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Abstract

Breast cancer metastasis is a leading cause of cancer-related death of women in the U.S. A hurdle
in advancing metastasis-targeted intervention is the phenotypic heterogeneity between primary and
secondary lesions. To identify metastasis-specific gene expression profiles we performed RNA
sequencing of breast cancer mouse models; analyzing metastases from models of various drivers
and routes. We contrasted the models and identified common, targetable signatures. Allograft
models exhibited more mesenchymal-like gene expression than genetically engineered mouse
models (GEMMs), and primary culturing of GEMM-derived metastatic tissue induced
mesenchymal-like gene expression. Additionally, metastasis-specific transcriptomes differed
between tail vein and orthotopic injection of the same cell line. Gene expression common to
models of spontaneous metastasis included sildenafil response and nicotine degradation pathways.
Strikingly, /n vivo sildenafil treatment significantly reduced metastasis 54% while nicotine
significantly increased metastasis 46%. These data suggest that (i) actionable metastasis-specific
pathways can be readily identified, (ii) already-available drugs may have great potential to
alleviate metastatic incidence, and (iii) metastasis may be influenced greatly by lifestyle choices
such as the choice to consume nicotine products. In summary, while mouse models of breast
cancer metastasis vary in in ways that must not be ignored, there are shared features that can be
identified and potentially targeted therapeutically.
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Introduction

Metastatic breast cancer remains the leading cause of cancer-related death among women
world-wide(1). Standard treatment for breast cancer patients diagnosed with stage I-111 is
surgical resection, indicating that mortality is largely due to recurrence at distant sites(2).
Indeed, while non-metastatic breast cancer has a 5-year survival rate of 98.8%, metastatic
disease reduces 5-year survival to only 27.4%(1). Therapeutic strategies to treat localized
disease, such as molecular profiling and targeted therapy, have been increasingly successful,
but patients with disseminated disease continue to face much worse outcomes, as metastases
are largely insensitive to current treatments(3). Therefore, to improve outcome for patients
with advanced cancer, specific metastasis-targeted strategies will need to be developed, as
will a deeper understanding of the unique biological processes that occur during disease
progression(4).

Investigations of metastatic biology trail those of primary tumors (PTs) due to difficulty in
obtaining appropriate human tissue samples. Metastatic lesions are usually not surgically
removed, and the biology of those that are resected are usually confounded by treatment(5),
which may enrich for characteristics associated with therapy resistance rather than
metastasis. Additionally, early biopsies of metastatic lesions in untreated patients often have
low tumor cell content(5) or are not accessible to biopsy, and repeated biopsies of lesions
within individuals increases patient morbidity(6). As an added challenge, since metastases
within patients exhibit significant heterogeneity at both the biomarker(7) and genomic
levels(8), selective biopsies may not capture the full complexity of events associated with
tumor progression. Therefore, although human data from smaller genomics projects focused
on metastasis are now becoming available(9), our understanding of the somatic events that
contribute to metastasis remains far behind the understanding of primary tumorigenesis.

Mouse models overcome many of these limitations and offer additional advantages: (i) a
readily available, renewable resource of tissue enables investigation of a genetically
equivalent set of tissues over time; (ii) the ability to observe the full natural history of
metastatic development, which is not possible in patients due to surgical resection and
application of neo-adjuvant and adjuvant therapies; (iii) the existence of syngeneic cell line
injection (allograft) models to rapidly test hypotheses generated from genomic
characterization; and (iv) genetically engineered models to examine factors that function
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through somatic microenvironmental effects rather than directly within tumor cells, an
aspect often precluded in human studies. Data generated from animal models therefore
provide an important vehicle for hypothesis generation and testing that can subsequently be
examined and verified in more restrictive human experimental systems.

As mouse models have become integral to the study of metastatic spread, the variety of pre-
clinical mouse models has grown to better investigate the steps of the metastatic cascade and
capture the many stages of this disease. To identify metastasis-specific gene expression
(MSGE) profiles that are integral to the establishment and growth of metastatic lesions, we
performed RNA-sequencing (RNA-seq) of breast cancer metastases and paired primary
tumors isolated from several mouse models. As the interventions for metastatic cancer are
limited to targeting already established secondary tumors(10), we analyzed primary tumors
and macrometastases from models of various oncogenic drivers and routes, including
orthotopic injection, tail vein injection, intracardiac injection, and genetically engineered
mouse models (GEMMSs). Here we present data revealing critical differences in MSGE
between pre-clinical models of metastatic breast cancer. Additionally, we have identified
several core and targetable gene expression pathways common to multiple models, which we
further confirmed the significance of /in vivo. By combining the analysis of tissues from
several models of metastasis we present here a robust strategy for the discovery of clinically
targetable pathways that may be integral to metastatic spread.

Materials and Methods

Ethics statement

The research described in this study was performed under the Animal Study Protocol
LCBG-004 and LPG-002, approved by the National Cancer Institute (NCI) Animal Use and
Care Committee. Animal euthanasia was performed by cervical dislocation after anesthesia
by Avertin.

Genetically engineered mouse models

Cell culture

FVB/N-Tg(MMTV-PyVT)634Mul/J and FVB/N-Tg(MMTVneu)202Mul/J male mice were
obtained from The Jackson Laboratory. FVB/N-Tg(C3(1)-TAg) and FVB/N-Tg(MMTV-
Myc) were a generous gift from Dr. Jeffrey Green (NCI, Bethesda, MD).

Male PyMT mice were crossed with female wild type FVB/NJ, MOLF/EiJ, CAST/EiJ,
C57BL/6J, and C57BL/10J mice also obtained from The Jackson Laboratory. Male Her2,
Myc, and C3(1)-TAg mice were crossed with female wild type FVB/NJ mice. All female F1
progeny were genotyped by the Laboratory of Cancer Biology and Genetics genotype core
for the PyMT or Her2 gene and grown until humane endpoint. Primary tumor, metastatic
nodules, and normal (tail) tissue were isolated immediately following euthanasia and snap-
frozen in liquid nitrogen. Tissue samples were then stored at —80°C.

The mouse mammary carcinoma cell lines 6DT1, 4T1, Mvtl, and MET1 were a generous
gift from Dr. Lalage Wakefield (NCI, Bethesda, MD) whose lab validated and characterized
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these lines in their 2017 publication (11). The mouse mammary carcinoma cell line M6 was
a generous gift from Dr. Jeffrey Green (NCI, Bethesda, MD) whose lab generated the cell
line from FVB/N-Tg(C3(1)-TAg) mice, which they generated and published in 2000(12). All
cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 10% Fetal Bovine Serum (FBS), 1% Penicillin and Streptomycin (P/S), and 1% L-
Glutamine (Gibco), and maintained at 37°C with 5% CO,. All cell lines were tested for
mycoplasma using the MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza) upon
receipt from Dr. Wakefield and Dr. Green, before expansion creation of liquid nitrogen
stocks. Cells were not cultured beyond 10 passages.

In vivo metastasis

Female virgin FVB/NJ or BALB/cJ mice were obtained from The Jackson Laboratory. Two
days prior to /n vivo experiments, cells were plated at 1 x 10° cells/condition into T-75
flasks (Corning) in non-selective DMEM. A total of 100,000 cells in 100 pl of PBS were
injected per mouse into the fourth mammary fat pad (orthotopic injection), tail vein (tail vein
injection), or left ventricle (intracardiac injection). The mice were euthanized between 28—
30 days post-injection. Primary tumors were resected, weighed, and lung metastases
counted. Primary tumor, metastatic nodules, and normal (tail) tissue were isolated
immediately following euthanasia and snap-frozen in liquid nitrogen. Tissue samples were
then stored at —80°C. For orthotopic injection resection models, the primary tumors were
resected at 2 weeks following initial injection. and mice were euthanized between 42-45
days post-injection. Primary tumors from syngeneic orthotopic injection of r3T, D2Al1,
EQ771, EMT6, F311, HRM-1, and TS/A-E1 were a generous gift from Dr. Lalage Wakefield
(NCI, Bethesda, MD).

Syngeneic models: FVB/NJ - 6DT1, Mvtl, Metl, M6C. BALB/cJ - 4T1, 4T07, 67NR

Sildenafil citrate treatment: 6DT1 orthotopic injection was performed as described
above. Dosing with 10 mg/kg sildenafil citrate was initiated on day 7 post-injection and was
repeated daily until day 28, the study end-point. Sildenafil citrate salt (Sigma-Aldrich) was
resuspended in sterile PBS (Life Technologies) to create a 5 mg/ml stock solution, which
was stored at —20°C. Each mouse was weighed daily before dosing and 10 mg/kg dose was
calculated and then administered by diluting the sildenafil citrate stock solution with sterile
PBS to a final volume of 250 pl. Control mice were weighed and administered 250 pl of
PBS. Mice were administered sildenafil citrate by IP injection of 250 pul using a 28-gauge
needle (Andwin Scientific).

Nicotine administration: 6DT1 orthotopic injection was performed as described above.
On day 7 following injection mice were given drinking water with nicotine or vehicle alone.
(-)-Nicotine (Sigma-Aldrich) was diluted in 100% ethanol to create a stock solution with a
final concentration of 200 mg/ml. 250 pl of the nicotine stock solution, or 250 pl of ethanol
was added to a 250 ml of mouse drinking water for a final concentration of 100 pg/ml. The
water was replaced weekly and the nicotine stock solution was made fresh each week.
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Serum isolation

Following mouse anesthesia, 500-1000 pl of blood was removed by cardiac puncture using a
25-gauge needle. Blood was stored on ice with 10 ul of EDTA (0.5M, pH 8) and then
centrifuged at 2,000 x g for 15 minutes in a refrigerated centrifuge. The plasma supernatant
was then immediately removed and placed into a new tube and stored at —20°C.

Sildenafil citrate trial serum collection: Serum was collected from tumor bearing
mice 1, 4, 6, 8, 18, and 24 hours after the final sildenafil citrate or PBS control IP injection
was performed on day 28 (see sildenafil citrate treatment regimen above).

Nicotine trial serum collection: 20 mice were administered 100 pg/ml nicotine in the
drinking water, and 5 mice were administered vehicle control drinking water. Serum was
collected from 5 mice in the nicotine group once a week for 4 weeks. Serum was collected
from the 5 control mice after the final 4™ week. Water was replaced weekly.

LC-MS/MS drug-serum level assessment

Nicotine and cotinine plasma concentrations were simultaneously measured using a
validated LC-MS/MS assay, with a lower limit of quantitation of 1 ng/mL for both
compounds. Briefly, 100 pL of plasma was mixed with 1 ml of dichloromethane containing
2 ng/ml of [2H]4-nicotine as internal standard. The organic layer was isolated, dried under
nitrogen, reconstituted with (10/90, v/v) water/methanol, and injected into the LC-MS/MS.
The calibration range for both nicotine and cotinine were 1-500 ng/ml.

Sildenafil plasma concentrations in mice dosed orally were measured using a validated LC-
MS/MS assay. Briefly, 50 ul of plasma sample was mixed with 5-fold volume of methanol
containing 100 ng/ml 2[H]8-sildenafil (as internal standard) to precipitate plasma proteins.
The mixture was vortexed and centrifuged, and 200 pl of the resulting supernatant was
transferred to a clean 96-well sample plate for measurement. A 10-pL aliquot of sample was
injected onto a Kinetex C18 column (50 x 2.1 mm, 1.3 um; Phenomenex) for
chromatographic separation followed by multiple reaction monitoring detection by tandem
mass spectrometry (MS/MS) by the mass transition of m/z 475.1 to 283.0 for sildenafil and
m/z 482.5 to 283.0 for 2[H]8-sildenafil. Calibration standards of sildenafil were prepared
over the range of 2.5 — 2500 ng/ml (in duplicate) with quality control (QC) standards at a
low (7.5 ng/ml), mid (400 ng/ml) and high (2000 ng/ml) range, each in quintuplet

RNA isolation

RNA was isolated from flash-frozen tissue. First the tissue was mechanically dissociated
using a tissue grinder while submerged in 1 ml of TriPure (Roche). 200 pl of chloroform
(Sigma-Aldrich) was then added and the soluble fraction was isolated by centrifugation at
12,000 rpm for 15 minutes at 4°C. RNA was then precipitated with the addition of 500 pl
isopropanol and incubation of the sample at —20°C for 2 hours. Pure RNA was then
extracted using the RNA: DNA mini-prep kit (Zymogen) and finally samples were eluted in
100 pl (PT) or 50 ul (metastases) of DEPC water (Quality Biological). RNA was isolated
from cell lines using TriPure as described above but following isopropanol precipitated RNA
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was washed with 75% ethanol (Sigma-Aldrich), and then again with 95% ethanol before
being resuspended in 100 ul DEPC water.

RNA sequencing

RNA quality was tested using the Agilent 2200 TapeStation electrophoresis system, and
samples with an RNA integrity number (RIN) score >7 were sent to the Sequencing Facility
at Frederick National Laboratory. Preparation of mRNA libraries and mRNA sequencing
was performed by the Sequencing Facility using the HiSeq2500 instrument with Illumina
TruSeq v4 chemistry.

RNA sequencing analysis

Differential gene expression analysis: RNA-seq reads were aligned to the mouse
mm9 genome assembly using TopHat Software, and differentially expressed genes were
determined using DESeq2. For the comparison of MSGE between orthotopic and tv allograft
models The RNA sequences were aligned against mouse genome mm10 by STAR and the
RNA expression were calculated by RSEM (RNA-Seq by Expectation Maximization). The
differentially expressed genes were found by using DESeq2.

Gene Set Enrichment Analysis (GSEA): The hierarchical cluster analysis was applied
to the quantile normalized RPKM data of the primary tumor and metastatic samples to
obtain two groups. One group had 88% allograft samples and another group had 86%
GEMM samples. DESeq2 was then applied to find the differentially expressed genes
between the two groups and then used GSEA to find significant cancer Hallmark pathways
and Gene Ontology (GO) pathways.

Principal Component Analysis: PCA analysis was performed using Partek Flow
software (Kanehisa Laboratories). RNA-seq reads were uploaded into Partek Flow and
aligned with the mouse mm9 genome assembly. Gene counts were then determined and
normalized before performing unsupervised principal component analysis.

ImmQuant analysis: DESeq?2 fold-change data for those genes differentially regulated in
GEMM and allograft models (Supplemental Table 2) were loaded into the ImmQuant
Software(13). The following settings were selected for default deconvolution: Cell-type data
- ImmGen 207, signature markers, lineage tree pre-compiled based on the reference data,
and calculations were performed using all samples. Default color ranges were also selected
for the lineage tree output file.

Pathway Analysis: Pathway analysis was performed using Ingenuity Pathway Analysis
(IPA) (Qiagen). Differentially regulated gene lists from sample type comparisons using
DESeq2 were uploaded into IPA for Core Expression Analysis of expression data. The
Ingenuity Knowledge Base was chosen as the reference set of genes, and both direct and
indirect relationships were considered. No other analysis parameters were specified, and the
default settings were selected.
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RNA was isolated from cell lines or flash-frozen tissue as described above was reverse-
transcribed using iScript (Bio-Rad). Real-Time PCR was conducted using VeriQuest SYBR
Green qPCR Master Mix (Affymetrix). Peptidylprolyl isomerase B (Ppib) was used for
normalization of expression levels. Expression of mRNA was defined from the threshold
cycle, and relative expression levels were calculated using delta delta Ct after normalization
with Ppib.

Primers sequences 5’-3’:

Cdhl F: AAGTGACCGATGATGATGCC, R: GCGACTCTACCTGTCTCTTC

Epcam F: AACACAAGACGACGTGGACA, R: GCTCTCCGTTCACTCTCAGG
Snail F: GTGTGTGGAGTTCACCTTC, R: GGAGAGAGTCCCAGATGAG

Twistl F: TTCTCCGTCTGGAGGATG, R: TCCTTCTCTGGAAACAATGAC

Ppib F: GGAGATGGCACAGGAGGAAAGAG, R: TGTGAGCCATTGGTGTCTTTGC

Vim F: CTGTACGAGGAGGAGATGCG, R: AATTTCTTCCTGCAAGGATT

Statistical significance between groups in /n vivo assays was determined using the Mann-
Whitney unpaired nonparametric test using Prism (version 5.03, GraphPad Software, La
Jolla, CA). Statistical significance between samples in qRT-PCR analysis was determined by
an unpaired t test, also using Prism.

Data availability statement

Results

All sequence data that supports the findings of this study can be accessed in the GEO
database using the accession number GSE150928.

Significant transcriptional differences exist between mouse models of metastatic breast

cancer

To investigate the transcriptomic landscape specific to metastatic breast cancer, RNA-seq
analysis of the most commonly used mouse models of metastatic breast cancer was
performed. Matched primary and metastatic tumor tissues from GEMMs of metastatic breast
cancer were collected from four mouse models representing luminal (MMTV-Myc, MMTV-
PyMT), basal (C3(1)-TAg), and HER2+ (MMTV-Her2) subtypes of human breast cancer.
Since, all of these models are on an FVB/NJ inbred mouse background, we bred MMTV-
PyMT mice to two pairs of closely related mouse strains that have significantly different
inherited metastatic susceptibilities (C57BL/6J and C57BL/10J or MOLF/EiJ and CAST/
EiJ, low and high metastatic, respectively) (14).We hypothesized that relatively close
phylogenetic relationships between the pairs (C57BL10/C57BL6 or MOLF/CAST) would
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reduce the differences in transcription not related to the differences in metastasis between
these pairs. This would potential increasing the relative signal-to-noise for identification of
important metastasis associated pathways while still attempting to better replicate human
population diversity. To control for potential contamination of the pulmonary metastases by
adjacent tissues, normal lung and metastasis-free tumor-conditioned lung tissue were also
profiled. Additionally, we collected tissues from frequently used syngeneic allograft models
of mammary tumor metastases. Specifically, matched primary and metastatic tumors from
orthotopic injection, tail vein injection, and intracardiac injection models of metastatic breast
cancer (4T1, 6DT1, Mvtl, and M6) were included in the analysis. Together this
transcriptional analysis profiled 235 RNA samples isolated from 107 animals (Supplemental
Table 1). Unsupervised principle component analysis (PCA) of RNA-seq data revealed that
the samples clustered into three groups consisting almost exclusively of either
autochthonous GEMM-derived samples or allograft samples, with the third group populated
by M6 allograft and C3(1)-TAg samples which model basal-like gene expression (Figure
1A)(11). Metastatic and primary tumors were relatively evenly distributed within each of the
clusters, consistent with previous studies that found a high degree of transcriptional
similarity between primary and secondary breast cancer samples(15) (Figure 1B).

Allograft models are widely used in the study of metastasis as a model of spontaneous
disease, however unsupervised PCA analysis of RNA-seq data revealed that samples
clustered by model rather than driver or origin. Despite being derived from the MMTV-Myc
model, both primary and metastatic samples from the 6DT1 and Mvt1 cell line allograft
models displayed significant separation from the autochthonous MMTV-Myc tumors,
suggesting that /n vitro growth may result in a permanent transcriptional reprogramming in
these cells (Figure 1C). To further explore the potential effect of /n vitro culture on allograft
transcriptional programming, primary tumors from an additional 11 metastatic and non-
metastatic mammary tumor allograft models were profiled, in addition to /n vitro cultures
from 7 cell lines (Supplemental Table 1). Allograft tumors from the MMTV-PyMT-derived
MET1 cell line clustered with the autochthonous MMTV-PyMT samples, and those from the
C3(1)-TAg-derived M6 cell line clustered with the C3(1)-TAg samples between the basal
and luminal autochthonous tumor samples (Figure 1D). The remaining nine allograft tumors
clustered with the original allograft cluster, regardless of oncogenic driver or genetic
background. Finally, /n vitro samples formed a fourth new cluster adjacent to the allograft
samples (Figure 1D). Together these data reveal that models of metastatic breast cancer
differ significantly based on the origin of the transformed cells, and that 7 vitro culturing of
metastatic samples permanently alters their transcriptional profile.

To better understand the transcriptional differences between the allograft and GEMM
models, variances in the transcriptional profiles were examined. Gene set enrichment
analysis of differentially expressed genes between the GEMM and allograft clusters revealed
significant differences in immune regulation- and cell motility-related genes (Supplemental
Table 2). Analysis of the differentially expressed genes using the ImmQuant software
package suggested that the autochthonous GEMM tumors and metastases had decreased
levels of infiltrating macrophages, dendritic cells, natural killer cells, and T cells compared
to the allograft tumors (Supplemental Figure 1)(13). Moreover, the GEMM cluster had lower
expression of genes associated with the mesenchymal phenotype (e.g., Vim, Zebl),
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compared to the allograft tumor cluster, and relatively high expression of epithelial markers
such as Epcam, Cldni, and CldnZ2 (Figure 2A). Similarly, the MSGE differences between
GEMM and allograft models resided mostly in developmental, immune signaling, and EMT
pathways (Figure 2B, Supplemental Table 2). This suggests that key differences exist
between GEMM and allograft breast cancer metastasis models that involve contributions
from both the microenvironment and cell plasticity.

To further explore the possibility that 7 vitro cell culture may promote epithelial to
mesenchymal transition (EMT), a gene expression program widely associated with tumor
progression and metastatic spread, we measured expression of EMT markers in tissue from
an MMTV-Myc mouse harboring lung, liver, and spleen metastases. The spleen and liver
metastases collected from this mouse were cut in half and flash frozen, the remaining tissue
was then used to create primary cultures which were later injected orthotopically back into
ten syngeneic wild type mice per culture. gRT-PCR analysis was performed on RNA isolated
from the original metastases, subsequent primary cultures, and two of the ten injected
orthotopic primary tumors, which were each sampled three times to account for primary
tumor heterogeneity (Supplemental Figure 2A). Pulmonary micro-metastases were observed
in 76% of animals (53 out of 70), while only 2.8% (2 or 70) and 1.4% (1 or 70) had liver or
spleen metastases, respectively. As observed in our RNA-seq analysis of well-established
allograft and GEMM models, culturing of the MMTV-Myc GEMM-derived liver and spleen
metastatic cells /n vitro for <5 passages imparted a more mesenchymal-like gene expression
pattern and reduced epithelial gene expression (Figure 2C). This change in gene expression
was variably maintained once cells were implanted orthotopically /n7 vivo (Supplemental
Figure 2B). Taken together, this data suggests that /n vitro culturing techniques induce a
more mesenchymal and lung-tropic phenotype that variably persists and does not
consistently or accurately model the plasticity and tropism of metastatic cells as they
originally existed /in vivo.

Orthotopically derived and tail vein-injected metastases differ in immune-related gene

expression

The preparation of a premetastatic niche at the secondary site is now widely accepted as a
key step in the metastatic process (16). Therefore, we examined if metastasis assays
performed by tail vein injection, in the absence of a primary tumor and premetastatic niche
conditioning, produced metastases with different transcriptional profiles than those arising
from orthotopically injected cells. To address this, the MSGE of lung metastases derived
from syngeneic tail vein injection or orthotopic injection of three metastatic mouse cell lines
(4T1, Mvtl, and 6DT1) was established (Supplemental Figure 3A). The orthotopic injection
MSGE was then compared to tail vein injection MSGE for each cell line individually
(Figure 3A).

Interestingly, this analysis revealed that the differences in metastatic gene expression
between models was cell line dependent. Metastases derived from orthotopic or tail vein
injection of Mvtl cells differed only in the expression of 51 genes, but metastases derived
from 4T1 cell injections differed in the expression of 608 genes between injection models,
and 6DT1 derived metastases differed by 1723 genes (Figure 3B; Supplemental Table 3).
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There were three genes commonly altered by injection model across all three cell lines Pigr,
Sdacl, and Retnla (Figure 3B), all of which were elevated in orthotopically derived
metastases. Differentially expressed genes specific to each cell line were assessed by
Ingenuity Pathway Analysis (IPA) (Table 1 and Supplemental Table 3), which revealed that
the gene expression activated specifically in orthotopically derived metastases comprised T
cell activation and immune related-related pathways when compared to tail vein-derived
metastases. This suggests that metastatic tumors derived from these two models may
undergo different interactions with the immune compartment at the metastatic site and differ
significantly in gene expression, the extent of which may be specific to each cell line.

Nicotine and Sildenafil processing are targetable metastasis-specific transcriptional

programs

As metastatic nodules in human patients are often resistant to treatments that the primary
tumor was sensitive to, there is a clear need for metastasis-specific therapies. We therefore
examined targetable transcriptional programs common to spontaneous metastases in both
allograft and GEMM models. First, the combined MSGE for spontaneous allograft models
was determined for each cell line. MSGE common across 6DT1, 4T1, and Mvtl
orthotopically injected cell lines was then compared to MSGE of GEMMs (Supplemental
Figure 3B). 360 genes were commonly regulated in metastases from both allograft and
autochthonous models of spontaneous metastasis. IPA of this gene set analysis revealed
several signaling, motility, and metabolic pathways in addition to several targetable
pathways including “Cellular Effects of Sildenafil Citrate (Viagra)” and “Nicotine
Degradation” (Table 2, Figure 4A and 4B, Supplemental Table 4). Interrogation of these
pathways as regulators of breast cancer metastasis was then performed by spontaneous
metastasis assays using orthotopic injection of metastatic breast cancer 6DT1 cells in the
presence of sildenafil citrate or nicotine.

To determine if sildenafil citrate treatment could modify breast cancer metastasis, FVB/NJ
mice bearing 6DT1 orthografts were treated with a daily low dose of sildenafil citrate by
intraperitoneal injection starting 7 days post-injection of cells and lasting 21 days until
endpoint. Pharmacokinetic/pharmacodynamic (PK/PD) analysis of serum collected at
several time points following sildenafil citrate injection indicated that a Cmax of 115 ng/ml
was achieved at 1hr post sildenafil IP, a serum level equivalent to 25% of typical human dose
according to FDA guidelines for human and mouse equivalent dosing (Figure 4C,
Supplemental Table 4) (17,18). While treatment with sildenafil did not significantly alter
primary tumor growth it did significantly reduce the number of surface metastases on the
lungs (p < 0.0001) (Figure 4D-F), indicating that sildenafil processing is an integral,
metastasis-specific pathway necessary for efficient metastatic spread.

To determine if cellular nicotine degradation pathway activity is a modifier of breast cancer
metastasis, FVB/NJ mice bearing 6DT1 orthografts were administered nicotine in their
drinking water starting 7 days post- injection of cells and lasting 21 days until endpoint.
PK/PD analysis of nicotine and its metabolite cotinine in serum collected throughout a 4-
week course of nicotine treatment indicated that mouse nicotine serum levels averaged
approximately 13.48 ng/ml, which is 60% lower than that of a dependent smoker (Figure
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4G, Supplemental Figure 4, Supplemental Table 4)(19). Treatment with nicotine did not alter
primary tumor growth but did significantly increase the number of surface metastases on the
lung (p < 0.001) (Figure 4H-J). Again, this data suggests that the activation of nicotine
degradation gene expression pathways is a metastasis-specific function resulting in more
efficient metastatic spread.

Discussion

A major barrier to progress in the development of metastasis-specific drugs is a lack of
available human tissue for study, forcing researchers to rely heavily on pre-clinical mouse
models to delineate the metastatic process and advance therapeutics. However, 95% of
agents that enter phase 1 of clinical development fail to make it into the clinic (20). This
failure can be partly attributed to the inadequate predictive value of conventional preclinical
models across the entire human population (4,21). Therefore, in addition to on-going efforts
to develop models that better represent human disease (22), a greater understanding of our
current models is also necessary (23). Currently, a variety of mouse models of metastatic
breast cancer exist to interrogate oncogenic drivers, genetic predisposition, and stages of the
metastatic cascade (24). However, no single model likely captures the full complexity of
metastatic breast cancer observed in humans. We therefore hypothesized that gene
expression observed in metastases from each model may exhibit both model specific as well
as common and essential metastatic programs. Here we have presented transcriptomic data
from a wide variety of pre-clinical mouse models of metastatic breast cancer, to better
inform the use of these tools and advance the development of metastasis-specific
interventions.

Several studies published in recent years have compared genetically engineered breast
cancer mouse model tumor transcriptomes to human disease (25-27), delineated disease
progression observed in the mouse (28), and providing characterization of murine cell line
orthotopic injection models (11). Here we have expanded these efforts to interrogate
metastasis-specific gene expression in 18 different models of metastatic breast cancer,
including cells in culture, intravenous injection and orthotopic implantation of cells, and
genetically engineered mouse models. While this is by no means an exhaustive list of mouse
models used to study breast cancer metastasis, they represent many of the most widely used
models (23). This study does not, however, include human cell lines, patient derived
xenograft models, organoid implantation, or syngeneic transplantation of murine tumor
fragments. These models may be informative tools for interrogating breast cancer etiology
(29-31), however due to the low rate of metastasis and/or the need for immune-deficient
mice they were not included in this study. In addition to limiting our study to immune-
competent models, we have excluded the use of labeled cells and instead examined
metastatic gene expression of bulk tumor isolates to characterize a more complete tumor
environment with minimal experimental manipulation of the different models.

In agreement with the findings of other studies, we have identified a number of differences
between the primary tumor and metastatic transcriptomes (29,30,32,33). However, by
combining data from several models we show that more significant differences exist in the
gene expression between models than between primary tumors and matched metastases, and
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in fact that model may play a larger role in shaping the metastatic transcriptome than tissue
type or oncogenic driver. Perhaps the most striking observation from our data was the
association of the allograft models with the EMT gene expression signature. EMT is
postulated to be a key mechanism by which tumor cells acquire an invasive and metastatic
phenotype (34). However, most of the evidence for this signature as metastasis-driving is
derived from /n vitro experimental systems and cancer cell lines (35). Work by Trimboli et
al. on EMT in PyMT, Neu, and Myc GEMM s shows that EMT-like gene expression
signatures are only observed for the Myc GEMM, despite the high metastatic propensity of
the PyMT model (36). Similarly, our data suggest that the EMT phenomenon is not
predominant in primary tumor or metastatic tissues collected from breast cancer GEMM
models, as the samples analyzed in this study overwhelmingly exhibit more epithelial-like
gene expression profile compared to cell-line-derived allograft tissue samples. Some studies
have reported the ability of cells to undergo mesenchymal to epithelial transition (MET)
upon outgrowth at the metastatic site (37). Therefore, as we only included macro-metastases
in transcriptomic analysis for this study, we cannot rule out that EMT followed by MET may
have occurred and was not captured here. Despite this caveat, and in agreement with the
findings of Trimboli et al (36), we see by PCA analysis that MMTV-Myc tissue samples
cluster with the remaining GEMM samples but are located on the periphery of this cluster
closest to the allograft cluster, potentially signifying this model’s propensity for a more
EMT-like phenotype. Additionally, the higher EMT signature expression in allograft models,
as well as our analysis of metastatic tissue grown in primary culture supports the observation
that /n vitro culturing of mouse mammary cancer cells may impart a more mesenchymal-like
gene expression signature, although we cannot discount the confounding variable of tumor
cell enrichment through primary culturing. Together our data suggest that EMT may be a
marker of /in vitro culturing of tumor cells rather than metastatic potential when working
with mouse models of metastatic breast cancer.

In addition to the variable EMT signature expression observed across our models, we also
focused on the metastasis-specific differences that exist in the transcriptomes of both
spontaneously generated nodules in GEMMs and orthotopic injection models. In this study,
we identified a decrease in immune cell infiltration of GEMM derived metastases,
suggesting key differences in tumor cell — stroma interactions. There are several factors that
may contribute to this observation when looking at our cohorts overall. Firstly, this study
includes a higher diversity of mouse strains within the GEMM cohort sampled (5 strains),
than the allograft cohort (2 strains). Different mouse strains have previously shown to
possess differing levels of tumor-immunogenicity (BALB/cJ and FVN/nJ: high, C57BL/6:
Low) (38), therefore potentially biasing most allograft experiments towards higher immune-
compartment interactions. Secondly, oncogenic driver has been shown to impact the
immunogenicity of tumor cells and directly modify the stromal gene expression and immune
response (39).While the majority of GEMs sampled in this study are MMTV-PyMT, this
oncogenic driver only comprises one third of the allograft models sampled. Despite these
factors, on a case by case basis our data reveals variability in gene expression between
metastases generated from allograft models and the GEMMs from which they were derived.
Some of this variability is undoubtedly due to divergent somatic evolution of the tumor cells
in in vitro culture. However, the rapid conversion of the gene expression program observed
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with our explanted metastasis tissues suggest that in vitro cultures impart a rapid, strong
selective pressure for a more mesenchymal phenotype, potentially mediated by epigenetic
reprogramming. Further studies will be necessary to investigate this possibility.

Several recent studies have compared the gene expression of metastatic nodules produced
from orthotopic implantation and intravenous injection. Nakayama et al compared gene
expression of xenograft models using the human breast cancer cell line MDA-MB-231 in
immune-deficient mice. They identified chemotaxis and cell adhesion gene expression
enriched in pulmonary metastases generated by the orthotopic implantation model, and
antigen recognition and cell adhesion in metastases from TV derived metastases (40).
Similarly, Pillar et al has found a significant difference between the microRNA expression
profiles of metastases generated by orthotopic or intravenous injection of 4T1 cells in a
syngeneic model (41). Here we analyzed the metastasis specific gene expression differences
between orthotopic and intravenous injection models using three metastatic mouse
mammary cancer cell lines and syngeneic mouse strains. Interestingly, we have not only
confirmed the significant divergence in gene expression signatures between routes of
injection model, but also we show that the extent of this variation is unique to each cell line.
Of note, 6DT1 and Mvtl cells are FVB/NJ derived and therefore injected into the same
syngeneic strain for this analysis. However, tumor cell intrinsic factors unique to each cell
line generate highly variable metastatic gene expression for 6DT1 cells, and minimally
different expression in Mvtl metastases, depending on injection site. Furthermore, for all
three cell lines examined, immune-related gene expression pathways were highly enriched in
orthotopically-derived compared to tail vein-derived metastases, suggesting altered tumor
cell —immune compartment interactions between injection models. This data reveals
potentially significant changes in tumor cell — stroma interactions between injection model
that are reflected in metastatic gene expression, and with a more informed selection of cell
line researchers may potentially minimize or capitalize on this difference.

Despite the significant transcriptional differences between models, we have also identified
common and targetable gene expression patterns in metastases derived from several models
of spontaneous metastasis. Comparison of MSGE between allograft and genetically
engineered models identified pathways common to metastases produced from seven
oncogenic drivers and six mouse strains. Of note, our data revealed an upregulation of
factors responsible for the cellular effects of sildenafil citrate (Viagra) and nicotine
degradation. These pathways were subsequently validated as key metastasis modifying
pathways in allograft transplantation models, using therapeutically relevant dosing schemas.
These gene expression pathways are also enriched in lung metastases from three breast
cancer PDX models generated by Alzubi et al (29,42), providing further support of their
relevance to human breast cancer metastasis. The molecular target of sildenafil,
phosphodiesterase type 5 (PDE5) has been identified as a tumor biomarker in several human
cancers (43,44) and work with human cancer cell lines has revealed that expression and
activation of PDES stimulates invasive, migratory, and cancer stem cell phenotypes (44).
Several studies have also reported the pro-metastatic effects of nicotine on tumor cells in
culture, including promotion of an invasive phenotype and EMT (45). Additional work using
colorectal cancer cell lines suggests that the pro-metastatic effects of nicotine can be
activated through MAP kinase signaling (46). While our transcriptomics data and research
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by others would suggest that modified metastatic potential by sildenafil and nicotine is likely
tumor cell-intrinsic, we cannot rule out the possibility that administration of either
compound in the /n vivo experiments presented here may induce systemic contributions to
this phenotype.

Physiologically, sildenafil and nicotine can have opposing effect on nitric oxide (NO)-
induced vasodilation, and blood pressure. PDES is highly expressed in the vasculature and
by inhibiting PDES sildenafil positively regulates cellular cGMP stability, mimicking NO-
induction of vascular cGMP. cGMP-induced smooth muscle relaxation in blood vessels
leads to vasodilation and increased blood flow (47). In contrast, nicotine has been reported
to both increase and decrease NO depending on the tissue type (48,49), as nicotine has been
found to constrict skin blood vessels and coronary blood vessels, but dilate blood vessels in
the skeletal muscle (48,49). Due to the opposing effects of sildenafil and nicotine on dilation
of the coronary blood vessels these compounds produce opposing effects on blood pressure.
Therefore, the resulting changes to vascular wall stiffness, blood pressure, and tissue
oxygenation may be contributing factors to the metastasis-modifying effects of these
compounds, potentially impacting extravasation and colony formation at the secondary site.
Due to its low toxicity, a dedicated study of sildenafil as an adjuvant or neo-adjuvant therapy
may be warranted to determine if this compound may be effective in reducing metastasis of
breast and other cancers. Clinically, sildenafil is administered almost exclusively to men, and
therefore no data is available to interrogate the effects of sildenafil on breast cancer patient
outcomes. Conversely, nicotine is consumed by both men and women, and the data is clear
that breast cancer patients who are current or former smokers have a higher incidence of
disease progression and mortality (50). While current human data sets cannot distinguish the
effect of nicotine from tobacco, our data suggest that exposure to nicotine alone may be pro-
metastatic, implicating tobacco-free nicotine products as potentially increasing the risk of
metastatic progression in breast cancer patients.

In summary, by performing a survey of the MSGE profiles of pulmonary macrometastases
from several allograft models and GEMMs, we have discovered key differences between
models as well as common metastasis-specific programs that can be readily targeted. By
using the strategy outlined here, the continued characterization of preclinical mouse models
of metastasis will provide further insight into the associations between clinical subtypes,
primary tumor drivers, and MSGE programs, ultimately creating new opportunities for the
generation of metastasis-targeted therapies.
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Implication Statement

The data we present here exposes critical variances between pre-clinical models of
metastatic breast cancer and identifies targetable pathways integral to metastatic spread.
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Figure 1. Model has a stronger influence over the tumor transcriptome than driver or site of

origin

Unsupervised PCA plot showing RNA-seq transcriptomic analysis from matched primary
tumor and metastatic nodules. Each point represents one tissue sample from (A) GEMM
(blue), M6 (red), or allograft (yellow) clusters. (B) Lung metastasis (red), liver metastasis
(blue), spleen metastasis (green), primary tumor (yellow). (C) Samples from a Myc-driven
tumor model (red), from a non-Myec-driven tumor model (blue) that is a GEMM model (blue
cloud), M6 (red cloud), or allograft (yellow cloud). (D) Allograft samples (blue), GEMM
samples (yellow), or cell culture samples (green), with Met1 allograft samples (blue clous)

and M6 samples (orange cloud) highlighted.
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Figure 2. Model is the predominant determinant of EMT signature
RNA-seq data showing the fold change in expression of EMT markers in (A) All GEMM

derived tissues compared to all allograft-derived tissues, or (B) Metastasis-specific gene
expression from GEMM models compared to allograft models. (C) gRT-PCR data showing
epithelial (blue) or mesenchymal (red) EMT marker expression in spleen metastases and

liver metastases that were subsequently grown in primary culture.
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Figure 3. Metastases derived from orthotopic and tail vein injection models differ in a cell line-

dependent manner.

(A) PCA analysis plot showing relative difference between the transcriptomes of tail vein-

derived lung metastases (red points) and orthotopic injection model-derived lung metastasis
(blue points), with 4T1 cells (blue cloud, circles), 6DT1 cells (red cloud, squares), and Mvtl
cells (yellow cloud, crosses). (B) Venn diagram showing the overlapping orthotopic-specific
MSGE from the 4T1 (blue), 6DT1 (red), and Mvtl (yellow) allograft models.
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Figure 4. Common MSGE of several models of spontaneous metastasis present targetable
metastasis-specific pathways.

RNA-seq data showing expression of factors from the IPA sildenafil response pathway (A)
and Nicotine degradation pathways (B) in metastatic v. primary tumor tissue. (C) Max
Serum (Cmax) of sildenafil 1hr post IP injection of 10 mg/kg sildenafil (each point
corresponds to one mouse) compared to the FDA mouse equivalent sildenafil serum levels of
a human dose (D) Primary tumor weight (g), (E) lung nodule counts, and (F) lung nodule
counts normalized to paired primary tumor weight at end point following syngeneic
orthotopic injection of 1x10° 6DT1 cells and treatment with saline (circles) or sildenafil (10
mg/kg) (squares). (G) Serum levels of nicotine achieved in this study following constant
access to nicotine 100 pg/ml drinking water (each point corresponds to one mouse)
compared to the average nicotine serum levels of dependent human smokers (range 4 — 72
ng/ul, average 33 ng/ul(19)). (H) Primary tumor weight (g), (1) lung nodule counts, and (J)
lung nodule counts normalized to paired primary tumor weight at end point following
syngeneic orthotopic injection of 1x10° 6DT1 cells and access to nicotine or vehicle water
(E-J). Two independent experiments shown (red and blue).
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Table 1

Ingenuity canonical pathways of orthotopic allograft model MSGE

Page 23

Ingenuity Pathway Analysis results showing the top 10 significantly enriched pathways by orthotopic-specific
MSGE of 4T1, 6DT1, and Mvtl. Significance of enrichment for this pathway in each the gene set is indicated
by the -log(p-value) where >1.3 is significant.

-log —log -log
4T1 (p-value) 6D1 (p-value) Mvtl (p-value)
Granulocyte Adhesion and
Diapedesis 9.25 Th1 and Th2 Activation Pathway 17.3 Antigen Presentation Pathway 7.19
Agranulocyte Adhesion and
Diapedesis 7.16 Th1 Pathway 14.9 Allograft Rejection Signaling 5.79
Th1 and Th2 Activation
Pathway 7.14 Th2 Pathway 14.2 0X40 Signaling Pathway 4
Cytotoxic T Lymphocyte-
iCOS-iCOSL Signaling in T mediated Apoptosis of Target
VDR/RXR Activation 6.89 Helper Cells 11.8 Cells 3.27
Altered T Cell and B Cell
Th2 Pathway 6.83 Signaling in Rheumatoid Arthritis 115 Cdc42 Signaling 321
Granulocyte Adhesion and Graft-versus-Host Disease
T Helper Cell Differentiation 6.2 Diapedesis 11.3 Signaling 2.97
Type | Diabetes Mellitus Autoimmune Thyroid Disease
LXR/RXR Activation 4.97 Signaling 11 Signaling 2.95
Th1 Pathway 4.97 CD28 Signaling in T Helper Cells 10.9 Protein Ubiquitination Pathway 2.59
iCOS-iCOSL Signaling in T Crosstalk between Dendritic
Helper Cells 454 T Helper Cell Differentiation 10.8 Cells and Natural Killer Cells 244
Nur77 Signaling in T Systemic Lupus Erythematosus
Lymphocytes 4.09 Dendritic Cell Maturation 10.4 In T Cell Signaling Pathway 2.35
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Table 2

Page 24

Ingenuity canonical pathways of MSGE common to spontaneous models of metastasis

Ingenuity Pathway Analysis results showing the pathways populated by MSGE common to both spontaneous
allograft and GEMM models. Significance of enrichment for this pathway in each the gene set is indicated by
the -log(p-value) where >1.3 is significant.

-log(p-value)
Nicotine Degradation 11 6.98
Estrogen Biosynthesis 5.23
Acetone Degradation | (to Methylglyoxal) 5.13
Bupropion Degradation 4.4
Agranulocyte Adhesion and Diapedesis 3.94
Nicotine Degradation 11 3.66
Hepatic Fibrosis / Hepatic Stellate Cell Activation 3.35
Atherosclerosis Signaling 3.23
Intrinsic Prothrombin Activation Pathway 3.04
Cellular Effects of Sildenafil (Viagra) 291
Granulocyte Adhesion and Diapedesis 2.88
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