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Abstract

Metastasis -the spread of cancer to other parts of the body- causes 90% of cancer deaths, underlies
major health complications in cancer patients and renders most cancers incurable. Unfortunately, the
molecular mechanisms underlying the process are poorly understood and therapeutics to block it
remain elusive. Here, we present a computational technique for scanning genome-scale regulatory
networks for potential genes associated with metastasis. First, we demonstrate that in the breast cancer
cell line MCF7, the commonly dysregulated cancer biomarkers TP53, ERBB2, ESR1 and PGR are closely
connected to known metastasis genes with a significant proportion being 2 degree neighbors of a
given biomarker. Next, we identify genes whose 2™ degree neighbors are connected in a similar manner
to these biomarkers. Consequently, these are referred to as metastasis associated genes or MAGs. We
identify 190 genes that are TP53-MAGs, 22 ERBB2-MAGs, 240 ESR1-MAGs and 84 PGR-MAGs (FDR
adjusted P <0.001). Analysis of the MAGs reveals statistically significant enrichment with biological
functions previously associated with metastasis including the extracellular matrix (ECM) receptor
interaction, focal adhesion, cytokine-cytokine receptor interaction and chemokine signaling. The
biological significance of MAGs is further supported by their enrichment with experimentally validated
binding sites for transcription factors that regulate metastasis, for example BACH1- a master regulator of
breast cancer metastasis to bone. The predicted MAGs are also clinically relevant as therapeutic targets
for metastasis blocking agents. Specifically, genes that are perturbed by drugs and miRNAs that
influence metastasis are enriched with MAGs. Furthermore, some MAGs are associated with patient
survival and provide insights into the proclivity for breast cancer subtypes to preferentially spread to
specific organs. The results of this study imply that aberrations in primary tumors may constrict
metastasis trajectories. This could enable the prediction of organ specific metastases based on
aberrations in the primary tumor and lay a foundation for future studies on individualized or
personalized models of metastasis. The approach is potentially scalable across other cancers and has
clinical implications.
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Introduction

In 1889, Stephen Paget reported the unique dissemination of breast cancer cells in organs of various
patients at autopsy leading him to posit that cancer cells are like seeds that spread or metastasize to
body parts with compatible soil for their growth *. While the ‘seed and soil’ hypothesis has continued to
gain support, understanding of the molecular basis of organ specific metastasis remains one of the most
vexing questions in cancer research®™. Metastasis is a major clinical challenge in the fight against cancer:
it is responsible for over 90% of cancer related deaths, is a leading cause of severe illness in cancer
patients, is often associated with multi-drug resistance and leads to rapid death®. Metastasis is a
hallmark of most solid cancers and many cancer patients eventually develop them. In fact, many
patients already have metastases by the time a primary diagnosis is made and on autopsy cancer
patients are found to have metastases that were unknown in their life®.

The genetic aberrations in the primary tumor may influence organ specific metastases as: i) different
cancers show preferential spread to different organs’?, ii) breast cancer subtypes associated with
distinct molecular aberrations metastasize with different frequencies to distinct organs®*; iii) some
genes involved in cancer initiation that are mutated in the primary tumor such as TP53 also regulate
genes that drive metastasis'> ", iv) many cancer driver genes are involved in growth while many genes
involved in metastasis influence processes such as cell adhesion®®, migration”® and stem cell
differentiation”** that are key in developmental processes. Growth and developmental pathways are
functionally linked with genes such as TP53 and some growth factors having the ability to influence both
growth and differentiation®*?°.

In breast cancer, the major molecular subtypes of breast cancer namely basal-like type (frequently triple
negative breast cancer- estrogen receptor negative- ESR1-, progesterone receptor negative- PGR- and
ERBB2 negative- ERBB2-), luminal (A and B) and HER-2 enriched (ERBB2+) subtypes- have distinct
prognoses and organ tropisms™>*% Across all these subtypes, aberrations in TP53 are also highly
frequent. TP53 mutations are present in as high as 80% of basal breast cancers*®*. Several independent
studies indicate that many primary tumors harbor at least some determinants of metastasis >*>*. For
example, the genomic similarity between primary tumors and their metastasized counterparts from the
same patient is much higher than the similarity between primary tumors from different individuals or
between metastasized tumors from different individuals **°, These studies imply that tumor initiating
events and other early genomic events may have a molecular link to biological processes that mediate
metastasis at later stages. A mechanistic understanding of whether mutations in primary tumors
constrict the metastatic landscape is currently lacking yet could be vital for predicting and targeting
metastases.

We reasoned that specific cancer biomarkers may be non-randomly associated with metastasis gene
networks, thereby increasing the likelihood that aberrations in cancer initiating genes could propagate
into the molecular networks of metastasis. These non-random associations may be detected in cancer
molecular networks by comparing the network distances between specific cancer biomarkers to those of
metastasis driving genes to distances separating the cancer biomarkers to randomly sampled gene sets.
As a proof of concept, we used a regulatory network of a breast cancer cell line MCF7, inferred from
transcriptional perturbations of the cell line by multiple drugs to examine whether the major cancer
biomarkers in breast cancer subtypes are non-randomly associated with metastasis networks.
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72 Results

73 Cancer Biomarkers TP53, ESR1, ERBB2 and PGR are Molecular Neighbors of Metastasis Associated
74  Genes, MAGs

75 We hypothesized that one way through which early genomic events such as common aberrations in
76 primary tumors may influence metastasis is through close molecular associations between cancer
77 initiating genes and those involved in metastasis. Specifically, genes such as TP53 may be part of
78 biological networks that are close neighbors to those that drive metastasis. Such non-random
79 associations could potentially be inferred from gene interaction networks as an enrichment of known
80  genes associated with metastasis within the network neighborhoods of the biomarkers (Figure 1 A). To
81  test this hypothesis, we obtained a breast cancer interactome constructed using gene expression data
82  from the MCF7 cancer cell line (Methods) and queried the network for the connections between each
83  cancer biomarker and a list of 35 genes linked to metastasis based on various studies *® (Methods and
84  Supplementary Table 1). We then determined for each biomarker the number of the known metastasis
85 genes located 1 step away from its node in the interactome (direct connections), those located 2 steps
86 away, 3 steps away, 4 steps away and 5 steps away. We then compared the observed number of
87 metastasis genes at each n step to that of the same biomarker in 1000 randomly sampled gene sets of
88  the same size as the metastasis gene set (Figure 1 A). This approach controls for the degree connectivity
89  of the biomarker of interest in the input network while preserving the network architecture, thereby
90 providing a measure how close the biomarker is to metastasis genes relative to its closeness to random
91 gene sets.

92 Across all the four biomarkers, we observed significantly more metastasis genes located 2 steps away
93 from the biomarker and significantly less metastasis genes located 3 steps away (P < 0.05; Figure 1 B).
94  We examined the 1% and 2™ degree neighbors of TP53 to validate whether they recapitulate some of
95  the previously reported associations between TP53 and metastasis'®. In the case of TP53, metastasis
96 genes were also enriched in its 1 step or direct neighbors (P ~ 0.03) through its direct connections to
97 ERBB2, EGFR, IGFB3, HSPB1 and MUC1 in the interactome (Supplementary Figure 1). These observations
98  are consistent with the role of TP53 in metastasis'®*®. For example, its inactivation in mouse mammary
99 epithelial cells leads to overexpression of ERBB2” and some of its mutant versions enhance EGFR and
100  ERBB2 signaling®, both of which influence metastasis®®. Furthermore, IGFBP3 is a direct target of wild-
101  type TP53" and expression of IGFBP3 in malignant breast tumors is higher relative to that in adjacent
102 normal tissues*'. More broadly, TP53 loss can disrupt pathways that inhibit metastasis, defects in TP53
103 transcriptional activity can lead to gain of functions that promote metastatic processes™ and
104  overexpression of the gene is associated with advanced TNM stage and visceral metastases in breast
105  cancer patients*’. 22 out of 35 of the metastasis associated genes were 2™ degree neighbors of TP53 (P
106  ~ 0.01; Supplementary Table 1) including genes involved in cell invasion (matrix metalloproteinases
107 MMP1 and MMP9), chemotaxis (CXCR4) and cell adhesion (CD44, VCAM1, TGFB1 and ITGB6)*®
108  (Supplementary Figure 1). ESR1 was 1 step away from 3 metastasis genes (EGFR, MUC1 and USP9X, P =
109 0.17) and 2 steps away from 29 metastasis genes including CXCR4, IL2, IL6, IL8, PTEN and TGFB1 (P =
110  0.002). ERBB2 was directly connected to 3 metastasis genes- EGFR, MUC1 and IL6 (P = 0.016;
111 Supplementary Table 1) and 2 steps from 21 metastasis genes including VCAM1, CXCR4, MMP9, MMP2,
112 TGFB1 and CDH1 (P = 0.012; Supplementary Table 1). PGR was not directly connected to any of the
113 metastasis genes but 22 of these genes were 2 steps away from its node (P = 0.002; Supplementary
114  Table 2 for distances between each of the metastasis genes and the four cancer biomarkers).
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115  The regulatory role of TP53 in metastasis has been an area of active research. Therefore, we assessed
116  the potential regulatory mediators between TP53 and its 2™ degree metastasis genes by examining the
117  intermediary genes linking them in the network (Supplementary Figure 1). These genes encode
118  transcription factors such as SP1, MYC, JUN, RELA, EP300, E2F1 and WT1 that interact with TP53 through
119 protein-DNA interactions or protein-protein interactions (Supplementary Figure 1). Notably, some of
120  these transcription factors have previously been shown to regulate the expression of metastatic
121 processes. For example, SP1 overexpression was shown to inhibit the migration and invasion of breast
122 cancer cells*®; MYC suppresses the motility, invasiveness and metastatic potential of breast tumors
123 through transcriptional repression of integrins**, JUN overexpression enhances liver infiltration of breast
124  cancer cells in nude mice* and RELA inhibits metastasis by transcriptional repression of the breast
125  cancer metastasis suppressor 1 (BRMS1)*®. We hypothesized that miRNAs that affect expression of these
126  TP53-metastasis intermediary genes could interfere with metastasis. Therefore, we queried miRNA
127  targets (TargetScan”) to identify those whose targets are enriched with these genes using Enrichr*®. mir-
128  29A/29B/29C, mir-507 and mir-7 perturbations had significant enrichment for these genes (P < 0.05;
129 Supplementary Material). mir-29s repress cancer metastasis through regulation of the tumor
130 microenvironment*® and activate TP53°° while mir-7 suppresses brain metastases through its regulatory
131  effect on KLF4 leading to attenuation of cancer stem-like cells invasion and self-renewal®. These results
132 validate the ability of the MCF7 interactome to capture known regulatory associations between TP53
133  and metastasis.

134 Prediction of Metastasis Genes associated with each Biomarker

135 We reasoned that genes that have the same connectivity as a given cancer biomarker with respect to
136  the metastasis gene set might similarly be associated with metastasis. We defined such genes as those
137 whose 2™ degree neighbors contain a significant proportion of known metastasis genes that are also 2"
138 degree neighbors of a given biomarker, relative to the proportion of randomly selected genes shared by
139  the biomarker and the gene of interest (Figure 2 A and Methods). To identify such genes with respect to
140  each biomarker, we scanned the whole interactome for additional genes with this topological
141  connectivity to metastasis genes. For TP53, we identified 190 genes as potential metastasis associated
142 genes (MAGs), 240 genes for ESR1, 22 genes for ERBB2 and 84 for PGR (FDR adjusted P < 0.001; Figure 2
143 B and Supplementary Table 3). Functional enrichment analysis of the predicted MAGS (taking into
144  account the size of each of the gene sets) revealed the top enrichments as extracellular matrix (ECM)
145 receptor interaction, focal adhesion, cytokine-cytokine receptor interactions and chemokine signaling (P
146 << 0.05; Figure 2 B). We also observed that these functions are enriched only when the high confidence
147 MAGs for each biomarker (P < 0.003) are considered, confirming that the observed enrichments are
148 non-random (extended tables for the enrichment analysis are provided in the Supplementary Material).
149  These top functions are all consistent with biological processes that drive metastasis™>° (Figure 2 B),
150  thereby validating that the MAGs are metastasis associated. We compared the overlap between the
151 predicted MAGs for each cancer biomarker to identify genes that are shared across them vs. those that
152 are uniquely associated with a single biomarker. TP53-MAGs were enriched amongst those of ESR1 with
153 151 out of 190 of them overlapping with those of ESR1 (hypergeometric P = 8e-239), consistent with
154  molecular cross-talks between the two cancer biomarkers. The hormonal receptor genes ESR1 and PGR
155 shared 22 MAGs (P = 1.9e-18), ESR1 and ERBB2 had 18 in common (P = 3.2e-27), ERBB2 and PGR had 3
156 (P = 0.0005), ERBB2 and TP53 had 21 (P = 4.5e-37) while TP53 and PGR had 16 genes in common (P =
157 5.3e-13; all P-values are estimates of enrichments of metastasis genes for one biomarker amongst that
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158  of the second biomarker taking into account the total number of genes in the network using a
159 hypergeometric test). It is possible the overlap between metastasis genes across all these biomarkers
160  could lead to regulatory cross-talks that enhance dysregulation of metastasis genes in tumors with
161  simultaneous dysregulation of the TP53, ESR1, PGR and ERBB2, resulting in aggressive triple negative
162 breast tumors.

163 Predicted MAGs are Associated with Metastasis in Breast Cancer Patients

164  Cancer involves both defects in cell division as well as the acquisition of new abilities that allow tumor
165 cells to spread to distant tissues. Both processes affect prognosis of cancer patients- breast cancer
166 prognostic signatures such as the 70-gene expression signature include genes involved in cell division as
167  well as metastasis®. To validate the clinical relevance of the predictions, we next asked whether
168 predicted metastasis genes are specifically associated with metastasis in patient derived data. Recently,
169 a prognostic model for breast cancer based on highly co-expressed genes across multiple cancers
170 (attractor metagenes) was demonstrated to outperform several models in predicting survival of about
171 2000 patients °***, We examined whether the top 10 genes in the attractor metagene associated with
172 the transition of breast cancer from in situ carcinoma to invasiveness {(mesenchymal or MES metagene)
173 are predicted with high confidence by our approach as potential MAGs relative to a similar number of
174  genes in the mitosis (CIN) and lymphocyte-specific immune recruitment (LYM) metagenes. For TP53-
175 MAGs, 3 MES metagenes (SPARC, THBS2 and CTSK) were predicted with high confidence as metastasis
176  associated (P < 0.001) and all but one MES gene had P > 0.05 (Supplementary Material). None of the
177 genes in the mitotic metagene had P < 0.05 and only 2 genes in the LYM metagene had P < 0.05,
178 demonstrating that the predicted TP53-associated metastasis genes are preferentially enriched with
179 genes that correlate with metastasis relative to mitosis or immune recruitment. We observed similar
180  results for the predicted ESR1, ERBB2 and PGR MAGs (Supplementary Material). The distinct enrichment
181  of MAGs for functions involved in metastasis but not for those in cell division, in spite of the fact that the
182 predictions are based on data from the MCF7 cell line that is poorly metastatic, validate the predictions.

183  The predicted MAGs that strongly correlate with metastasis in patient data (i.e present in MES
184 metagene) may distinctly affect the occurrence of distant metastases in patients and potentially vary by
185 TP53, ESR1, ERBB2 and PGR status. In other words, the impact of the metastasis genes in clinical
186 metastases may differ between patients depending on their tumor biomarker status. Of the 10 genes in
187  the MES metagene, 2 (SPARC and THBS2) were predicted at high confidence as MAGs (P < 0.001) with
188 respect to more than one of the four biomarkers. Therefore, we examined further the correlation
189 between these MAGs and distant metastases free survival (DMFS) in patients stratified by each of the
190  biomarkers using public datasets™ (Methods). When considering all patients irrespective of their TP53
191  status, we found that expression levels of the SPARC gene was not associated with DMFS (P = 0.83;
192 Figure 3 A). However, when patients were stratified by TP53 status, those with wild-type TP53 and high
193 expression levels of SPARC had longer time to distant metastases compared to wild-type TP53 patients
194  with low expression of the gene (P = 2.2e-05; Figure 3 B). In contrast, among patients with mutant TP53,
195 those with low expression levels of SPARC were not different from those with high expression of the
196 gene in the time to distant metastases (P = 0.78; Figure 3 C). Similarly, the expression level of SPARC in
197 patients stratified by the other biomarkers (ESR1, ERBB2 or PGR) did not associate with DMFS
198  (Supplementary Material). SPARC (secreted protein acidic and rich in cysteine) gene affects several
199 metastasis associated processes including cell adhesion® and remodeling of the extracellular matrix>.
200 Its overexpression is associated with poor prognosis in multiple cancers including breast tumors®’.
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201 Notably, SPARC and TP53 have inverse effects on apoptotic signaling and overexpression of SPARC
202 reduces TP53 protein levels®®, providing a plausible explanation of the observed TP53-dependent
203  relationship between SPARC expression and DMFS.

204  Next, we examined the association between THBS2 expression and DMFS (Supplementary Material). In
205 ESR1 positive patients, there was no difference in DMFS between patients based on expression of THBS2
206 (P =0.75) but in the ESR1 negative group, patients expressing low levels of THBS2 had a longer time to
207 DMFS compared to those expressing high levels (P = 0.026). There were no significant differences in
208 DMFS based on THBS2 expression when patients were stratified by either TP53 or ERBB2
209  (Supplementary Material). Stratification of patients based on PGR revealed differences in DMFS
210  between patients expressing low or high levels of THBS2 with the former group of patients showing a
211 longer time to DMFS (P = 0.029), similar to the observation when stratification was based on ER status.
212  The THBS2 promoter contains estrogen response elements which have been validated by chromatin
213 immunoprecipitation and shown to mediate the ability of estrogen to suppress invasion by prostate
214 cancer cells®. While both SPARC*® and THBS2° have been implicated in breast cancer metastasis, our
215 study predicted these genes using data from a cell line and raise the possibility that the impact of these
216 genes on metastasis free survival could be dependent on breast cancer subtypes. These results imply
217  that there could be value in personalized prognostic models based on breast cancer subtypes as the
218  impact of specific genes on metastasis may vary across breast cancer subtypes. Similarly, therapeutics
219 that target metastatic pathways could potentially have variable activity across patients depending on
220  their tumor genetic background.

221 Identification of Master Regulators of Breast Cancer Metastasis

222  To identify potential regulators of MAGs for each biomarker, we queried chromatin
223 immunoprecipitation datasets and miRNA targets using Enrichr*®. MAGs for both TP53 and ESR1 were
224 highly enriched with binding sites for the transcription factor BACH1, with this transcription factor
225  showing the highest enrichment significance (P = 5e-15 for TP53-MAGs and P = 1.8e-24 for ESR1-MAGs;
226  Supplementary Material). BACH1 is an experimentally validated master regulator of breast cancer
227 metastasis to bones regulating the expression of several metastasis promoting genes including MMP1
228 and CXCR4, its ectopic expression enhances breast cancer malignancy and is associated with increased
229 risk of breast cancer recurrence in patients®®. Furthermore, a recent study reported that BACH1
230 promotes single cell heterogeneity between breast cancer cells leading to non-genetic variability and
231  facilitating metastatic transitions in which a fraction of non-invasive cells are switched into a
232 prometastatic state®™. BACH1 has primarily been validated for metastases to bone, which are not only
233  the most common metastases in breast cancer but also more frequent in estrogen receptor positive/
234 progesterone receptor negative tumors®. The high enrichment of many of the predicted ESR1-MAGs
235  with BACH1 targets provides one possible mechanism for the role of ESR1 in bone metastasis. This
236 observation opens the possibility of predicting organ specific metastases using the predicted MAGs that
237 are specifically associated with one cancer biomarker and not others. The top regulators for PGR and
238 ERBB2-MAGs were TCF4 and EGR1 (early growth response-1), respectively. BACH1 (see above), SOX2,
239 EGR1 and RELA were among the top 5 master regulators for MAGs for more than one biomarker
240  (Supplementary Material). SOX2 was in the top 5 master regulators of MAGs for all the four biomarkers
241 (for TP53 metastasis genes P = 2.8e-12; for ESR1 P = 3.8e-14; for ERBB2 P = 0.0008; for PGR P = 8e-11;
242 and Supplementary Material), in agreement with its key role in tumor initiation and cancer stem cell
243 functions® with the latter playing a pivotal role in metastasis®’. EGR1 targets were significantly enriched


https://doi.org/10.1101/106179
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/106179; this version posted February 6, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

244  with MAGs for ESR1 (P = 3.8e-14), PGR (P = 3.9e-13) and ERBB2 (P = 0.0002) while RELA targets were
245  enriched with TP53-MAGs (P = 7.8e-15) and ESR1 (P = 9.4e-18), consistent with previous reports on the
246 role of RELA* and EGR1® in metastasis. These results suggest that metastasis could be regulated
247  through 2 main groups of transcription factors- those that are master regulators of molecular functions
248  that are broadly important in metastases to different organs (for example, cancer stem cell functions)
249 and those that facilitate metastases to specific organs. We provide a ranked list of the top 5 predicted
250 master regulators in the Supplementary Material.

251 Next, we examined enrichments of the predicted metastasis genes for miRNA targets based on
252  TargetScan and Enrichr *®, The top enrichments for miRNA targets were mir-342 for TP53-MAGs (P =
253  0.008), mir-29 for ESR1 (P = 0.007) and mir-30 for PGR (P = 0.0008; see Supplementary Material for
254  ranked lists of miRNAs). In an analysis of the expression of 453 miRNAs in breast cancer subtypes, mir-
255 342 was reported as highly expressed in ESR1 and ERBB2 positive luminal B tumors and downregulated
256 in basal ones®. However, Lowery et al did not find associations between mir-342 and tumor stage or
257  nodal status, although in colorectal cancer this miRNA inhibits proliferation and invasion®. mir-29 and
258 mir-150 targets were enriched in the TP53 (P = 0.03) and ESR1-MAGs (P = 0.007; Supplementary
259 Material). Both mir-29b and mir-150 directly target TP53 and have been linked to tumor malignancy™>®°.
260  On the other hand, mir-29b regulates epithelial to mesenchymal transition, an important step in
261  metastasis®’. mir-150 has been validated as promoting breast tumor growth and malignancy®® while mir-
262 30 regulates non-attachment growth of breast cancer cells®. ERBB2 metastasis associated genes were
263 not enriched for any of the miRNA targets at a P-value threshold of 0.05.

264 Predicted Metastasis Genes and Organ Specific Tropism in Breast Cancer Subtypes

265  To understand the potential role of the predicted metastasis genes in organ specific metastasis, we
266  determined overlaps between the predicted MAGs for each biomarker and published differentially
267  expressed genes associated with metastases to bones®, lungs** and brain®®. The top enrichment for
268  TP53 associated metastasis genes was for brain specific metastasis genes (HBEGF and COL13A1; P =
269  0.001; Supplementary Material) followed by an enrichment for lung specific metastasis genes (EREG and
270 LTBP1; P = 0.04; Supplementary Material). Bone specific metastasis genes were not enriched among the
271  TP53 metastasis genes (P = 0.28). In contrast, they were the top enriched for ESR1-MAGs (CTGF, FYN and
272 FST; P = 0.01), followed by those of the brain (HBEGF and COL13A1; P = 0.03) and lungs (EREG and VCAM1; P
273 =0.04). There were no significant enrichments for the ERBB2 and PGR predicted MAGs for organ specific
274  metastasis genes. The enrichment of TP53-MAGS for genes associated with brain metastases is
275  consistent with an increased risk of brain metastases in patients with TP53 mutations™** while the
276  enrichment of bone associated metastasis genes in the ESR1-MAGs is consistent with high incidence of
277 bone metastases in estrogen receptor positive patients’>**. Though ERBB2 has also been associated with
278 increased risk of brain metastases’®, its predicted MAGs did not include any of the genes associated with
279 brain metastasis, potentially because the MCF7 cell line expresses normal level of ERBB2 while breast
280  tumors with increased risk to brain metastases have high ERBB2 expression levels.

281  To further validate the association between the predicted MAGS and organ specific metastases, we
282  compared them to ECM components that have been associated with organ specific metastases’®’*. We
283  determined overlaps between the predicted MAGs and ECM integrins reported to constitute in vitro
284  phenotypic fingerprints that are predictive of in vivo organ specific metastases’® (Figure 4 A). Integrin
285 alpha 2 (ITGA2) which is associated with brain/ lung metastases’* was present only among TP53-MAGs
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286 (P =0.05) but not in ESR1-MAGs. Both TP53 and ESR1-MAGs included at least 1 integrin associated with
287  binding to lung or bone ECM (Figure 4 A). Specifically, TP53-MAGs included ITGA3 (associated with bone
288 metastasis, P =0.21) as well as ITGAL, ITGA2 and ITGA10 (the latter 3 associated with lung metastasis, P
289 = 0.001). ESR1-MAGs included 3 integrins associated with metastases to the lungs (ITGA1, ITGAS and
290 ITGA10; P = 0.0007) alongside 3 other integrins associated with bone metastases (ITGA3, ITGA5 and
291 ITGB7; P = 0.0007) but did not include the brain metastasis integrin, ITGA2 (P = 0.95; Figure 4 A; all P-
292 values based on hypergeometric test taking into account the total number of metastasis genes for a
293 given biomarker, the number of integrins associated with the given tissue and the number of integrins
294  associated with the tissue that are also present in the list of the metastasis genes for the given
295 biomarker). ERBB2-MAGs did not include any of the bone (P = 0.6) or brain integrins associated with
296 metastasis (P = 0.9) and had only 1 lung associated integrin (ITGA10, P = 0.4). Thus, compared to the
297  other biomarkers, TP53-MAGs had the highest enrichment for brain metastasis genes while ESR1 had
298  the highest enrichments for bone and lungs consistent with breast cancer metastasis patterns in
299 patients with aberrations in these biomarkers*!>2%42%,

300 Recently, exosome derived integrins were found to predict metastasis to the brain, bone and lungs”.
301 Therefore, we repeated the analysis above using the exosome derived integrins to determine their
302 enrichment in MAGs for each biomarker (Figure 4 B). TP53-MAGs included ITGB3 (P = 0.02), an integrin
303  whose presence in tumor derived exosomes was associated with increased metastasis to the brain and
304  ITGAV (P = 0.04, Figure 4 B) which was associated with metastasis to the liver’®. ESR1-MAGs included
305 integrins associated with metastasis to the brain (ITGB3, P = 0.01), liver (ITGAV, P = 0.02) and lungs
306  (ITGB4, P = 0.02). ERBB2-MAGs did not include any of the exosome derived integrins while PGR-MAGs
307 had only 1 exosome derived integrin (ITGAV, P = 0.02), associated with liver metastases (Supplementary
308 Material). Besides integrins, other organ specific components such as collagens in the ECM could
309 influence metastasis. We provide a full comparison of the ECM components specific to TP53-MAGs vs.
310 those of ESR1-MAGs in the Supplementary Material.

311 In summary, it appears that each biomarker is a short distance to molecular networks of genes
312 associated with metastasis to more than one organ even though the strength of these connections could
313 be stronger for some organs vs. others and vary across biomarkers and metastasis pathways. Potentially,
314  combining multiple levels of evidence for the association between a given biomarker and metastasis to
315 specific organs may provide a more accurate overall likelihood for metastases to specific organs.
316  Consequently, TP53-MAGs exhibited the highest association with brain associated metastasis genes
317  derived from 3 sources: i) brain specific metastasis genes®, ii) integrins identified using in vitro
318  phenotypes™ and iii) exosome derived integrins’®. ESR1-MAGs had the highest association to bone
319 metastasis genes, consistent with increased frequency of bone metastasis in estrogen receptor positive
320  patients’>*®” in contrast to increased risk for visceral metastases in patients with aberrations in TP53
321 %2727 Brain metastases have worse prognosis, neurological complications, low quality life, short
322 survival and are more difficult to treat as many drugs are unable to cross the blood brain barrier**’*. The
323  strong association between TP53 and brain associated metastasis genes could enable future
324 understanding of the role of TP53 in this process especially given that mutations in the gene are also
325  associated with aggressive breast tumors®™. Collectively, these results suggest that different breast
326  cancer subtypes may utilize distinct molecular routes to metastasis, even to the same organ. Thus,
327 knowledge of these subtype specific routes to metastasis could aid in discovery of personalizing
328  therapeutics.
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329
330

331 Predicted Metastasis Genes are enriched with Perturbation Signatures of Agents Influencing
332 Metastasis

333 Chemical agents that alter the expression of the predicted MAGs could potentially influence metastasis
334  and thus predict potential therapeutic targets for metastasis. While such a result may be deduced from
335  the observation that MAGs are enriched with genes that influence metastasis, unexpected context
336  specific effects of metastasis blocking agents could arise as distinct groups of co-regulated MAGs may
337  exist. That is, the expression of some groups of MAGs may be affected by one metastasis inhibiting
338 agent but not another. To test this, we queried gene expression signatures of cancer cell lines exposed
339 to thousands of drugs (Enrichr/ LINCS1000 database®, see Methods) to determine perturbations whose
340  signatures are enriched with MAGs. Gene expression changes induced by perturbations by several
341 inhibitors of cancer-related kinases including focal adhesion kinase (FAK), EGFR, MEK and BRAF were the
342 most enriched with predicted MAGs for TP53, ESR1, PGR and ERBB2 (Supplementary Material).
343 Interestingly, genes upregulated by FAK inhibitors were the most enriched in TP53-MAGs (P = 8.7e-11),
344 ESR1-MAGs (P = 6.9e-10) and ERBB2-MAGs (P = 7.5e-8, Supplementary Material), consistent with the
345  role of FAK in several processes that enhance metastasis including cell migration, invasion, survival and
346  cancer-stem cell self-renewal’®. PGR-MAGs were most enriched among genes whose expression was
347  upregulated by the phosphoinositide-3-kinase (PI3K) inhibitor, PI-103 (P = 2e-5, Supplementary
348 Material). In contrast, genes downregulated by the investigational PI3K inhibitor GSK-1059615"° (P =
349 4.4e-8) were the top enriched with TP53-MAGs. This result is supported by the roles of PI3K in cancer:
350 the gene encoding its catalytic subunit PI3KCA is the second most frequently mutated gene across
351 multiple cancers®’, and is involved in nearly all human tumors through its effects on growth factor
352 signaling, cell proliferation, metabolism and survival’®. PI3K has also been associated with metastasis’’
353  and its inhibition can paradoxically enhance metastasis’®. This observation suggests the possible
354 metastatic effect that drugs primarily considered as interfering with growth related processes could
355 have. It is further supported by the observation that differentially expressed genes in perturbations by
356 drugs inhibiting EGFR (afatinib, clinically approved and pelinitib) showed an enrichment in MAGs
357  (Supplementary Material). Surprisingly, only TP53-MAGs were enriched with differentially expressed
358 genes of angiogenesis inhibitors that target the vascular endothelial growth factor receptor (VEGFR) or
359 platelet derived growth factor receptor (PDGFR). Angiogenesis- the formation of new blood vessels from
360  existing ones- enhances growth and metastasis of cancer cells by providing tumor cells with increased
361  oxygen and nutrient supply’>®. Genes downregulated by perturbations of the VEGFR/ PDGFR inhibitor
362 linifanib were enriched with TP53-MAGs (P = 5e-6, Supplementary Material). Interestingly, TP53 inhibits
363 angiogenesis® and it has been reported that the effect of angiogenic therapy in patients is sensitive to
364  TP53 status®. Thus, biomarker specific MAGs may be associated with variations in patient outcomes to
365 metastasis blocking therapeutics. Notably, some of the drugs whose perturbations were enriched with
366  the metastasis genes are under investigation for other non-cancer indications. For example, genes
367 downregulatd by perturbations of oxibendazole- an anti-helminthic compound® or QL-XII-47- an
368 investigational compound for dengue virus infection®® were enriched with PGR-MAGs (P ~ 0.0004;
369  Supplementary Material). Hence, drugs for other diseases could potentially be repositioned for
370 metastasis. We provide a table in the Supplementary Material of the top 10 perturbations that were
371 enriched with up- or downregulated genes for MAGs for each biomarker.
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372 Population Differentiation of Predicted Metastasis Genes

373 It is known that breast cancer progression differs across populations due to a wide range of factors
374  including socio-economic and biological factors®> . Population genetic variation in candidate genes
375 associated with metastasis could potentially contribute to population disparities in cancer progression,
376 and lead to variations in the effectiveness of metastasis targeting therapeutics. Therefore, we obtained
377  fifteen positive selection measures for the predicted MAGs (Supplementary Table 4) using recent
378 positive selection measures across human populations in the 1000 genomes ** and HapMap I*° projects
379 (dbPSHP database)®’. For ERBB2-MAGs, the derived allele frequencies (DAF) of SNPs in EPAS1, COL14A1
380 and LAMC2 showed the highest rates of positive selection when comparing European (CEU, Central
381 Eastern European) and African (YRI, Yoruba) populations (for detailed statistics see Supplementary Table
382  4). Recently, EPAS1- a gene involved in response to hypoxia and adaptation to high altitudes- emerged
383 as one under the highest signature of positive selection in Tibetans®> . In relation to this, tumor
384 hypoxia is a risk factor for metastasis, predicts poor outcomes in patients®, and is associated with
385 activation of genes that respond to low oxygen concentrations, for example, EPAS1 (hypoxia inducible
386  factor-2 alpha) *’. ERBB2 signaling increases the expression of hypoxia inducible factor 1 alpha (HIF1-
387 alpha)®® and EPAS1 expression correlates with hypoxia-related gene expression in ERBB2+ breast
388  cancers™. It is therefore notable that EPAS1 was predicted specifically with high confidence as
389 metastasis associated for ERBB2 (P < 0.001) as compared to its relationship with the other biomarkers
390 (for TP53 P = 0.009, ESR1 P = 0.003, PGR P = 0.005). Moreover, we found that EPAS1 expression is
391 significantly associated with DMFS in ERBB2+ (P = 0.0087, Figure 5) but not ERBB2- breast cancer
392 patients (P = 0.48, Figure 5). The other 2 metastasis genes with high DAF (COL14A1 and LAMC2) have
393 been associated with metastasis in renal cancer'® and lung adenocarcinoma®, though we found no
394  associations to metastasis in breast cancer using literature. In addition to the 3 genes above with high
395  DAF, another ERBB2-MAG with high population specific selection is the Duffy antigen receptor for
396 chemokines (DARC), a gene that is widely known for its association with resistance to malaria in African
397  populations'®*®. Interestingly, increased expression of DARC inhibits growth and metastasis of breast
398 cancer cells potentially by sequestering angiogenic cytokines’®*. The Duffy Blood Group Antigen also
399 correlates with breast cancer incidence, lymph node metastasis and overall survival'®. According to our
400 analysis, in ERBB2+ breast cancer patients, there is no association between DARC expression and
401 metastasis (P = 0.17, Figure 5) while in ERBB2- patients, high DARC expression is significantly associated
402 with delayed time to distant metastases (Figure 5, P = 0.0092). Therefore, while DARC negative
403 individuals (highly frequent in individuals of Africa descent), may have protection from malaria, they
404  may be more prone to distant metastases, especially in African women (ERBB2-). Furthermore, triple
405  negative status (ESR1-/PGR-/ERBB2-) is also higher amongst African women'® which is associated with
406 low responsiveness to hormonal and HER2-targeted therapies such as tamoxifen and Herceptin,
407 respectively. Thus, understanding why DARC expression is associated with better prognosis especially in
408 ERBB2- women may help identify therapeutics for this group. We provide population differentiation
409 measures for each of the predicted metastasis genes in Supplementary Table 4. These results also point
410 to the conflicting effects of genetic variants that confer protection from one environmental condition or
411 disease while increasing susceptibility or severity to other unrelated conditions, diseases or
412 pharmacological agents.

413 Discussion
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414  This study has generated a number of novel insights on breast cancer metastasis: i) the major cancer
415 biomarkers (ESR1, PGR and ERBB2) used to classify breast cancer into molecular subtypes alongside
416  TP53- a gene involved in multiple cancers- are a short path from the molecular networks of metastasis
417  genes. ii) By leveraging this unique topological association, we have shown that genes sharing this
418 property (MAGs) with the biomarkers are enriched with functions that are key to metastasis. We have
419 validated the clinical significance of these genes by demonstrating their association with distant
420 metastases in breast cancer patients. iii) The predicted MAGs are potential targets for metastasis
421 blocking therapeutics and may be important in personalizing therapy. vi) We found a strong association
422 between TP53-MAGs and signatures of brain metastases compared to the strong association between
423 ESR1-MAGs and bone metastases, suggesting that the approach developed in this study could be used
424  to predict organ specific metastasis. iv) Some MAGs have been under previous positive selection in
425  different human populations and may be therefore associated with population differences in breast
426 cancer prognosis and therapeutics. In particular, the observation that low expression of the malaria
427  resistance gene DARC'® is associated with increased risk of distant metastases especially in ERBB2
428 negative patients (or ESR1 positive patients, Supplementary Material) has high clinical relevance as this
429  group of patients have lower benefit to herceptin. In addition, African women are more likely to express
430  overall low levels of DARC (due to a DARC negative phenotype on their red blood cells) and
431  epidemiological correlations between breast cancer and DARC alleles have been reported'®. Therefore,
432  these observation may be leveraged for the development of targeted therapeutics for this group of
433 patients who are also more prone to aggressive breast tumors®. Thus, the findings in this study could
434  enable basic understanding of metastasis as well as aid in the development of clinical interventions for
435 predicting and blocking the process.

436 A potential drawback of our study is that it is based on an interactome obtained from the MCF7 cancer
437 cell line. The MCF7 cell line was derived from an invasive breast ductal carcinoma of a Caucasian
438  woman'?. Itis ESR1 and PGR positive, HER2 (ERBB2) negative and contains wild-type TP53'%*'® MCF7
439 is poorly metastatic but can be induced to a metastatic state by estradiol and is one of the most widely
440 used cancer cell lines'°. In spite of this drawback, the predicted metastasis genes are consistent with
441 well-known processes in metastasis as shown by a high enrichment of ECM components, focal adhesion,
442 cytokine-cytokine interactions and chemokine signaling. In addition, we show that the predicted genes
443 are specifically enriched with genes associated with metastasis in breast cancer patients and can
444  discriminate them from genes involved in cell division which play key roles in tumor initiation. Our
445 results also shows that the transcript levels of some of these genes are associated with distant
446  metastasis free survival (DMFS) and that these associations can differ between groups of patients
447  stratified by their tumor biomarker status. It is possible that the reason only a few ERBB2-MAGs were
448 predicted and no association between ERBB2 and organ specific metastasis was found is because of the
449 low ERBB2 expression in the MCF7 cell line compared to ERBB2 positive tumors. Another limitation of
450  the study is that we still have limited knowledge on the specific genes required for organ specific
451 metastasis and survival of tumor cells in distinct tissues. Increasing functional validation of organ specific
452 mediators of metastasis will help increase the accuracy of the predictions for organ specific metastasis
453  at an individualized patient level. In spite of this, we demonstrate that the limited set of organ specific
454 metastasis genes when combined with our approach predicts strong associations between ESR1 and
455 bone metastases, and TP53 and visceral metastases, consistent with epidemiological
456  observations'***?®, We have addressed in part some of these limitations by validating our predictions
457 on patient derived data sets, several other independent studies that identified metastasis genes or
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biological pathways required for metastasis and studies on organ tropic behavior of breast cancer
subtypes.

Our study highlights the possibility that tumor biomarkers may potentially influence metastasis
trajectories in distinct ways due their closeness to distinct biological processes associated with
metastasis, potentially leading to increased risk of metastases to certain organs and causing inter-
patient variations in response to metastasis blocking agents. In future, the approach outlined here can
be applied to molecular networks derived from other cancer cell lines or even patient derived gene
interactomes, potentially paving way for targeted or personalized interventions to metastases of various

tumors.
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698 Materials and Methods
699 Breast Cancer Interactome

700  The breast cancer interactome was obtained from the Califano Lab at Columbia Univerisity Center for
701 Multiscale Analysis of Genomic and Cellular Networks, MAGNet
702 (http://wiki.c2b2.columbia.edu/califanolab/index.php/Califano_Info). The MCF7 interactome was
703 constructed by applying the reverse engineering algorithm ARACNe to 3000 gene expression profiles of
704 MCF7 breast cancer cell lines exposed to 448 drugs in replicates and at various doses {(CMAP2 dataset).

705 Selection of Metastasis Associated Genes from Literature

706  We compiled a list of genes from a review of protein based biomarkers associated with metastasis of
707  various cancers including ovarian, breast, colorectal, lung, endometrial, pancreatic, cervical, prostrate,
708 gastric and others based on several previous studies*®. We selected validated protein based biomarkers
709 because of their high translatability to the clinic. The biomarkers were previously discovered and
710  validated using various approaches including mass spectrometry (iTRAQ, LC-MS), ELISA, phage display,
711 2DIGE, RT-PCR, immunohistochemistry.

712 Assessment of Molecular Associations between Cancer Biomarkers and Metastasis Genes

713 For each biomarker, the number of known metastasis genes located 1, 2, 3,4 and 5 steps away from its
714 node in the MCF7 interactome was determined as follows using the R package igraph. First, pairwise
715 distances (path length) between all genes in the network were determined using the function distances
716 in igraph. The resulting matrix of pairwise distances between genes was then queried for distances
717 between each biomarker and the metastasis gene set from literature. The number of metastasis genes
718 located at n steps (1, 2, 3, 4 and 5 path length) were then determined for each biomarker. Next, 1000
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719 randomly sampled gene sets, where each gene set contained the same number of genes as the
720  metastasis gene set (35 genes), were sampled. The matrix of pairwise distances was then queried to
721  determine the number of genes in each gene set that are n steps away from the biomarker of interest.
722 For each biomarker, the number of metastasis genes, m, located n steps away from its node in the
723 network was compared to the number of genes in each random gene set that are n steps away from the
724 biomarker. The likelihood of observing m genes that are n steps away from the biomarker by chance
725 was estimated as the proportion of the 1000 random gene sets in which the count of genes that are n
726 steps away from the biomarker is greater than that of m genes that are n steps away from the
727 biomarker.

728  Prediction of Metastasis Associated Genes (MAGS)

729 For each gene, g; in the genome, we first identified metastasis genes that are its 2™ degree neighbors.
730  Then, we computed the fraction of these genes that overlap with 2™ degree neighbors of the biomarker
731 and compared this to that observed in 1000 sets of randomly sampled genes (Figure 3 A and Methods).
732  To determine the statistical significance of the overlap, we randomly selected 35 genes from the
733 genome and computed the proportion of these genes that are 2m degree neighbors of both the
734 biomarker and the gene, g;. We repeated this process 1000 times to obtain a distribution of the fraction
735  of genes in 1000 random sets of 35 genes that happen to be common 2™ degree neighbors of a given
736 biomarker and a given gene. We considered g; to be a potential metastasis associated gene if the
737 overlap between metastasis genes that are its 2™ degree neighbors as well as a 2™ degree neighbor of
738  the biomarker was greater than the overlap observed in each of the 1000 random instances (P < 0.001).
739 We also obtained g-values or FDR adjusted P-values using the SVA package in R (p.adjust function and
740  the Benjamini Hochberg method).

741 Construction of Survival Curves for Distant Metastasis Free Survival

742 Survival curves were obtained using an online tool - the Kaplan Meir Plotter
743 (http://kmplot.com/analysis/index.php?p=service&cancer=breast) for assessing the effect of expression
744  of 54, 675 genes on survival using a compilation of 5, 143 breast cancer samples. The survival analysis
745 was done using the 2014 version of the Kmplot online system comprising 4142 breast cancer samples.
746 Only jet-set probes were considered in the analysis for selecting the optimal microarray probeset for a
747 representing genes.

748
749 Figure Legends

750 Figure 1: Cancer biomarkers associated with main breast cancer subtypes are non-randomly associated
751 with metastasis genes. (A)Traversal of the reverse engineered MCF7 interactome starting from cancer
752 biomarker nodes to previously reported metastasis genes compared to traversal from biomarker nodes
753 to randomly sampled gene sets. (B) Number of metastasis genes that are 1,2,3,4 or 5 steps away from a
754  each of the biomarkers TP53, ESR1, ERBB2 or PGR compared to the number of genes in 1000 randomly
755 sampled gene sets at the same steps away from the biomarkers. Highlighted in red is the number of
756 genes in the metastasis gene set that are a given step away from the biomarker specified on each plot.
757 (Significance level: * P < 0.05, ** P <0.01, *** P <0.001, ns P > 0.05).
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758  Figure 2: Prediction of Novel Metastasis Genes Associated with a Given Marker. (A) Schematic of the
759  prediction approach. Depiction of topological relationships between TP53 and metastasis genes (red).
760  Other genes (orange) that have a similar relationship to metastasis genes were identified in the network
761 and are referred to as TP53 associated metastasis genes. Only genes whose proportion of 2™ degree
762 neighbors that are metastasis genes shared with TP53 are larger than any of the overlaps observed in
763 1000 sets of randomly sampled groups of genes were considered as TP53 associated metastasis genes (P
764 < 0.001). (B) Summary of predicted metastasis genes associated with each biomarker and biological
765  function enrichments.

766 Figure 3: Context dependent associations between a metastasis gene and distant metastases.

767  Figure 4: Different cancer biomarkers may promote metastasis to specific organs due to molecular
768 relationships with pathways associated with specific organs, here the different ECM components.
769  Connections between metastasis genes for TP53 and ESR1 with (A) integrins mediating organ specific
770  metastases identified using a synthetic biomaterial predictive of organ specific and, (B) connections
771 between metastasis genes for TP53 and ESR1 with exosome derived integrins mediating organ specific
772 metastases.

773 Figure 5: Association between distant metastases and expression of 2 metastasis associated genes
774  showing high population differentiation in African vs. European populations.

775
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