeed, data from patient circulating tumor cells
(CTCs) have shown that such cells can reproducibly exhibit organotropic behavior in both
patients and mouse models, further indicating that some organotropic adaptations may occur
prior to metastasis (44).

Discussion

In this study, we performed an unbiased, quantitative mass spectrometric survey of ECM
proteins present in MDA-MB-231 breast cancer xenograft metastases to the brain, lungs,
liver and bone marrow. This analysis quantified 307 total human and mouse matrisome
proteins produced by either or both the human tumor cells and mouse stromal cells, and it
identified both tumor- and stroma-derived proteins characteristic of particular metastatic
niches or of overall metastasis. Finally, as one example of an ECM protein affecting
metastatic tropism, we showed that knockdown of SERPINBL1 in tumor cells significantly
reduced the growth of tumors in the brain.

We used MDA-MB-231 cells as the model for this study because of their broad metastatic
capability, wide experimental use, and extensive prior research into their tropism (21,34,45).
Previous studies have largely relied on several rounds of /in-vivo selection of these cells to
enhance their metastatic tropism to particular organs, followed by microarray analysis to
compare gene expression differences among the different /n-vivo-selected variants. Our
work, in contrast, uses the parental cell line, which permits comparisons among a variety of
responses to the challenge of growing in different tissues. Furthermore, the use of parental
cells as opposed to previously derived organotropic lines allows a direct comparison among
the various metastases, since they were all grown from the same cell line. Moreover, in
addition to focusing on the matrisome, itself an understudied part of the tumor
microenvironment, our analysis made use of quantitative proteomics to provide a more
detailed picture of the actual protein composition of these metastases relative to RNA-based
methods, given the known differences between mRNA and protein levels, especially for
long-lived ECM proteins (31,46-48). Of course, MDA-MB-231 cells represent one
particular model of TNBC, and the results described in this study should not be expected to
correlate perfectly with other mouse models or patient cases. Nevertheless, it is worth noting
that the sets of ECM-associated proteins identified in brain tumors in this study, including
SERPINBL1, do correlate with higher tendency of primary human breast tumors to relapse
with brain metastases. Thus, the data generated with this approach represent a potentially
valuable addition to the growing body of knowledge about metastasis to different organs.

The ability to discern the origin of each matrisome protein using a xenograft model system
provided valuable insight into how both cell types contribute to the construction of each
metastatic niche. For instance, the bulk of the ECM in metastases was produced by the
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stroma (Fig. 3A). This suggests that the tumor cells primarily co-opt and direct the more
specialized ECM-producing stromal cells (such as fibroblasts) in the construction of the
ECM niche, which also correlates with the observation that tumor cells primarily produced
matrisome-associated proteins, especially secreted factors (Fig. 3B, E). The relative
production of ECM proteins by the tumor and stroma may also change over time. Tenascin
C, for example, has been shown to be produced by tumor cells in early metastases, while
production is shifted to the stroma as those metastases grow in size (13). We focused on
relatively early metastases (4—12 weeks) compared to the potential duration of metastatic
growth in patients. It would be interesting to compare the overall ECM composition of
metastases over time to study how they mature. Of course, the use of an intracardiac
xenograft model comes with limitations in addition to its benefits. While intracardiac
injections allow the formation of sizeable metastatic tumors in tissues like the brain that are
otherwise difficult to generate from spontaneous metastasis, they do not recapitulate the
early stages of the metastatic process. Moreover, while the xenograft model has the
advantage of being able to discern the origin of each protein, by necessity it requires the
absence of an adaptive immune system, so the effects of immune cell populations on the
ECM microenvironment cannot be measured. In addition, there may be some cases where
signaling factors and their receptors cannot properly interact if they are from different
species. Nonetheless, the controlled nature of this system can offer significant information
that would be difficult or impossible to acquire in a more natural setting.

By comparing metastases from different tissues to each other, we identified both tumor-cell-
derived and stroma-derived ECM proteins characteristic of each metastatic niche. These
analyses identified a large number of tumor-cell-derived proteins in the brain, which may
reflect a comparably great difference between the ECM of the brain relative to the other
tissues, as well as a much lower abundance of normal ECM relative to other tissues. The
much larger set of stroma-derived ECM proteins characteristic of each metastatic niche (Fig.
5A) could partly represent normal tissue-to-tissue variation: regardless of the presence of
tumors, these tissues have varied ECM compositions even in a healthy context. However,
many of these same site-specific stroma-derived proteins remained characteristically
different even when normalized to healthy tissue protein levels (Supplementary Fig. S7),
indicating that such proteins are actually elevated in metastases in these tissues.
Accordingly, many of the stromal proteins elevated in metastases may be the result of a
general amplification of stromal ECM production. The production of so many ECM-
affiliated proteins and secreted factors by the tumor cells (Fig. 3B) certainly suggests that the
tumor cells are, at least, modifying the ECM environment in metastatic tissues, even if they
are not creating entirely new niches from scratch. Moreover, the presence of proteins like
S100A4 and ANXAZ2 across all tissues (Fig. 4B), as well as the prediction of TGFB1 and
CCR2 as upstream regulators at multiple sites (Fig. 4C), implies that tumor cells share some
common response programs in metastasis, regardless of the tissue. The existence of such
common programs also raises the possibility of using these ECM proteins produced by the
tumor cells in all tissues as markers for imaging or targeted therapy of metastatic cancers,
which we and others have demonstrated previously with fibronectin (9-11,49). We have not
yet tested the functional importance of the site-specific stroma-derived proteins, as they are
considerably more difficult to perturb compared to tumor-cell-derived proteins.
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Nevertheless, these stroma-derived proteins are equally interesting potential targets, and the
continued development of CRISPR-Cas9-based methods of genome modification may make
the creation of such mouse models more practical in the near future.

Finally, we tested whether we could alter the metastatic tropism of the parental MDA.-
MB-231 cells by inhibiting their ability to produce an ECM protein that was characteristic of
a certain niche, and we found that knockdown of SERPINBL1 significantly reduced brain
metastasis and somewhat reduced lung metastasis (Fig. 6D), consistent with elevated protein
levels in metastases to those organs (Fig. 6A). As its name implies, SERPINBL is a member
of the serine protease suicide inhibitor family, which has been known mostly to protect
neutrophils from their own proteases, as SERPINBL1 inhibits neutrophil elastase, cathepsin
G, proteinase 3, chymotrypsin, and granzyme H (50). The few studies of its functions in
cancers have mainly shown that its overexpression suppresses migration and invasion of
tumor cells, contrary to the more traditional role of metastasis promoters in supporting those
processes (51,52). Aside from potential differences between SERPINBL function /in vitro
and /n vivo, particularly given the possibility for /n vivo interactions with other matrisome
proteins, SERPINB1 may also have a role in promoting the survival and growth of tumor
cells after they have extravasated. Further study into SERPINBL1 specifically will be needed
to elucidate more precisely its newly identified role in promoting brain metastasis. Our
analysis of metastatic niches in different tissues is thus capable of identifying novel, tissue-
specific roles for matrisome proteins, which represent interesting opportunities for future
study of the biology of metastasis formation, as well as potential prospects for imaging and
targeting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tumor and stromal cells together create distinct ECM niches in breast cancer metastases
to various tissues, providing new insight into how tumor cells adapt to survive in different

tissue environments.

Significance
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Figure 1. Overview of sample collection, preparation and mass spectrometry.
(A) Experimental workflow. MDA-MB-231 cells expressing luciferase and ZsGreen were

injected into the tail vein or heart of NOD/SCID or NOD/SCID/IL2Ry-null mice. Tumor
growth was monitored by IVIS bioluminescence imaging, and tumors were collected 4-12
weeks following injection. Normal control tissues were also collected from uninjected mice.
Following ECM enrichment, quality-control western blots (see Supplementary Fig. S1) and
proteolytic digestion, samples were divided into two 10-plex TMT series (see
Supplementary Table S2). A common reference control comprising equal parts of all
samples combined was used to allow comparisons between the two series. Following stage-
tip fractionation, samples were run on a Q Exactive Plus mass spectrometer. (B) Sample
nomenclature (see Supplementary Table S1).
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Figure 2. Overview of quantitative mass spectrometry data.
(A) Numbers of proteins quantified among all samples belonging to each matrisome

category. (B) Numbers of proteins quantified in each of the two TMT plexes. (C) Numbers
of matrisome and non-matrisome proteins quantified among all samples. (D) Total intensity
of matrisome and non-matrisome proteins quantified among all samples. (E) Spearman’s
rank correlation coefficient (rho) matrix of samples, calculated using all proteins quantified.
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Figure 3. Tumor-cell- and stroma-derived production of matrisome proteins.
All abundances shown were calculated by adding the fractional intensities for proteins in

metastatic samples, broken down by matrisome category. (A) Total and (B) relative
abundance of tumor-cell-derived (human) and stroma-derived (mouse) matrisome proteins
quantified. (C) Numbers of proteins quantified in metastases that were produced only by
tumor cells (human, red, left), only by stromal cells (mouse, green, right) or by both cell
compartments (center, yellow). (D) Total and (E) relative abundance of matrisome proteins
produced only by tumor cells, only by stromal cells, or by both cell compartments. (F) Total
intensity of collagen types produced by both tumor and stromal cells in metastases:
basement membrane, fibril-associated collagens with interrupted triple helices (FACIT), and
other. (G) Total abundance of matrisome proteins per metastatic sample from each tissue.
(H) Relative abundance of matrisome protein categories in all metastases to each tissue.
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Figure 4. Tumor-cell-derived proteins specifically elevated at distinct metastatic sites.
(A) Comparison of tumor-cell-derived proteins among different metastatic sites (marker

selection, see Methods). Shown are all proteins significantly elevated in each particular
metastatic tissue (identified on the left) relative to all other metastatic tissues. (B)
Comparison of tumor-cell-derived proteins significantly elevated across all metastatic
samples in each case relative to normal tissue (on right). All proteins shown in both
heatmaps are significantly different between the compared groups (signal to noise ratio, P <
0.05 and FDR < 0.1). (C) Diagram of potential upstream regulators of tumor-cell-derived
proteins predicted by Ingenuity Pathway Analysis (IPA) for each tissue, with regulators
predicted for multiple tissues indicated in overlapping areas.
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Figure 5. Stroma-derived proteins specifically altered in metastases.
(A) Comparison of stroma-derived proteins among different metastatic sites (marker

selection, see Methods). Shown are all proteins significantly elevated in each particular
metastatic tissue (identified on the left) relative to all other metastatic tissues. (B)
Comparison of stroma-derived proteins significantly decreased across all metastatic samples
relative to all normal samples. All proteins shown in both heatmaps are significantly
different between the compared groups (signal to noise ratio, P < 0.05 and FDR < 0.1). (C)
Diagram of potential upstream regulators of stroma-derived proteins predicted by IPA for
each tissue, with regulators predicted for multiple tissues indicated in overlapping areas.

Cancer Res. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hebert et al. Page 23

A SERPINB1 protein level B

1.5+

c
S
13
7]
o
e
5
(] o
= 04 o % % -~
J o o
> 4
o] o
2 -1 ° [
- w
(7]
s
ST T T r I I &
E @ E @ E @ E @
6 2 5 = g = 5 =
Zz z z 4
Brain Lungs Liver Bone

@

sgControl

SgSERPINB1

O

6

| e sgControl
* p=0.08 e e sgSERPINB1

Tumor area fraction relative to control

Figure 6. Effects of SERPINB1 knockdown on metastatic tropism and growth.
(A) Quantitative mass spectrometry of SERPINB1 protein levels (log2-fold change values

relative to pooled control sample) in each normal (Norm) and metastatic (Met) tissue. All
bone samples shown are from NOD-SCID mice. (B) gPCR of SERPINBL1 expression in
MDA-MB-231 cells expressing sgRNA against mouse Timp1 (sgControl) or SERPINB1.
(C) Representative images of brains, lungs, and bones 3 weeks after intracardiac injection of
sgControl or sgSERPINBL1 cells. Scale bar, 10 mm. (D) Fraction of tissue surface area
occupied by tumors. n=18 mice per group. ns, not significant; *, P < 0.05; two-tailed
Student’s t-test.
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