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Abstract
Metastatic colonization of distant organs remains the primary cause of breast cancer specific mortality,
yet the underlying mechanisms governing organ-specific tropism remain poorly understood. To better
delineate the underlying mechanisms governing the establishment of successful niches in visceral
organs, animal models recapitulating the pathogenesis of human breast cancer are necessary. Through
in vivo selection, we established a liver-tropic HER2+ breast cancer murine model, NT2.5LV, which
achieved 90% hepatic penetrance within 10 weeks. Comparative whole-genome DNA and bulk RNA
sequencing of NT2.5LV, the lung-tropic counterpart NT2.5LM, and the parental primary breast tumor cell
line NT2.5 revealed conserved genomic alterations, including Erbb2 amplification, and Cdkn2a/b deletion
despite their distinct organ-tropic phenotypes. Transcriptomic analysis showed that NT2.5LM
incorporates DNA damage-immune adaptation with homologous recombination deficiency leading to
cGAS-STING pathway activation coupled with immune checkpoint remodeling, and lung-enriched
integrin-mediated adhesions. Conversely, NT2.5LV activated proliferative and metabolic programs with
MMP-mediated ECM remodeling suitable for the hepatic microenvironment. These organ-specific
strategies were validated in two independent clinical cohorts; the MET500 and AUORA datasets.
Integrated multi-omic and immunohistochemistry analyses demonstrated that NT2.5LV recapitulates key
features of human HER2+ breast tumors, including HER2 overexpression. Therapeutic testing showed
that NT2.5LM’s concurrent Bcl2 overexpression confers PARP inhibitor resistance despite homologous
recombination deficiency, a vulnerability reversed by Bcl2 and PARP inhibition. The HER2-targeted
tyrosine kinase inhibitor neratinib reduced primary and metastatic tumor burden in vivo, establishing
NT2.5LV as a clinically relevant preclinical model to assess HER2-targeted therapies.

Introduction
Cancer metastasis accounts for more than 90% of cancer-related mortality and remains the major
barrier to curative treatment in solid tumors.1,2 HER2-positive (HER2+) breast cancers comprise
approximately 15–20% of cases and exhibit aggressive clinical behavior with distinct organ-specific
metastatic tropism, most commonly involving liver (30–40%), lung (20–30%), brain (25–30%), and bone
(20–25%).3,4 Various epidemiological studies identified liver metastases to be disproportionately

enriched with HER2-positive disease, occurring at 3.13-fold higher odds in HR+HER2+ tumors and 4.75-
fold higher odds in HR−HER2+ tumors compared with other subtypes.5,6 While treatment of metastatic
breast cancer does not vary significantly across visceral involvement, organ-specific dissemination
patterns have important prognostic implications. In patients with stage-IV disease, liver involvement is
associated with substantially poorer prognosis and reduced responsiveness to HER2-targeted therapy,
with shorter progression-free survival compared to other metastatic sites.3 Although HER2-targeted
therapies, such as trastuzumab, pertuzumab, and tyrosine kinase inhibitors (TKIs), revolutionized early-
stage disease treatment, metastatic HER2+ disease remains incurable. Hence, organ-specific
colonization mechanisms and variable therapeutic responses among involved organs highlight the need
to define site-specific metastatic programs to enable precision therapies.
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A century after the “seed and soil” hypothesis first introduced by Stephen Paget, the principle that
successful metastasis depends on compatibility between disseminated cancer cells and the organ
microenvironment remains a core principle of cancer biology.2,7 Various clinical and molecular studies
have demonstrated that organ-specific metastasis involves complex interactions requiring metabolic
adaptation, immune evasion, extracellular matrix (ECM) remodeling, premetastatic-niche formation, and
expression of organ-tropic gene signatures.8–12 However, it remains unclear whether organ-specific
colonization reflects distinct genomic alterations, epigenomic modifications or transcriptional
adaptations. Further studies are necessary to understand the complex interactions between tumor cells
and their tumor microenvironment in the primary and metastatic sites to better design systemic and site-
specific therapeutic targets.

However, addressing these important challenges require experimental systems that compare isogenic
tumor cell populations with divergent organ tropism.13 Although the MMTV-HER2/neuN transgenic
mouse model develops HER2-positive mammary adenocarcinomas, its translational utility for studying
organ-specific metastasis is limited by prolonged latency (> 6 months), variable penetrance, and
predominant metastatic lung tropism.14,15 These key limitations reflect a broader challenge given that
most genetically engineered mouse models (GEMMs) progress to lung-predominant metastasis, failing
to recapitulate the clinical diversity of HER2-positive metastases in patients.16 The NT2.5 breast and the
lung-tropic NT2.5LM cell lines, both derived from MMTV-neu, provide accelerated growth kinetics and
enhanced distant metastases upon orthotopic injection in immunocompetent neu-N transgenic FVB/N
mice.17,18 However, a comparable liver-tropic variant has been lacking, limiting comparison of organ-
specific metastatic programs within an isogenic framework. Here, we report the development of
NT2.5LV, a liver-tropic HER2-positive derivative that facilitates direct molecular, immune and therapeutic
analyses of the hepatic and pulmonary tumor microenvironments (TMEs).

Results

Development of NT2.5LV, a reproducible liver-tropic breast
cancer mouse model
To generate a liver-tropic model, we performed iterative in vivo selection by orthotopic injection of 2.5 ×
105 NT2.5 parental cells into the fourth mammary fat pad (MFP) of 8-week-old syngeneic MMTV-
HER2/neu virgin female mice (Fig. 1a). We resected the primary tumors at day 32–40 and monitored for
metastases. At day 80, the mice developed ascites, jaundice and lethargy, and were subsequently
euthanized. Liver metastases were detected in less than 20% of examined mice. We harvested and
dissociated the liver lesions into single-cell suspensions, cultured ex-vivo, and re-injected into the 4th
MFP (Passage 1). Through 2 additional iterative passages, the penetrance of hepatic metastasis
increased from < 20% to 95%. Coupled with liver metastases, most of the mice inoculated with NT2.5LV
developed lung metastases by day 55–65. The resulting cell line, designated NT2.5LV, was isolated
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following three iterative passages, and exhibited liver and lung metastases across > 10 subsequent
passages.

Histopathological examination, reviewed by a board-certified pathologist, confirmed metastatic
colonization of the liver and lung. Well-defined nodules were identified in the liver by day 20 and in the
lung by day 22. We observed macrometastases by day 41 and 50, respectively (Fig. 1b). Our systematic
organ survey (n = 20 mice) confirmed widespread metastasis to liver (95%), lung (90%), spleen (55%),
adrenal glands (10%), ovary (5%), and colon (5%), recapitulating the multi-organ dissemination pattern of
advanced human breast cancer (Fig. 1c).

To determine the epithelial nature and breast cancer markers of NT2.5LV, we performed
immunohistochemical (IHC) profiling of the primary and metastatic tumors. IHC profiling demonstrated
HER2 positive staining in primary tumor, liver, and lung metastases (Fig. 1d). NT2.5LV lacked estrogen
receptor (ER) but expressed the luminal lineage marker GATA3 and epithelial markers cytokeratin 5/6
(Ck5/6). Ki67 proliferation index varied between 20–60% across tumor regions and metastases.

Correlation of tumor mutational burden with genomic architecture
To investigate the role of genomic alterations in metastatic dissemination, we performed whole-genome
sequencing (WGS) of NT2.5 parental, NT2.5LM and NT2.5LV cell lines. We identified somatic single-
nucleotide variants (SNVs), dinucleotide polymorphisms (DNPs), and small insertions/deletions (indels)
using GATK Mutect2, and annotated genomic alterations using ANNOVAR (Methods). Tumor mutational
burden (TMB), calculated as the number of amino acid-altering mutations per megabase (Mb), increased
in NT2.5LM (2.730) and NT2.5LV (2.477) relative to NT2.5 parental cell line (1.014; Fig. 2a,
Supplementary Table 1), consistent with increased TMB in clinical metastases (MET500 and
MSKTMet).20,21 Venn diagram analysis of protein-coding variants (SNVs, DNPs, and indels) revealed
substantial overlap between the metastatic derivatives (Fig. 2b). All three cell lines shared 29 conserved
mutations, likely representing early genomic alterations in parental NT2.5. The metastatic cell lines,
NT2.5LM and NT2.5LV shared an additional 84 mutations not present in NT2.5, while each cell line
shared only 1–2 unique mutations with the parental NT2.5 (Supplementary Table 1).

Consistent with early clonal divergence, SNV burden was 2-2.5-fold higher in NT2.5LM and NT2.5LV
compared with the parental NT2.5 (Fig. 2c). Similarly, exonic indels increased in NT2.5LM and NT2.5LV,
suggesting genome-wide instability (Fig. 2d). To determine the clinical relevance of identified mutations,
we used OncoKB cancer-specific gene set. It revealed shared Erbb2 in all cell lines, and metastatic-
specific Ercc5 and Fat4 (tumor suppressors), with the proportion of OncoKB-annotated mutations
increasing from 25% in parental NT2.5 to 75% and 65% in NT2.5LM and NT2.5LV, respectively
(Supplementary Fig. 1).19

We performed copy-number variation (CNV) profiling using CNVkit package, which revealed conserved
genomic architecture across the parental and metastatic lines (Fig. 2e). The three cell lines exhibited
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focal amplification of Erbb2 on chromosome 11 (3.3–6.7 copies), consistent with the MMTV-HER2/neu
transgenic origin of this model. Homozygous deletion of the tumor suppressor locus harboring Cdkn2a
(p16INKA4a) and Cdkn2b (p15INK4b) on chromosome 4 was identified. We noted broad deletions on
chromosomes 7 and 13. Importantly, no cell line-specific focal amplifications or deletions were noted.

Clonal evolution trajectory reveals shared metastatic trunk with
organ-specific branches
To reconstruct the evolutionary trajectory from the parental NT2.5 to NT2.5LM, and NT2.5LV, we used
PyClone-VI. The analysis identified 18 distinct clones (Supplementary Fig. 2a-c) with Clone 9
representing the ancestral population harboring Erbb2 overexpression, mutations in Ksr2 and Pclo, and
homozygous deletion in Cdkn2a/b.

The ancestral clone bifurcated into a parental-specific lineage (Clone 7) and “metastatic trunk” (Clones 0
and 3) shared by NT2.5LM and NT2.5LV. Clones 0 and 3 acquired Ercc5, which is involved in nucleotide
excision repair, and Fat4 involved in the Hippo/YAP pathway implicated in multiple cancers.20,21

NT2.5LM-specific clones (Clones 6 and 12) expanded to 40–70% and included alterations in Sesn2
(mTOR pathway regulator), Atm (DNA damage response kinase), and Ptprt (receptor tyrosine
phosphatase). Conversely, NT2.5LV-specific clones (Clones 2 and 10) reached 40–100% prevalence
(Supplementary Fig. 2c).

We mapped identified genomic alterations to known cancer drivers and therapeutic targets
(Supplementary Fig. 2d). Clone 9 harbors Erbb2 overexpression, the target of approved HER2-directed
therapies. Clones 0 and 3 acquired missense mutation in Ercc5. ERCC5-deficient tumors have been
shown to have increased sensitivity to PARP inhibitors.22 NT2.5LM-specific clones revealed Atm and
Sesn2 mutations. ATM loss creates ATR dependency and thus targeted by ATR inhibitors, while Sesn2 is
targeted by mTOR antagonists.23,24 Despite high genomic variations, NT2.5LV-specific clones lacked well
characterized druggable tumor drivers beyond the shared mutations.

Organ-tropic metastatic cell lines exhibit divergent transcriptional
programs
To identify whether transcriptional programs underlie organ-tropic metastasis, we performed bulk RNA
sequencing on NT2.5, NT2.5LM, and NT2.5LV (n = 3, 2, 3 biological replicates, respectively). Principal
component analysis revealed unique transcriptional profile for examined cell lines (Supplementary
Fig. 3a). Differential gene expression analysis using limma-voom package identified approximately 4000
and 2,000 differentially expressed genes (DEGs) in NT2.5LM and NT2.5LV relative to parental NT2.5,
respectively (FDR < 0.05 and |log2FC| > 0.5; Supplementary Fig. 1a-c, Supplementary Fig. 3b,
Supplementary Fig. 4a-c, and Supplementary Table 2). Direct comparisons of NT2.5LM vs. NT2.5LV
revealed 2,113 DEGs (Supplementary Fig. 2a). Analysis of 40 curated cancer-associated genes including
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those involved in cell cycle, HER2/EGFR, and EMT pathways revealed distinct expression pattern
(Supplementary Fig. 3c). To identify cell line-specific programs, we derived gene signatures as described
by Minn et al. (Fig. 3a).25 The NT2.5LV-specific gene signature was enriched for matrix
metalloproteinases (MMPs), while NT2.5LM-specific one was dominated by interferon-stimulated genes
(Irf9, Isg15, Usp18). Gene enrichment analysis using Hallmark GSEA uncovered divergent transcriptional
programs (Fig. 3b). To investigate the molecular basis of site-specific colonization, we compared
transcriptional programs between NT2.5LM and NT2.5LV across three axes: ECM engagement,
proteolytic remodeling, and metabolic adaptation.

ECM engagement and remodeling
NT2.5LV exhibited integrin reprogramming consistent with active engagement of the collagen- and
fibronectin-rich liver ECM. It upregulated the laminin receptor Itga7 (1.8 log2FC) and the ECM-binding
integrins Itgb3 (1.1 log2FC) relative to NT2.5 (Supplementary Fig. 5a; Supplementary Table 5). Moreover,

NT2.5LV increased expression of Mmp3 (~ 20-fold), Mmp9 (~ 5.5-fold) and Mmp24 (Fig. 3c,
Supplementary Table 3). These data suggest that liver-tropic cells actively involved in ECM remodeling
and stabilizing metastatic niches. In contrast, NT2.5LM upregulated Itga8 (3.1 log2FC), Itgb8 (4.5
log2FC), and the immune-associated Itgb2 (2.5 log2FC), while downregulating the collagen-binding Itga1
(-7.3 log2FC) and Itga2 (-2.6 log2FC). In contrast to NT2.5LV’s proteolytic program, NT2.5LM exhibited
features of epithelial barrier integration, with higher expression of tight junction proteins (Cldn1, Cldn4)
and vascular adhesion molecules (Ceacam1, Mcam; Supplementary Table 3) consistent with a cohesive
growth pattern.

Consistent with ECM-remodeling, NT2.5LV exhibited significantly higher invasive capacity than NT2.5LM
in basement membrane Transwell assay (33.4 ± 1.9% vs. 24.3 ± 2.7%, P < 0.048; Fig. 3d) representing
37% increase in invasive capacity. MDA-MB-231 demonstrated robust invasion and served as a positive
control given its highly aggressive triple-negative phenotype. This functional result confirms that
NT2.5LV’s proteolytic transcriptional program translates into enhanced basement membrane invasion.

Metabolic reprogramming
NT2.5LV exhibited glycolytic shift with marked upregulation of 11 of 19 glycolysis genes, including Ldha
(log2FC = + 2.08), Pgk1 (log2FC = + 2.01), and Pkm (log2FC = + 1.8). This was accompanied by increased
TCA-cycle gene expression, such as Idh1 with 0.96 log2FC, and active fatty acid oxidation program,
highlighted by a ~ 6.2-fold increase in Cpt1b, the rate-limiting enzyme for mitochondrial fatty acid import.
In contrast, NT2.5LM upregulated one-carbon metabolism (Mthfd2, Phgdh, and Psat1), which supply
serine and glycine for de novo purine and pyrimidine biosynthesis.26 Furthermore, it upregulated Gpt
expression, which is involved in glutamine metabolism. This in turn may enhance the anaplerotic
generation of α-ketoglutarate and TCA-cycle intermediates (Supplementary Table 4).27
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Clinical validation
To determine whether cell line-specific transcriptional signatures recapitulate human disease, we
analyzed two independent clinical cohorts. In the MET500 cohort (n = 159 breast cancer metastases),
liver metastases (n = 64) versus lymph node metastases (n = 36) showed significant upregulation of
LDHA (2.08-fold, p = 9.9×10⁻⁵), MMP7 (10.4-fold, p = 2×10⁻⁵) and MMP10 (4.1-fold, p = 0.001) (Fig. 3f and
Supplementary Fig. 5b-d).28 The MET500 cohort had only 3 breast-to-lung metastases, which limited our
comparison. In patient-matched primary tumor-metastasis pairs from the AURORA cohort (GSE209998),
liver metastases showed significant upregulation of hallmark glycolysis genes (paired t-test, P = 0.019)
and fatty acid metabolism (P = 0.007; Fig. 3g).29 In contrast, lung metastases showed no significant
change (P = 0.261 and P = 0.0676, respectively).

Metastatic derivatives show selective immune checkpoint
remodeling
To determine whether organ-tropic metastatic cell lines exhibit immune checkpoint remodeling, we
profiled the expression of cGAS-STING genes and T-cell checkpoint ligands across NT2.5-panel. Both
NT2.5LM and NT2.5LV upregulated the cytosolic DNA sensor (cGAS) and the downstream signaling
effectors (Irf7 and Mx1) relative to parental NT2.5, consistent with constitutive cytosolic DNA sensing
(Supplementary Fig. 6a). However, NT2.5LM showed significantly higher induction of interferon-
stimulated effectors (Oasl1, Oasl2, Isg15, Oas1a, Ifit1, and Ifit3) than NT2.5LV. In contrast, while NT2.5LV
showed similar cGAS upregulation as NT2.5LM, suggesting that both lines sense cytosolic DNA,
NT2.5LV exhibited a more attenuated interferon signaling cascade.

This transcriptional divergence extended to immune checkpoint ligand expression, as shown in
Supplementary Fig. 6b. NT2.5LM upregulated PD-L1 (Cd274; logCPM = 2.0) relative to both NT2.5 and
NT2.5LV (logCPM = 0.5). Given that PD-L1 is a direct transcriptional target of interferon-JAK-STAT1
signaling, the observed upregulation is concordant with NT2.5LM’s upregulated ISG molecular
program.30 Similarly, NT2.5LM upregulated Ceacam1, which functions as both a cell-cell adhesion
molecule and T-cell inhibitory ligand.31 Together, these findings suggest that NT2.5LM tumor cells couple
cGAS-STING-induced interferon overexpression with specific gain of inhibitory ligands, mainly PD-L1 and
Ceacam1.

Metastatic breast cancer undergoes progressive
mesenchymal-to-epithelial transition
To assess the epithelial-mesenchymal phenotypes of the three cell lines, we analyzed the RNA
expression of 315 EMT gene signatures reported by Tan et al.32 Of these, we identified 291 genes (133
epithelial and 158 mesenchymal) in our dataset. NT2.5LM showed significant upregulation of epithelial
markers (78/133; Fig. 4a-c, Supplementary Table 5). Both NT2.5LM and NT2.5LV downregulated the
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EMT transcription master regulator, Zeb1 (27-fold lower in NT2.5LM and 2.6-fold decrease in NT2.5LV).
NT2.5LV upregulated certain mesenchymal markers (Samsn1, and Srgn) and epithelial markers (Nqo1).

To investigate this epithelial shift in clinical samples, we analyzed the TCGA primary breast tumors (n = 
1,097), MET500, and AURORA metastatic tumors. Breast cancer metastases (MET500) to the lymph
nodes and liver exhibited higher epithelial score compared to unmatched TCGA primary breast tumors
(Fig. 4d). To determine whether this trend is breast cancer-specific or a generalized metastatic principle,
we analyzed pan cancer liver and lymph node metastases. Pan-cancer analysis revealed that liver
metastases (n = 243) showed higher epithelial scores compared to lymph node (n = 199) across cancer
types (median = 0.347 vs 0.281; Fig. 4e). EMT-signature scores based on Hallmark Gene set in patient-
matched primary tumors and metastases revealed that liver metastases had significantly lower EMT
signature relative to primary breast tumors (P = 0.005; Fig. 4f).

Extended PARP inhibition reveals BCL2-mediated
resistance in HRR-deficient breast cancer cell lines
To uncover the broad transcriptional phenotypes of each tumor cell line, we analyzed various pathway
gene-sets by calculating the mean log2FC across all genes for each pathway (Supplementary Fig. 10a).
It revealed that NT2.5LM downregulated its homologous recombination repair (HRR) genes, whereas
NT2.5LV did not (Fig. 6a). Similar trends were seen in DNA replication and mismatch repair pathways
(Supplementary Fig. 10a). Conversely, NT2.5LM upregulated cGAS-STING pathway genes, while NT2.5LV
upregulates MYC gene sets consistent with its proliferative phenotype. Given the downregulation of cell
cycle and DNA repair pathways in NT2.5LM, we examined the HRR-pathway genes essential for double-
stranded DNA break repair. NT2.5LM downregulated 16 (76%) genes relative to NT2.5 (mean log2FC of
-0.93, Fig. 6a, Supplementary Table 4).

Homologous recombination deficiency (HRD) generates genomic instability that leads to micronuclei
formation and cytosolic DNA accumulation, which activates the cGAS-STING innate immune sensing
pathway.33,34 Both NT2.5LM and NT2.5LV upregulate cGAS expression (log2FC = + 1.69 and + 0.28,

respectively; Supplementary Table 4). While NT2.5LM increased the expression of Mx1, Isg15, and Ifit1
genes relative to NT2.5, NT2.5LV decreased its expression of MX1 and Isg15.

Despite NT2.5LM’s HRR-deficient transcriptional profile, extended pathway analysis revealed a
concurrent and paradoxical shift in apoptosis-related gene expression. The anti-apoptotic Bcl2 was
significantly upregulated relative to NT2.5 (+ 2.3 logCPM; Fig. 6b), associated with overexpression of pro-
apoptotic BH3-only proteins including Hrk (+ 7.2logCPM), Bik (+ 3.2), Bmf (+ 3.2), and downregulation of
extrinsic pathway mediators TNF (-4.2) and Bok (-1.3; Supplementary Fig. 10a) among others.

To uncover transcriptional vulnerabilities, we performed in vitro dose response assays using olaparib (6-
day) and cisplatin (72-hour) using six breast cancer cell lines. The human BRCA1-mutant line, MDA-MB-
436 demonstrated the highest olaparib sensitivity (IC50 = 0.75 µM) confirming vulnerability in HRR-
deficient cells (Fig. 6c, Table 1). However, NT2.5LM showed significant resistance (IC50 = 49 µM) despite
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harboring HRR deficiency. Notably, cisplatin induced universal dose-dependent killing regardless of HRR
status (IC50 = 1–2 µM; Supplementary Fig. 10c), while olaparib-cisplatin combination did not enhance
efficacy.

Given that Bcl2 overexpression can confer PARP inhibitor resistance by blocking apoptotic execution
downstream of DNA damage, we tested whether Bcl2 inhibition could restore sensitivity to olaparib. ABT-
199 monotherapy showed modest efficacy in NT2.5LM (IC50 = 25 µM) but minimal to modest effect in
NT2.5LV and NT2.5, respectively (Fig. 6d, Table 1). Combination treatment with ABT-199 and olaparib (25
µM) induced synergistic tumor killing exclusively in NT2.5LM (CI = 0.8; Bliss EOB = + 0.090 where CI < 1
and EOB > 0 depicts synergy) even at low ABT-199 concentrations.

HER2-targeted therapy diminishes primary tumor growth
and metastatic potential
NT2.5-based cell lines harbor Erbb2 overexpression conferring HER2-dependent proliferation and
potential sensitivity to HER2-targeted therapies. However, the NT2.5 Erbb2 transgene encodes rat Erbb2
under control of the mouse MMTV promoter.14 Thus we performed protein sequence alignment of the
NT2.5LV Erbb2 (inferred from transcriptome sequence) with the human ERBB2 (UniProt P04626) to
assess conservation of therapeutic target epitopes.35

The extracellular domain (aa 23–652) revealed 74% conservation with variation of critical binding sites
of pertuzumab (domain II) and trastuzumab (domain IV; Fig. 5a, Supplementary Fig. 7).36 In vitro
treatment with trastuzumab (0.1–100 µg/mL for 72 hours) failed to reduce NT2.5LV viability, consistent
with altered binding-site in the protein domain IV (Supplementary Fig. 8c). However, in vivo treatment
with anti-HER2 monoclonal antibody revealed a modest 54% reduction in tumor volume (410 vs 880
mm3; Fig. 5b). The combination treatment of anti-HER2 antibody and paclitaxel demonstrated significant
synergy with 82% reduction in tumor volume. The intracellular tyrosine kinase domain (aa 676–1255)
exhibited 92% conservation, including ATP-binding and TKI-binding residue sites. Neratinib, an
irreversible pan-HER TKI, binds conserved Cys805 and Val773 sites, while lapatinib, a reversible
EGFR/HER2 TKI, binds Leu726, Ala751, and Arg849 residues.37–39

Based on amino acid sequence conservation, we hypothesized that TKIs would retain biological activity
against tumor cells. Dose-response assays confirmed potent neratinib sensitivity with IC50 of 0.33, 0.22,
and 0.16 µM for NT2.5LV, NT2.5LM and NT2.5, respectively (Fig. 5c; Supplementary Fig. 8a). For
comparison, the triple-negative 4T1 line exhibited IC50 of 15.08 µM, demonstrating > 45-fold selectivity
for HER2-amplified NT2.5 lines. 4T1 appeared to retain low-level TKI sensitivity attributable to ERBB2
copy number gain (log2=0.088) and EGFR/ERBB2 expression, rather than complete target absence

(Supplementary Fig. 9a-c). Lapatinib showed similar trends but with higher IC50 values (Fig. 5d;
Supplementary Fig. 8b). The enhanced efficacy of neratinib relative to lapatinib is likely due to its
irreversible inhibition.39
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To evaluate Neratinib’s efficacy in vivo, NeuN mice injected with orthotopic 2.5 × 105 NT2.5LV cells in the
fourth MFP were randomized to vehicle vs. neratinib (40mg/kg/day) when tumor size reached 6-7mm.
Neratinib significantly suppressed tumor growth relative to vehicle (two-way ANOVA, p < 0.01; Fig. 5e).
The treated tumors weighed 59% less than controls (430 mg vs. 1050 mg; unpaired t-test, p = 0.048;
Fig. 5f).

At necropsy, we performed systematic organ survey, which revealed decreased visceral metastases in
neratinib-treated mice. Vehicle-treated mice developed macroscopic liver metastases in 3/5 (60%), lung
metastases in 3/5 (60%), iliac lymph node metastases in 4/5 (80%), and splenic metastases in 1/5 (20%;
Fig. 5g). In contrast, neratinib-treated mice developed iliac lymph node metastases in 2/5 (40%) without
any liver, lung, or splenic metastases (0/5). Histological analysis of iliac lymph nodes from vehicle- and
Neratinib-treated mice confirmed metastatic adenocarcinoma cells infiltrating and compressing the
cortical lymphoid follicles (Fig. 5h).

Discussion
Studies presented here provide evidence that site-specific colonization of our murine cell lines NT2.5LV
and NT2.5LM are driven primarily by transcriptional programs rather than genomic alterations outside
key cancer-specific drivers.  Despite sharing conserved Erbb2 overexpression, Cdkn2a/b homozygous
deletion, and similar TMB, NT2.5LM and NT2.5LV express divergent transcriptional programs tailored to
organ-specific colonization.  NT2.5LM adopts a DNA damage-immune signaling program characterized
by HRR suppression, cGAS-STING activation, and high cell-cell adhesion, whereas NT2.5LV employs a
metabolic, proliferative program featuring Warburg-like glycolysis, fatty acid oxidation, MMP-mediated
ECM remodeling, and rapid proliferation. 

The NT2.5-model system offers unique benefits for preclinical metastasis research. Unlike xenograft
model systems, this model is characterized by: (1) immunocompetent host (FVB/N NeuN mice), which
preserves the tumor-immune-stromal interactions necessary to evaluate immune evasion and
immunotherapies.  (2) High organ-tropic fidelity with 80-90% site-specific colonization within 8-10 weeks,
enabling mechanistic and therapeutic studies.  (3) Isogenic model permitting investigations of organ-
specific adaptations without the confounding heterogeneity of patient-derived models. (4) Recapitulates
human HER2+ breast cancer features HER2 overexpression (15-20% of cases), CDKN2A/B deletion (16%
of metastases), elevated TMB, and multi-organ dissemination.28  Integrated genomic and transcriptomic
characterization of NT2.5LV and NT2.5LM revealed that genomic evolution and transcriptional plasticity
shape organotropism.  NT2.5LV’s colonization of multiple organs mirrors the complexity of advanced
breast cancer.  Collectively, the model’s preserved immune context, predictable organ tropism, and multi-
site colonization enable comprehensive investigation of primary and metastatic TMEs. 

Organ-specific metastasis depends not only on environmental factors but also on intrinsic cancer-cell
traits that enable dissemination and colonization.40 Consistent with MET500 analyses showing that
metastases exhibit higher TMB without organ-specific mutations, our WGS demonstrated conserved
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genomic architecture in NT2.5LM and NT2.5LV, with transcriptional, rather than genomic, divergence
underlying organ tropism.41 Furthermore, single-cell RNA (scRNA) sequencing revealed that primary
breast tumors harbor extensive transcriptional heterogeneity with diverse subclones suggesting
evolutionary branching prior to metastasis. 42 The NT2.5 models extend these clinical observations, with
NT2.5LV exhibiting the proliferative-metabolic rewiring and NT2.5LM the inflammatory-immune
engagement.28 These transcriptional signatures were found to be weakly associated with biopsy site
suggesting that metastatic tropism emerges from transcriptional adaptation to organ-specific selective
pressures rather than predetermined genomic programs.   

This transcriptional branching may be explained by several non-mutually exclusive mechanisms.  First,
epigenetic reprogramming via DNA methylation and chromatin remodeling occurs in response to organ-
specific microenvironmental cues.43 Disseminated cancer cells encounter organ-specific metabolite
gradients, oxygen tensions, and pH fluctuations in different organs.  Such stimuli are likely to reprogram
the cell transcriptional state through metabolite-sensing transcription factors such as PPARα (lipid
sensing), HIF-1α (hypoxia sensing), and LXR/RXR (cholesterol sensing).44  These factors are likely to
drive NT2.5LV’s hypermetabolic phenotype and NT2.5LM’s cGAS-Sting/IFN-associated immune
signature.  Second, post-transcriptional regulation may be mediated by RNA-binding proteins, protein-
protein interactions and noncoding RNAs.   Third, selection of pre-existing NT2.5 subclones may enrich
tumor cells with transcriptional programs compatible with liver- or lung-microenvironment.
 Distinguishing whether adaptation mechanisms or clonal selection drive organ-specific metastasis
requires scRNA sequencing of pre-injection NT2.5 cells with lineage tracing.  Our WGS and bulk RNA
sequencing analysis suggests both mechanisms contribute to site-specific colonization, as clonal
analysis revealed shared “metastatic trunk” mutations with organ-specific transcriptional branches.   

NT2.5LM’s downregulation of HRR-related genes (Brca1, Palb2, and Rad51) raises a fundamental
question: how do genomically unstable cells survive and colonize distant sites? Our findings suggest
that NT2.5LM transforms this liability into a strategic advantage by activating the cGAS-STING pathway,
which canonically is associated with immune-mediated cell death.33,34 Impaired DNA repair generates
cytosolic DNA fragments and micronuclei, sensed by cGAS, triggering STING-dependent type I interferon
signaling normally reserved for pathogen detection.45  However, NT2.5LM not only tolerates this immune
activation but appears to paradoxically depend on it, co-opting the resulting interferon response (Isg15,
Mx1, Ifit1) to facilitate rather than suppress lung colonization.  

Our data revealed that both lung- and liver-tropic derivatives upregulated cGAS expression, suggesting
constitutive cytosolic DNA sensing in both cell lines.  However, the downstream interferon response
diverged between NT2.5LM amplified its ISG profile and NT2.5LV attenuated it.  This dissociation
between DNA sensing (cGAS-mediated) and interferon amplification suggests that cGAS activation
alone is insufficient.  NT2.5LM’s successful immune co-option requires this sustained downstream
signaling maintained by Bcl2-mediated survival program, which tolerates its constitutive genomic stress.
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 In contrast, NT2.5LV lacks this anti-apoptotic rewiring and suppresses the interferon signaling program
to evade immune detection, relying on its hypermetabolic and proliferative strategies for colonization.   

The cGAS-STING activation likely promotes lung colonization through multiple mechanisms, which will
be examined in future studies. First, NT2.5LM employs immune evasion mechanisms via immune
checkpoint (PD-L1 and Ceacam1) upregulation and chemokine secretion (Cxcl10, Ccl5).  This selective
strategy of inhibitory ligands coupled with amplified ISGs, suggests that NT2.5LM may exploit the cGAS-
STING system to establish immune tolerance rather than induce immune-mediated cell death.   Second,
disseminated tumor cells activate survival signaling through NF-κB and STAT1, which could confer
resistance to apoptosis.46 Third, tumor cells may remodel the TME via inflammasome-mediated IL-1β
and IL-18 secretion.47  NT2.5LM’s unique upregulation of canonical interferon-stimulated genes (Cxcl10,
Isg15, Mx1), coupled with NT2.5LV’s downregulation of such programs, indicates that cGAS-STING
activation is NT2.5LM-specific adaptation rather than a universal metastatic phenotype.  This strategy
likely succeeds in the lung given that it is an immune-enriched environment with alveolar macrophages,
dendritic cells, and tissue-resident memory T cells.48   NT2.5LM’s interferon signature also likely pre-
adapts tumor cells to this hostile environment by upregulating immune checkpoints prior to arrival. Thus,
if this system is required for NT2.5LM to establish immune-tolerant niches in the lung, then cGAS-STING
inhibition during dissemination may hinder lung colonization.  

In addition to immune co-option, NT2.5LM enhances cell-cell adhesion through claudins (Cldn1, Cldn4),
Vcam1, and Ceacam1, consistent with a cohesive growth pattern.  Its integrin profile reveals lung-specific
adaptations with upregulation of Itga8 (normally expressed in lung tissue), Itgb8 (TGF-β activation), and
Itgb2 (immune-cell interactions) while downregulating collagen-binding integrins (Itga1, Itga2).  This shift
from ECM engagement to claudin- and integrin-based cell-cell adhesion may protect metastatic niches
from anoikis and insulate them from immune infiltration.49 

NT2.5LV exhibits a hypermetabolic, invasive, and proliferative signature adapted for hepatic
microenvironment. Hepatocytes maintain high glycolytic flux, secrete glucose and store abundant
triglyceride reserves.50 They also form fenestrated sinusoids that allow direct contact with circulating

cells, partially explaining the widespread hepatic metastases across cancer types.51 NT2.5LV adapts to
this unique microenvironment through coordinated upregulation of glycolysis genes (11 of 19) and lipid
metabolic enzymes (9 of 21) relative to both NT2.5 and NT2.5LM.   The upregulation of Cpt1b, the rate-
limiting enzyme for mitochondrial fatty acid import, allows NT2.5LV to exploit hepatic lipid stores for
energy production via fatty acid oxidation, while sustained Ldha, Pgk1, and Pkm expression suggests
aerobic glycolysis consistent with a Warburg-like phenotype rather than a response to glucose limitation.
52 Notably, oxidative phosphorylation appeared comparable between NT2.5LM and NT2.5LV, indicating
that organ-specific substrate utilization may be dependent on available nutrients rather than
mitochondrial capacity.  This metabolic profile was validated in the AURORA cohort, where patient-
matched liver metastases rather than lung-metastases showed significant upregulation of both
glycolysis and fatty acid metabolism.  Consistent with our findings, pan-cancer analysis showed that
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liver metastases from lung, esophageal and adrenocortical carcinomas upregulate adipogenesis and
fatty acid metabolism pathways.41 Such metabolic reprogramming across various cancer types shows
that targeting Cpt1 (etomoxir, perhexiline) or glycolysis enzymes (2-deoxyglucose) may provide broad
therapeutic benefit for liver metastases.  In contrast, NT2.5LM upregulated one-carbon metabolism
genes, which may be suitable for well-oxygenated pulmonary environment.  

In addition to metabolic reprograming, NT2.5LV demonstrates extensive ECM remodeling through MMP
upregulation.  NT2.5LV increased Mmp3 expression by 20-fold relative to NT2.5LM, and 5.5-fold for
Mmp9, making them among the most differentially expressed genes in the dataset.  Functionally, Mmp3
cleaves collagen III, IV, V, and IX, as well as laminin, fibronectin, and proteoglycans, thereby facilitating
cellular transmigration across the space of Disse.53  Moreover, Mmp9 degrades denatured collagen and

activates latent TGF-β, reshaping the ECM to favor of invasive growth.54,55  This proteolytic phenotype
translated into functional invasive capacity, with NT2.5LV showing 37% higher basement invasion than
NT2.5LM in Transwell assay.  This MMP-driven hepatic colonization program is conserved in clinical
breast-to-liver metastases as demonstrated by the MET500 cohort, where liver metastases showed
significant upregulation of MMP7 and MMP10 relative to LN metastases. Furthermore, NT2.5LV uniquely
upregulates Itga7, a laminin-binding integrin that facilitates basement membrane adhesion and is
associated with hepatocellular carcinoma progression.56 This dual strategy of MMP-mediated
degradation coupled with selective integrin-mediated adhesion enables NT2.5LV to navigate the unique
hepatic sinusoids, where matrix degradation alone would be insufficient without basement membrane
attachment.  

While EMT has long been viewed as essential for tumor cell dissemination, our data suggest
mesenchymal-to-epithelial (MET) reversion may be necessary for successful colonization. Both
NT2.5LM and NT2.5LV exhibited epithelial enrichment (78 and 71 of 133 epithelial genes, respectively)
with ZEB1 suppression (27-fold reduction in NT2.5LM and 2.6-fold reduction in NT2.5LV relative to
parental NT2.5). These findings align with emerging research revealing that EMT facilitates tumor cell
dissemination and chemoresistance but epithelial reversion is necessary for distant-organ
proliferation.57–59  Genetic deletion of EMT transcription factors (Zeb1, Snail, Twist) in pancreatic cancer
mouse models paradoxically increased hepatic metastases through stabilization of epithelial
programs.60 Similarly, epithelial (CD49f+/EpCAM+/E-cadherinhigh) populations from patient-derived
xenografts of triple negative breast cancer harbor superior tumor-initiating capacity compared with
mesenchymal-rich cells.58  Extending these findings to human breast cancers, our breast and pan-cancer
analyses of MET500 cohort revealed progressive epithelial gene enrichment from TCGA primary breast
tumors through lymph node to liver metastases, with liver lesions showing the highest epithelial scores.
This transcriptional pattern indicates that EMT is a dynamic process reflecting cancer cell plasticity to
shift between different states depending on selective environmental pressures regardless of primary
tumor site. Hence, inhibiting epithelial colonization machinery by targeting claudin-based tight junctions,
E-cadherin adhesion complexes, and organ-specific integrins, may more effectively diminish metastatic
outgrowth than disrupting EMT-associated dissemination.   
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In contrast, transcriptional biomarkers failed to predict therapeutic response in some contexts.  Despite
HRR deficiency in NT2.5LM (76% downregulation of pathway genes), PARP inhibitors showed limited
efficacy (IC50 = 49 µM), well above maximum plasma concentration.61  This finding aligns with clinical

observations demonstrating that genomic alterations do not consistently predict durable response to
PARP inhibition in the absence of BRCA1 or BRCA2 mutations.  Multiple resistance mechanisms have
been described, including compensatory PARP1 overexpression, 53BP1/shieldin loss restoring HR
proficiency, and replication fork protection via FANCD2/RADX.62–65 

Our data uncover a distinct resistance mechanism involving anti-apoptotic rewiring through Bcl2
overexpression given its constitutive genomic stress.  NT2.5LM demonstrated the highest TMB (2.733)
alongside HRD, consistent with ongoing genomic damage.  This instability engages the cGAS-STING
cytosolic DNA sensing pathway.   However, rather than inducing cell death, NT2.5LM simultaneously
upregulates the anti-apoptotic gene, Bcl2, and pro-apoptotic BH3-only proteins (Hrk, Bik, Bmf, Puma, and
Noxa); consistent with BH3 priming.66 We propose that Bcl2 overexpression could enable NT2.5LM to
survive downstream effects from constitutive cGAS-STING activation and accumulated pro-apoptosis
signaling, thus uncoupling genomic instability from cell death. Future studies will evaluate this
mechanism further.

This anti-apoptotic dependency creates a pharmacologically targetable vulnerability.   ABT-199 and
olaparib combination induced synergistic cell death in NT2.5LM (CI = 0.80).  NT2.5LM’s specificity to this
combination supports a mechanistic model in which PARP inhibition generates lethal DNA damage in
HRR-deficient cells (BRCA-like), yet Bcl2 overexpression prevents apoptosis.   However, Bcl2 inhibition
can release this block and restore drug lethality.  These findings are consistent with emerging evidence
that BH3 mimetics can sensitize tumors to DNA-damage agents across multiple cancer types.67  

These data highlight direct translational implications. Venetoclax (Bcl2-antagonist) is FDA-approved for
hematological malignancies and is under clinical investigations in solid tumors.  Our data show that Bcl2
overexpression and BH3 priming status may serve as functional biomarkers to identify breast cancer
patients who may benefit from combined PARP and Bcl2 inhibition; a therapeutic vulnerability that HRR
status alone may not predict.  Moreover, the concurrent cGAS-STING activation in NT2.5LM enhances
the possibility that overcoming Bcl2-mediated apoptotic blockade could enhance STING-driven anti-
tumor immunity, providing rationale for triple combination strategies incorporating immune checkpoint
blockade.  For NT2.5LV, with modest Bcl2 overexpression but proliferative MYC-driven phenotype, CPT1
inhibition to block fatty acid oxidation, or glycolysis blockade to disrupt its Warburg-like metabolism may
hold greater promise.  Hence, these findings demonstrate that organ-specific metastatic programs
exhibit distinct therapeutic vulnerabilities and demand precise and strategic targeting modalities.  

 Our study has several limitations that warrant discussion.  First, our findings warrant validation in other
HER2+ mouse breast tumor models (such as 4T1-HER2, MMTV-PyMT, MMTV-NeuT).  Second, our
analysis did not address key mechanistic gaps and thus future investigations are necessary.  Finally, the
rat Erbb2 sequence may limit direct clinical translation, though conservation of TKI-binding site supports
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relevance of the NT2.5 model system for kinase inhibitor and murine monoclonal antibody studies.  In
summary, our findings suggest that effective treatment of metastatic breast cancer should employ site-
specific therapeutic strategies which could be informed by organ-signature transcriptional profiles.   

Methods
Cell lines and culture conditions

NT2.5 parental cells were derived from MMTV-Neu transgenic mice (FVB/N-Tg(MMTVneu)202Mul/J;
Jackson Laboratory JAX stock #002376).  The NT2.5LM cells were generated through iterative in vivo
selection for lung tropism, as previously discribed.18 NT2.5LV cells were generated in this study through
serial passage of liver metastases as described in Results. MDA-MB-231, MDA-MB-436, and MCF7 cell
lines were purchased from the Amerian Type Culture Collection (ATCC, Rockville, MD).  All NT2.5-based
cell lines were cultured in RPMI supplemented with 20% fetal bovine serum (FBS; Gibco), 100 U/mL
penicillin, 100 U/mL streptomycin, 0.1% nonessential amino acids, 0.1% glutamine and 10mM N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES; STEMCELL Technologies, Vancouver, Canada)
at 37°C in a humidified 5% CO2 incubator.  All human cell lines were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a
humidified 5% CO2 incubator. All the cell lines used in in vitro and in vivo were tested negative for
mycoplasma contamination (Charles River, Wilmington, MA).

Animal studies

All animal procedures were approved by the University of Southern California Institutional Animal Care
and Use Committee and performed in accordance with NIH guidelines. All female FVB/N-Tg(MMTVneu)
mice (NeuN; age 8-12 weeks) were purchased from Jackson Laboratory or bred in-house at USC animal
facility. We injected 2.5 × 105cells in NT2.5LV single-cells in 100 μL 1x phosphate buffered saline (PBS;
Corning, Corning,NY) into the fourth mammary fat pad of 7–8-week-old virgin female mice. Primary
tumors were resected when reached 15mm in diameter under isoflurane anesthesia with sustained-
release buprenorphine (1 mg/kg SC). The tumor volumes were measured by caliper and calculated using
the formula: volume = (length × width2)/2. Mice were euthanized when tumors reached end points.  At
necropsy, organs were harvested, fixed in 10% neutral buffered formalin for 48 hours, and maintained in
70% ethanol.

To evaluate Neratinib efficacy in vivo, mice bearing NT2.5LV tumors (6–7 mm diameter; Day 37 post-
injection) were randomized to vehicle (0.5% methylcellulose; n = 5) or neratinib (40 mg/kg/day; n = 5;
MedChemExpress) administered by oral gavage.   We continued the treatment until experimental
endpoint (Day 57). Tumor volumes and body weights were recorded every 3–4 days. At necropsy,
primary tumors were dissected and weighed, and organs and apparent lymphadenopathy were examined
for gross metastases.
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To evaluate the efficacy of anti-HER2 monoclonal antibody in vivo, mice orthotopically injected with 2.5 ×
105 NT2.5LV cells in 100 uL PBS were randomized into the following groups: a) 100uL IgG2a isotype
(1mg/mL; BioXCell) weekly intraperitoneal injection (vehicle),  b) 100uL anti-Her2 monoclonal antibody
(1mg/mL; BioXCell) weekly intraperitoneal injection, or c) 300uL paclitaxel (1mg/mL; Selleck Chem)
twice per week intraperitoneal injection (30mg/kg/mouse/week), or d) combination of paclitaxel and
anti-HER2 antibody.  Control group included 3 mice, while treatment groups included 5. Treatment began
on day 7 post injection.  At endpoint, the mice were euthanized at day 36 post injection.  

Histology and immunohistochemistry (IHC)

To evaluate the epithelial and tumor markers in NT2.5LV, tumors were formalin-fixed for 24-48 hours, and
stored in 70% alcohol.  The samples were embedded in paraffin (FFPE), and 3-5 µm slides were prepared
by the USC Clinical Immunochemistry and Research Core using standard protocols.   All subsequent
hematoxylin and eosin (H&E) and immunohistochemistry staining (IHC) were performed at the same
core.   Briefly, tissue sections were deparaffinized, rehydrated, and subjected to heat-induced antigen
retrieval as per antibody protocols.  

Whole-genome sequencing and analysis

Genomic DNA was extracted from cell lines using the DNeasy Blood & Tissue Kit (Qiagen). PCR-free
whole-genome sequencing libraries were prepared with the TruSeq DNA PCR-Free Library Prep Kit
(Illumina) and sequenced by Novogene on a NovaSeq 6000 platform (2 × 150 bp paired-end) to a target
depth of ~30×. Raw reads were assessed with FastQC and summarized using MultiQC, and were aligned
to the mouse reference genome (GRCm38/mm10) using BWA-MEM (v0.7.17).68–70 Somatic single-
nucleotide variants (SNVs) and indels were called with GATK Mutect2 (v4.2.0) in tumor–normal mode,
using FVB/N genomic DNA as the matched normal reference. Variants were filtered with
FilterMutectCalls, normalized with bcftools norm, and functionally annotated with ANNOVAR using the
mm10 RefGene database.71–74 Tumor mutational burden (TMB) was calculated as the number of exonic
protein-altering mutations (nonsynonymous SNVs, stopgain/stoploss, frameshift and nonframeshift
indels) per megabase of callable exonic sequence (~71 Mb).

Copy-number variation (CNV) analysis was performed using CNVkit (v0.9.11).75–77 Bin-level log2 copy

ratios were calculated relative to pooled normal references, segmented using circular binary
segmentation (CBS), and converted to absolute copy numbers (CN = 2 × 2log2ratio). Gene-level copy
numbers were extracted and plotted in Python 3.12 using matplotlib and pandas.  Clonal evolution
analysis was performed using PyClone-VI (v0.1.3).78 High-confidence somatic SNVs with ≥10× coverage
were used as the input along with variant allele frequencies (VAFs). PyClone inferred cancer cell
fractions (CCF) and clustered mutations into clones. Phylogenetic relationships were reconstructed
based on clone prevalence across samples.

RNA sequencing and analysis
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We used RNeasy Mini Kit (Qiagen) to extract and isolate total RNA from NT2.5, NT2.5LM, and NT2.5LV
cell lines. Biological replicates included three samples each for NT2.5 and NT2.5LV, and two samples for
NT2.5LM, harvested at 70-80% confluence. We used Agilent 2100 Bioanalyzer to determine the RNA
integrity (RIN > 8.0). Library preparation and sequencing were performed by Novogene using the TruSeq
Stranded mRNA Library Prep Kit (Illumina), followed by paired-end sequencing on the NovaSeq 6000
platform (2 × 100 bp; ~30 million reads per sample). The quality of the raw data was assessed using
FastQC and MultiQC. The reads were trimmed for adapters.  The data was aligned to the mouse
reference genome (mm10) with STAR (v2.7.9a), and used RSEM (v1.3.3) for gene level
quantification.79,80  

We normalized read counts using edgeR (v3.38.0) with trimmed mean of M-values (TMM) normalization
with log2-counts-per-million (logCPM) transformation. 81  Differential gene expression analysis used the

limma-voom R package with empirical Bayes moderation of gene-wise variances (shown in
Supplementary Fig. 4).82,83  To account for the small size number, particularly NT2.5LM with n=2, we
used linear models to fit each gene, and moderated t-statistics were calculated using the empirical
Bayes shrinkage.  P-values were adjusted for multiple testing using the Benjamini-Hochberg false
discovery rate (FDR).  Genes were considered significant if the |log2FC| >0.5 and FDR < 0.05. 

To assess ERBB family and kinase target gene expression in 4T1 tumor cell line, we utilized publicly
available bulk RNA-seq data (SRA accession: SRR17179922).  Reads were aligned to mm10 using STAR,
and gene expression was quantified as read counts. 

Gene set enrichment

Gene set enrichment analysis was performed with fgsea (v1.20.0) using MSigDB Hallmark, KEGG,
Reactome, and Gene Ontology Biological Process gene sets.84–88 Pathway-level scores were computed
as the mean log₂ fold change of all genes within each pathway. Data visualization, including expression
heatmaps, bar plots, and enrichment summaries, was performed in Python (NumPy, Pandas, Matplotlib,
Seaborn).   To define transcriptional programs associated with lung and liver-metastases, normalized
gene expression values and differential expression statistics were obtained for the NT2.5LM vs. NT2.5,
NT2.5LV vs. NT2.5, and NT2.5LM vs. NT2.5LV. We first applied an expression filter requiring a maximum
normalized expression ≥ 5 in at least one of the three lines to exclude low-abundance transcripts. Genes
comprising the NT2.5LM-up signature (LM_UP) were defined as those significantly upregulated in
NT2.5LM compared with both NT2.5 and NT2.5LV ((FDR) < 0.05 and abs. log₂ FC ≥ 1.585, corresponding
to ≥3-FC, for both NT2.5LM vs. NT2.5 and NT2.5LM vs. NT2.5LV). On the other hand, NT2.5LM
downregulated genes (LM_DOWN) in NT2.5LM relative to both NT2.5 and NT2.5LV using the same FDR
and FC thresholds. The differentially expressed genes in NT2.5LV (LV_UP and LV_DOWN) signatures
were defined similar to NT2.5LM. 

TCGA primary breast cancer tumor analysis
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We used the UCSC Xena data portal to access the gene expression for invasive breast cancer (BRCA)
1,097 primary tumors.  The Fragments Per Kilobase Million (FPKM) values were log2-transformed
(log2(FPKM+1)) for subsequent analysis.  

MET500 metastatic samples

The gene expression values of metastases from breast-to-liver, breast-to-lymph nodes, pan-cancer liver,
and pan-cancer lymph nodes downloaded as log2 (FPKM+1) with the clinical metadata.   

AURORA breast cancer cohort

Gene expression data from patient-matched primary breast tumors and metastases were obtained from
the AURORA study dataset (GSE209998).  The dataset included 129 samples from 53 breast cancer
patients with RNA-sequencing data including 18 matched primary-liver metastasis pairs and 8 matched
primary-lung metastasis pairs.  Upper quartile normalized (UQN) expression values were used for
pathway analysis.  

EMT gene expression analysis

We assessed EMT gene expression across the three cell lines using the curated 315 tumor-specific EMT
genes reported by Tan et al (2014).  We identified 291 genes (of the 315) including 133 epithelial and 158
mesenchymal in our bulk RNA-seq dataset.  The gene expression values (TMM-normalized logCPM)
were compared across the parental NT2.5 and its metastatic derivatives.  

EMT score calculation

We then calculated the EMT scores using the two-sample Kolmogorov-Smirnov (2KS) test as described
by Tan et al (2014).  This involved calculating the empirical cumulative distribution functions (ECDFs) for
epithelial and mesenchymal gene expression values.  The EMT score represented the maximum
difference between the two ECDFs, and the sign indicates the direction of the EMT balance whereby a
positive sign indicates epithelial character while a negative sign indicates a mesenchymal one.   Cell
lines were classified as epithelial if ECDF_ep > ECDF_mes), or mesenchymal (ECDF_ep < ECDF_mes).
This method was also applied to the TCGA primary breast tumors, and the MET500 metastatic tumors.
 The associated p-value from the KS test indicates the statistical significance.   To compare the EMT
scores between the cell lines, we used two-tailed Student’s t-tests given the small sample sizes (NT2.5
and NT2.5LV with n=3 biological replicates, and NT2.5LM with n=2 replicates).  

For patient-matched samples in AURORA cohort, EMT signature scores were calculated using
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION gene set (MSigDB2025.1,200 genes) as the
mean expression across available pathway genes. Paired two-tailed t-test was used to assess changes
in EMT scores across matched primary tumors and metastases.  

EMT gene-level analysis
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To obtain the comprehensive EMT gene level analysis across the cell lines (Supplementary Figure 6 and
Supplementary Table 5), gene expression levels were first averaged across the biological replicates of
each cell line.  The Log2FC was calculated by subtracting the NT2.5 expression from the NT2.5LM or
NT2.5LV.  The differences in expression between the cell lines were assessed using paired Wilcoxon
signed-rank tests separately. Additionally, we used the Mann-Whiteny U test to compare gene expression
distributions of epithelial vs mesenchymal within each cell line.   To perform statistical analysis between
independent clinical datasets with large sample size (TCGA and MET500) and multiple tissue types, non-
parametric Mann-Whitney U tests (two-sided) was used with statistical significance defined as p <0.05.

Drug sensitivity assays

Tumor cells (5,000 per well) were incubated in 96-well plate for 24 hours in 5% CO2 and 37°C incubator.
They were subsequently treated with cisplatin (0.01-50 µM; Sigma -Aldrich, St. Louis, MO), olaparib (0.01-
100 µM; Selleck Chemicals, Houston, TX), cisplatin + olaparib combination (0.01-100 µM ), neratinib
(0.001-50 µM; Selleck Chemicals), lapatinib (0.001-100 µM; Selleck Chemicals), trastuzumab (0.1-200
µM; Selleck Chemicals), ABT-199 (0.1-50 µM; Selleck Chemicals), or vehicle (DMSO for all except
cisplatin, or PBS for cisplatin at 0.1% final concentration) for 72 hours at 37°C in a humidified 5%
CO2 incubator. Cells treated with single-agent olaparib were incubated for 6 days with new media
supplied with the drug replaced after 96 hours.  Cell viability was measured using CellTiter-Glo
(Promega, Madison, WI) according to manufacturer’s protocol, and read on a ClarioStar plate reader.
 Experimental conditions were performed with two to four biological replicates.  To determine the dose-
response curves for each drug, cell viability at each tested concentration was normalized to vehicle
control (set at 100% viability). Dose-response curves and IC50 measurements were computed by fitting a

four-parametric logistic (4PL) model using Python (SciPy curve_fit), with replicate means plotted ± SEM.
 The statistical significance between the cell lines at each given concentration of a drug was determined
using one-way ANOVA test.   For pairwise comparisons, two-sample t-tests with Bonferroni correction for
multiple testing were performed.  For trastuzumab single-cell-line in vitro experiment, one-sample t-test
was used to compare each concentration to control (set at 100% viability), with Bonferroni correction
used to compare the multiple concentrations.  Significance was defined as: *p<0.05, **p<0.01,
***p<0.001.  All other values were determined to be not significant (ns).  Statistical analyses were
performed using Python (SciPy stats module).  

Drug combination analysis

Drug combination synergism (ABT-199 and olaparib) was assessed using the Chou-Talalay method and
Bliss Excess over Bliss (EOB).89–91  The combination index (CI) was calculated using the Chou-Talalay
method and results interpreted as followed: CI<1, synergy; CI>1, antagonism).  EOB was calculated as
the difference between observed and expected effects (expected = Fa1+Fa2-(Fa1 x Fa2), where Fa=1-
Survivial Fraction). EOB > 0 identifies synergy; EOB<0 indicates antagonism.  

Invasion assay
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Cell invasion capacity was tested using a 96-well basement membrane invasion assay (Abcam
ab235887, Cambridge, MA).   Briefly, 8-µm-pore cell migration inserts were coated with 100 µL collagen I
and incubated overnight.   Cells were serum-starved for 18-24 hours prior to assay.  50,000 cells per well
in serum-free medium were seeded into upper chambers, while lower chambers contained medium with
10% FBS as chemoattractant.  Following 48-hour incubation at 37°C with 5% CO2.   Invaded cells in the
lower chamber were dissociated with Cell Dissociation Solution containing fluorescent Cell Dye.
 Fluorescence was assessed at Ex/Em 530/590 nm using ClARIOstar plate reader.  Cell numbers were
calculated from cell line-specific standard curves.  Invasion index was calculated as (invaded cells/total
seeded cells) * 100%.   

Statistical analysis

Data are presented as mean ± SEM unless otherwise stated. Comparisons between two groups were
performed using unpaired two-tailed Student's t-tests. Tumor growth curves were analyzed by two-way
ANOVA with Šídák post-hoc tests. Fisher's exact test was used for metastasis frequency comparisons.
P-values < 0.05 were considered statistically significant. Statistical analyses were performed in
GraphPad Prism 9 and Python (NumPy, SciPy, and Matplotlib).

Declarations
Data Availability

WGS and bulk RNA-sequencing from NT2.5, NT2.5LM, and NT2.5LV cell lines will be deposited in the
Gene Expression Omnibus (GEO).  The WGS of 4T1 will also be deposited in GEO.

The MET500 dataset used for validation is publicly available through UCSC Xena Browser
(https://xenabrowser.net/datapages/?cohort=MET500%20(expression%20centric) with processed
expression data and metadata.  The MET500 expression matrix (MET500_log2FPK.txt.gz), metadata
(M.meta.plus.txt), and gene mapping files (gencodev233.annotation.gene.probemap) used in this study
were obtained from this repository (Robinson et al., 2017). The TCGA BRCA data are publicly available
through the UCSC Xena browser (htts://xenabrowser.net).  The AURORA breast cancer cohort was
accessed under accession GSE209998 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE209998).   Public RNA-seq data for 4T1 cells were obtained from GEO under accession
GSE190533 (sample GSM5725352, SRA run SRR17179922) and used for characterization of ERBB
family gene expression. 

All custom code used for data analysis is available from the corresponding author upon reasonable
request.  

Ethics

For all mouse studies, the University of Southern California adheres to the strictest of guidelines as
outlined by the Office of Laboratory and Animal Welfare (OLAW) and maintains a Health Science
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Campus-specific Institutional Animal Care and Use Committee (IACUC), which reviews all protocols and
rigorously evaluates their adherence to federal guidelines, OLAW/PHS animal health assurance number
#21170. 
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Figure 1

Development and characterization of high-penetrance liver-tropic NT2.5LV.

a Schematic diagram of in vivo iterative selection.  NT2.5 parental tumor cell line (2.5x105) was injected
into the fourth mammary fat pad (MFP) of NeuN mice. Primary tumors were resected (Day 44), and liver
metastases were harvested on Day 94 (Passage 0, <20% penetrance).  After ex vivo culture, cells were re-
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injected into the fourth MFP (Passage 1), yielding 45% liver and 75% lung metastases by Day 80.  A third
round (Passage 2) achieved 95% liver and 90% lung metastases by Day 65.  The NT2.5LV cell line was
established from Passage 2 and maintained stable metastatic phenotype in subsequent passages. 

b Macrometastases depiction in liver and lung.  Left panels show gross metastases in the liver on Day
41. Right panels depict gross metastases in the lung on Day 55 post-tumor injection. 

c Liver- and lung-tropism. Bar plots showing frequency of spontaneous metastases in NeuN female
mice with orthotopic NT2.5LV injection (n=20) at time of euthanasia. 

d Immunohistochemical characterization of primary breast tumors, liver and lung metastases. Each
panel shows primary breast tumor, lung, liver metastases, and control, respectively.  Stained slides show
that NT2.5LV lacks estrogen receptor (ER) but exhibited positive staining for ERBB2, CK5, CK6, GATA3,
Ki67, and PD-L1 in primary and visceral metastases.  Scale bars for H&E in the top row are 2.5mm
(1.25x), while in second row 100 µm (20x).  The scale bars for the IHC markers are 100 µm at resolution
of 20x. 
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Figure 2

Genomic characterization of NT2.5 parental and metastatic derivatives.

a Genomic alteration in coding regions. Tumor mutational burden (TMB) measured as the total genomic
alterations in coding regions per megabase (Mb). NT2.5 harbors 1.014 mut/Mb, NT2.5LM exhibits 2.730
mut/Mb, and NT2.5LV harbors 2.477 mut/Mb.
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b Shared and unique coding-region mutations in NT2.5-model system. Venn diagram of protein-altering
mutations (SNVs, DNPs, and indels). NT2.5, NT2.5LM and NT2.5LV share 29 mutations, while NT2.5LM
and NT2.5LV share 84 alterations. NT2.5LM exhibits 70 unique alterations, NT2.5LV harbors 48, and
NT2.5 has 34 such changes. NT2.5 and NT2.5LM share only 1 alteration, and NT2.5 and NT2.5LV share
2.

c Elevated single nucleotide variant distribution. Bar plots showing the distribution of single nucleotide
variants (SNVs) types among cell lines.

d Exonic indel distribution. Bar plots presenting insertions and deletions (indels) in NT2.5, NT2.5LM and
NT2.5LV. Type of shown deletions include frame shift (FS) deletions (del), non-frameshift (nonFS)
deletions. Depicted insertions are frameshift (FS) and stop gain terminating transcription.

e Genome-wide copy-number alterations in NT2.5, NT2.5LM and NT2.5LV. Copy number alteration
(CNV) plots for NT2.5 (top), NT2.5LM (middle), and NT2.5LV (bottom). Gray points represent gene-level
copy numbers. Red lines identify the means of segmented copy-number. Dashed box highlights
Cdkn2a/Cdkn2b deletion on chromosome 4. Inset in each panel reveal Erbb2 amplification on
chromosome 11, with minimum, median and maximum copy numbers indicated. Colored dots mark key
cancer genes, including Erbb2, Cdkn2a/b, Pten, Myc, Met, Egfr, Cdk4, Cdk6, Kras.
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Figure 3

Gene expression distinguishes site-specific metastatic cell lines. 

a Cell-line specific gene expression signatures.  Heatmap depicting the z-scores normalized gene
expression for cell-line specific gene signatures.  Genes identified using differential gene expression
analysis with significance thresholds: FDR < 0.05 and |log2FC| > 1.585| identifying 3x FC.  Left cluster:
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upregulated genes in NT2.5LM (purple) featuring ISG.  Right cluster: upregulated genes in NT2.5LV (gold)
featuring MMPs and metabolic enzymes.  Color scale represents z-score normalized expression (red =
high, blue = low).  Gene expression data from biological replicates: NT2.5 n = 3, NT2.5LM n =2, and
NT2.5LV n = 3. 

b Hallmark pathway enrichment.  Bubble plot showing differentially expressed pathways (y-axis) across
cell lines (x-axis) by gene set enrichment analysis (GSEA).  Bubble size represents enrichment
significance (-log10FDR).  Color of each bubble indicates normalized enrichment score (NES denotes
color of the cell line whereby gene is upregulated; gold = NT2.5LV, and purple = NT2.5LM).  Asterisks (*)
denote statistical significance with *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001).

c Gene expression of matrix metalloproteinases (MMPs).  Heatmap displaying logCPM expression of
MMP genes (y-axis) across cell lines (x-axis).  Color scale depicts expression level. 

d Baseline invasion capacity of NT2.5 metastatic variants and MDA-MB-231. Invasion indices
determined by 96-well basement membrane assay after 48-hour incubation.  Invasive capacity of
NT2.5LM depicted in purple, NT2.5LV in gold, and MDA-MB-231 in teal were assessed using 8-µm pore
Transwell inserts (Abcam).  Bars represent mean ±SEM of 3 independent biological replicates. 
*p=0.048.  Statistical significance was assessed by two-tailed t-test. 

e Metabolic pathway expression in NT2.5LV and NT2.5LM.  Horizontal bar plots depicting the mean
expression difference between NT2.5LV and NT2.5LM (logCPM) of key metabolic pathways (y-axis). 
Complete list of associated genes found in Supplementary Table 4.   

f Validation of MMP upregulation in human breast cancer liver and lymph node (LN) metastases.  Violin
plots showing MMP7 and MMP10 expression (log2FPKM) in liver metastases (n = 64, red) and lymph
node (LN, n = 36, blue) from the MET500 cohort.  Box plots identify the median and quartiles.  Two-tailed
student’s t-test was used to identify statistical significance.  Analyzed p-values for MMP7 = 2.34x10-5,
MMP10 = 0.0432.  Asterisks denote statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.

g Validation of metabolic pathway enrichment in matched primary breast tumor-metastasis pairs from
the AURORA breast cancer cohort (GSE209998).  Hallmark glycolysis (left) and fatty acid metabolism
(right) signature scores were calculated as the mean expression of gene set per sample.  Lines connect
each patient’s primary breast tumor to its matched metastasis.  Green, primary tumor; red, liver
metastasis; blue, lung metastasis.  n, number of matched patient pairs per site.  P-values determined by
paired two-tailed Student’s test. 
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Figure 4

Metastatic breast cancer undergoes mesenchymal-to-epithelial transition 

a The EMT scores of NT2.5, NT2.5LM, and NT2.5LV calculated using 2-sample Kolmogorov-Smirnov
test with 315 EMT genes.  Bar plots represent mean ±SEM. **p < 0.01, * p < 0.05 (two-tailed t-test).  The
EMT spectrum gradient show mesenchymal phenotype as red and epithelial phenotype as green.
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b and c Differential EMT gene expression. Volcano plots showing differential gene expression of the 315
tumor EMT genes between NT2.5LM vs NT2.5 (b) and NT2.5LV vs NT2.5 (c).  Green dots represent
epithelial genes, red dots are mesenchymal, and gray dots are not significant.  Dashed lines represent
FDR < 0.05 and |log2FC| > 0.5. Top 5 upregulated and downregulated genes are labeled. 

d Progressive epithelial selection during the metastatic cascade.  TCGA breast primary tumors (green, n
= 1,097), MET500 breast cancer lymph node metastasis (purple, n = 36), and liver metastasis (gold, n =
64). ***p = 0.001, Mann-Whitney U test.

 e MET500 pan-cancer validation.   Lymph node metastases (n = 99) vs liver metastases (n = 243)
across all cancer types.  ***p = 0.001, Mann-Whitney U test.

f Patient-matched EMT validation (AURORA cohort).  EMT signature scores based on Hallmark Gene
Set in patient-matched primary breast tumors and metastases.  Left panel: liver metastases (n = 12
pairs, **p=0.005) show decreased EMT score.  Right panel: lung metastases (n=8 pairs, p=0.29) show no
significant difference.  Box plots show median and quartiles; gray lines connect paired samples.  Green
dots = primary tumors, gold dots = liver metastases; blue dots = lung metastases.  Paired t-test
statistical test was performed.  TCGA: the Cancer Genome Atlas, MET500: Metastasis 500 consortium,
ARURA: Aiming to Understand the Molecular Aberrations in Metastatic Breast Cancer.
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Figure 5

h Iliac lymph node metastasis.  Hematoxylin & Eosin image of an iliac lymph node with microscopic
metastases isolated from NT2.5LV-tumor-bearing mouse.  Tumor cells (yellow arrow) compress the
lymphoid cortex (teal arrow) containing smaller lymphocytes). 
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Conserved HER2 domain supports HER2-monoclonal antibody and TKI-targeted therapies.      a
Schematic diagram of Erbb2 domains.  Top layer showing extracellular, transmembrane, and intracellular
regions with therapeutic target sites and sequence conservation between human ERBB2 and NT2.5LV
Erbb2. b Efficacy of in vivo HER2-targeted therapy with monoclonal anti-HER2 with or without paclitaxel
in NT2.5LV.  Primary breast tumors were measured in the x and y dimensions, and the volume was
calculated using V = 0.5 x L X W2, where L represents the longest dimension.  Data shown represent the
mean ± SEM.  Statistical significance was assessed using ANOVA test to compare tumor volume among
treatment groups at every time point, while pairwise comparisons with Bonferroni correction was applied
for multiple testing (6 time points).  Significance brackets indicate comparisons between cell lines:
*p<0.05, **p<0.01, ***p<0.001, ns = not significant.

c & d in vitro dose-response curves. c shows lapatinib response curve while d shows neratinib response
curve.  Y-axis depicts cell viability (% of control).  X-axis show drug concentration (µM) in log scale IC50

annotated for each cell line.

e In vivo neratinib efficacy.  Tumor growth curves showing tumor volume (mm3, y-axis) measured at
various days post tumor injection (x-axis).  Dashed line depicts start of treatment (tumor largest
diameter 7mm).  Asterisks identify statistical significance (*p < 0.05, **p < 0.01). 

f Tumor weights at experimental endpoint measured in grams.  Primary tumor weight assessed in the
treatment and control groups.  Image to the right shows primary mammary tumors harvested from
neratinib- and vehicle-treated groups.  Statistical difference identified p=0.048.   

g Frequency of distant gross metastases.  Bar plots showing the ratio of mice with distant metastases
per experimental group. 
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Figure 6

BCL2-Mediated apoptosis evasion drives olaparib resistance in HR-deficient NT2.5LM cells

a Homologous recombination (HR) gene expression.  Bar plots show Log2 fold change (x-axis) in
homologous recombination-related genes (y-axis) of metastatic cell lines relative to parental NT2.5.   
NT2.5LM depicted in purple, and NT2.5LV in gold. 
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b Dose-response curves for olaparib monotherapy (left; 6-day treatment), cisplatin monotherapy
(center; 72-hour), and olaparib and cisplatin (right; 72-hour) across murine (NT2.5, NT2.5LM, NT2.5LV)
and human (MCF-7, MDA-MB-231, and MDA-MB-436 harboring BRCA1 mutation) breast cancer cell
lines. Cell viability (y-axis) plotted against drug concentration (μM, log scale).  Depicted survival curves
were fit using 4-parametric logistic curve fitting.  Dose concentrations were 0.0-100 μM for olaparib and
0.01-50 μM for cisplatin and combination therapy.  Bars colored by cell line; IC50 values labeled above
bars.  Sf=survival fraction.  Data represent mean ±SEM from 2-5 biological replicates.

c BCL2 expression across cell lines measured by RNA-seq (logCPM, mean ±SEM).  NT2.5LM shows
approximately 5-fold BCL2 upregulation compared to parental cells (+2.26 logCPM, ***p < 0.001), while
NT2.5LV shows 2.3-fold increased (+1.22 logCPM, *p < 0.05).  Individual biological replicates shown as
overlaid points.  Statistical significance assessed by unpaired two-tailed Student’s t-test with Bonferroni
correction.

d ABT-199 sensitizes NT2.5LM cells to olaparib treatment.  Dose-response curves for ABT-199 (0-50
μM) monotherapy (solid circles, solid line) or in combination with 25 μM olaparib (open squares, dashed
line) in murine and human breast cancer cell lines.  Cells were treated with ABT-199 for 72 hours, with
olaparib added 24 hours after ABT-199 treatment.  Cell viability was assessed by CellTiter-Glo
luminescent assay and normalized to vehicle control.  Data are presented as ±SEM (n=2 biological
replicates).  NT2.5LM cells, which harbor homologous recombination deficiency yet resistant to olaparib
monotherapy, demonstrate marked sensitization to olaparib when combined with Bcl2 inhibition (ABT-
199) at concentrations as low as 0.1 μM. 
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