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Approximately 50% of patients with early-stage, surgically resected lung cancer will develop
distant metastasis. There remains an unmet need to identify patients likely to develop recurrence
and to design innovative therapies to decrease this risk. Two primary isoforms of BRMS1, v1

and v2 are present in humans. Using next generation sequencing of BRMS1 on matched human
noncancerous lung tissue and NSCLC specimens we identified single-nucleotide polymorphism
rs1052566 that results in an A273V mutation of BRMS1v2. This SNP is homozygous
(BRMS1v2°2T3VIAZT3V) in 8% of the population and correlates with aggressive biology in

lung adenocarcinoma (LUAD). Mechanistically we show that BRMS1v2 A273V abolishes the
metastasis suppressor function of BRMS1v2 and promotes robust cell invasion and metastases by
activation of c-fos-mediated gene-specific transcriptional regulation. BRMS1v2 A273V increases
cell invasion in vitro and increases metastases in both tail-vein injection xenografts and LUAD
patient-derived organoid (PDO) intracardiac injection metastasis in vivo models. Moreover, we
show that BRMS1v2 A273V fails to interact with nuclear Src, thereby activating intratumoral
c-fos in vitro. Higher c-fos results in upregulation of CEACAMSG6, which drives metastases in vitro
and in vivo. Using both xenograft and PDO metastasis models, we repurposed T5224, a c-fos
pharmacologic inhibitor investigated in clinical trials for arthritis, and observed suppression of
metastases in BRMSIv2A2713VIAZI3V | UAD in mice. Collectively, we elucidate the mechanism
of BRMS1v2A2T3VIAZT3V induced metastases and offer a putative therapeutic strategy for patients
with LUAD who have this germline alteration.

One Sentence Summary:

A homozygous germline alteration, BRMS1y2A273VIAZT3V 'resylts in increased c-fos-mediated
metastases in lung adenocarcinoma.

INTRODUCTION

In 2020, lung cancer was diagnosed in 2.1 million people worldwide and accounted for

1.8 million deaths—the highest mortality of all solid tumor malignancies(1). Approximately
50% of patients with lung cancer present with metastatic disease(2). However, even among
patients with earlier-stage disease who undergo complete surgical resection and adjuvant
chemotherapy, up to 50% will inevitably develop metastatic disease(3). Given the clinical
heterogeneity of outcomes after definitive therapy, there remains an unmet need to identify
patient and tumor risk factors that predispose to the development of metastases.

The use of next-generation sequencing in clinical practice has led to the identification

of specific “driver” tumor genomic perturbations in £EGFR, ALK, HERZ, ROS1, MET,
BRAF, NTRK, and other genes linked to tumor initiation, growth, and progression in
non-small cell lung cancer (NSCLC)(4-6). A secondary, and underexplored, aspect of next-
generation sequencing tumor profiling is the ability to examine germline DNA alterations
and their associations with disease. Candidate gene studies as well as genome-wide
association studies have identified germline mutations that are associated with susceptibility
to lung cancer or inherited lung cancer syndromes(7, 8). A handful of single-nucleotide
polymorphisms (SNPs)—including those in the MMP9 coding region(9), the S/PAI
promoter(10), and the PI3K-PTEN-mTOR(11) and TGFB(12, 13) signaling pathways—have
been reported to be associated with aggressive lung cancer phenotypes. Heretofore, nearly
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all investigations of genetic vulnerabilities have focused on susceptibility and sensitivity to
therapy; the contributions of SNPs to the biology of metastases in NSCLC have not been
examined.

We and others have shown that BRMS1 suppresses metastases in NSCLC and other

solid tumor malignancies(14-16) through its ability to function in a multiprotein histone
deacetylase transcriptional corepressor complex(17, 18) or as an E3 ligase to control protein
degradation of p300 acetyltransferase (19). Two major transcripts are encoded by the
BRMS1 locus, BRMS1 isoform 1 (BRMS1v1, 246 aa) and BRMSI isoform 2 (BRMS1v2,
290 aa), which encodes an additional 44 aa at the C-terminus owing to its alternative
splicing. Previous studies have focused on related mechanisms through which BRMS1v1
suppresses metastases(17-19). However, the BRMS1v2 isoform has not been thoroughly
studied, and its role in cancer progression is unknown.

In this study, we show that homozygous SNP rs1052566 results in a missense mutation

at codon 273 (Ala to Val) in BRMS1v2 (BRMS1yv2A273VIA2T3V) and is present in 8%

of individuals of European ancestry and 28% of South Asians. BRMS1y2A273VIAZI3V

is associated with a higher risk of metastases and worse progression-free survival

(PFS) in patients with early-stage disease. The evidence provided here using CRISPR
knock-in isogenic lung adenocarcinoma (LUAD) cells and patient-derived organoids
(PDOs) indicates that BRMS1v2A273VIA2T3V pnromotes invasion and the development

of tumor metastases through c-fos—dependent prometastatic processes. Our data suggest
that individuals harboring homozygotic BRMS1v2A273VIA2T3V have a predisposition for
developing metastatic LUAD and that BRMS1y2A273VIA2T3V cquld potentially serve as a
biomarker to predict the development of metastatic disease in patients with early-stage
LUAD. Finally, using a PDO metastasis model, we show that pharmacologic targeting of
c-fos in BRMS1y2A2713VIAZI3V | UAD results in fewer metastases in vivo. This highlights
BRMS1v2A27T3VIAZI3V a5 3 potential target for therapeutic strategies in patients with LUAD
with this germline alteration.

Homozygous SNP rs1052566 identifies patients at risk for LUAD metastases.

Although somatic mutations in the BRMSI locus are rare (cBioportal.org), 2955 SNPs have
been identified (dbSNP; www.ncbi.nlm.nih.gov/SNP/). To date, no clinical significance has
been reported for these SNPs. Using matched human noncancerous lung tissue and NSCLC
specimens, we identified 25 SNPs in exons of BRMSI; of these, rs1052566 (G>A) in exon
10 is the only polymorphism that causes the A273V missense mutation in BRMS1v2 (Fig.
S1A and fig. 1A). The frequency of the A allele (GA and AA) in The Cancer Genome Atlas
(TCGA) LUAD cohort was 27%, with homozygous AA (BRMS1y2A273VIA213V) present in
8.2% of patients (Fig. 1B). We confirmed similar incidences of rs1052566 in our own LUAD
cohort (Fig. S1B). Similarly, the frequency of the A allele (GA and AA) was 26% and the
frequency of AA was 7.1% in the TCGA breast cancer cohort (Fig. S1C). Collectively, the
incidence of the A allele of rs1052566 in the TCGA cohorts was similar to that reported in
dbSNP (22%-30%).
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We next investigated whether rs1052566 was associated with tumor recurrence by
examining the PFS of patients with LUAD without metastatic disease (surgically resected,
stage I-11, nodenegative disease; Fig. 1C and fig. S1D) in the TCGA cohort. We selected this
cohort of patients to exclude the impact of oncogenic alterations and loss of heterozygosity
during disease progression(3, 20). In addition, 80% of the TCGA cohort had pathologic
stage I-11 disease. Patients harboring tumors with AA (BRMS1y2A273VIAZT3V) were more
likely to develop metastatic disease and had worse PFS, compared with patients with tumors
with GG and GA (Fig. 1C and fig. S1D). In addition, no difference in the incidence of
BRMS1v2A273VIAZI3V in natients with different pathologic stages of LUAD was observed.
However, among patients with breast cancer, BRMS1v2°273VIA2T3V \yas more frequently
observed in those with advanced-stage or nodal disease, compared with early-stage or
node-negative disease, respectively (Fig. S1E).

BRMS1v2A273VIA273V hromotes aggressiveness in LUAD.

BRMS1v2, like BRMS1v1, is expressed in human LUAD (Figs. 1D and 1E). To explore

the function of BRMS1v2 and the impact of BRMS1v2 A273V in LUAD, LUAD cells
stably expressing ectopic V5-epitope BRMS1v2 wild-type (WT) or A273V mutant were
generated (Fig. S2A). In contrast to BRMS1v1, which is present in the nuclei and cytoplasm,
BRMS1v2 is primarily nuclear (Fig. 1E, and figs. S2, B and C), which suggested BRMS1v2
may function differently from BRMS1v1. Ectopic BRMS1v2 WT or A273V mutant did

not affect cell growth (Fig. S2D). However, cells with V5-BRMS1v2 A273V exhibited

an elongated, mesenchymal morphologic appearance with increased stress fiber formation,
whereas cells with V5-BRMS1v2 WT had a more cobblestone, epithelioid shape (Fig.

S2E). Ectopic BRMS1v2 A273V promoted invasion of LUAD cells (Fig. 1F). To further
investigate whether BRMS1v2 affects LUAD metastasis in vivo, we used a tail-vein
injection metastasis model of WT and mutant BRMS1v2 A549 cells into nude mice. No
cancer colonization was observed in the BRMS1v2 WT group (/77=0/10); however, the
incidence of metastatic colonization was higher in the BRMS1v2 A273V group (/7=6/10)
(Fig. 1G). Collectively, our data suggest that BRMS1v2 WT suppresses lung cancer
metastases, whereas BRMS1v2 A273V increases cell invasion in vitro and lung cancer
metastases in vivo.

To elucidate the functional mechanisms of BRMS1v2A273VIAZI3V jn |LUAD, we used a
CRISPR knock-in approach to generate two clones of LUAD H358 BRMS1vNTIAZI3V
(named H1 and H2, Fig. S3A) and BRMS1v2A273VIA2T3V jsagenic cells (named clones
Cland C2; Fig. 2A). H358 cells were chosen because there is no identified genomic
alteration in the BRMSI locus. Consistent with observations in LUAD cells (Fig. S2E),
both C1 and C2 cells exhibited an elongated, mesenchymal morphologic appearance,
compared with parental cells (BRMSIvANTWT) and BRMS1vINTIA2T3V jsogenic cells
(Fig. 2B and fig. S3A). Although no difference in cell growth was observed between
BRMS1v2\2T3VIAZT3V jsogenic and parental cells (Fig. S3B), BRMS1v2A2T3VIAZI3V ce|g
had higher cell migration (Fig. 2C), invasion after 2-D (Fig. 2D and fig. S3C) and 3-D
(Fig. 2E) culturing, and formation of cell spheroids (Fig. 2F and fig. S3D), compared

with parental cells and BRMSIv2ANTIAZT3V jsogenic cells. Collectively, our data reveal that,
similar to BRMS1v1, BRMS1v2 WT suppresses metastases. However, BRMS1v2 A273V
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appears to promote aggressiveness of LUAD cells, including higher amounts of migration,
invasion, and stemlike cell growth.

c-fos is increased in BRMS1v2A273VIAL73V jsogenic cells.

To investigate the mechanisms through which BRMS1v2A273VIAZI3V affects LUAD cell
metastases, we performed RNA-seq using H358 parental and related BRMS1v2A273VIAZTI3V
isogenic clones. We identified 164 and 123 genes differentially expressed, compared with
parental cells, in C1 and C2 cells, respectively (log, fold change [FC] >1 and ~<0.05;

Fig. 3, A and B, and fig. S4A). Whereas BRMS1v2A273VIA2T3V jsogenic cells exhibited
mesenchymal morphologic appearance (Fig. 2B), the mRNAs of epithelial-mesenchymal
transition (EMT) hallmark genes(21) were not upregulated in C1 and C2 cells, compared to
parental cells (Fig. S4B). To identify upstream pathways associated with the overlapping
upregulated genes between C1 and C2 clones, transcription factor binding signature
(UCSC_TFBS) analysis in The Database for Annotation, Visualization and Integrated
Discovery (DAVID 2021, https://david.ncifcrf.gov/) (22) was performed. AP-1 was the top
transcription factor by which the most genes (73.5%) were putatively up-regulated (Fig.
3B). Given that c-fos and c-Jun are the most common members of the AP-1 transcription
factor family (23), we assessed MRNA expression in BRMS1v2A273VIAZI3V jsogenic cells
and found no difference compared with BRMSIvANTWT cells (Fig. S4C). Total and active
(p-c-fos S32) c-fos protein, but not c-Jun, were higher in isogenic cells, compared with
WT cells (Fig. 3C). c-fos was also higher in cells with V5-BRMS1v2 A273V than in cells
with V5-BRMS1v2 WT (Fig. S4D). Collectively, these data show that c-fos is increased in
BRMS1v2A2T3VIAZI3V jsogenic cells at a posttranslational level, which may contribute to
upregulation of the putative AP-1 target genes (Fig. 3B).

Three of the putative AP-1 targets (RAMPI1, F5, and CEACAMES, Fig. 3B) were validated by
RT-PCR in H358 isogenic cells, H1299 V5-BRMS1v2 A273V cells, and H358 isogenic cells
with or without treatment of T5224, a selective c-fos inhibitor (24) (Fig. S4E). However,
only CEACAMBS protein was higher in BRMS1v2A273VIA2T3V jsogenic cells or LUAD cells
with V5-BRMS1v2 A273V, compared with H358 WT and BRMS1v2NTIA2T3V jsogenic
cells (Figs. 3, D and E, and fig. S5A) or LUAD cells with V5-BRMS1v2 WT (Fig. S5B),
respectively. Whereas higher amounts of intratumoral c-fos and CEACAMG6 were observed
in all tested LUAD human specimens, compared with adjacent noncancerous tissues, both
c-fos staining and CEACAMSG staining were more robust in BRMS1y2A273VIA2T3V | yAD
than in BRMS1vANTWT or BRMS1v2NTIA2T3V | UAD (Fig. 3F, and fig. S5, C and D).
Neither c-fos nor CEACAMS was higher in BRMS1v28273VIAZI3V noncancerous tissue or
tumor stroma (Fig. S5, D and E). Additionally, the abundance of c-fos and CEACAMS in
human lung fibroblasts were not altered after co-culturing with either parental or isogenic
BRMS1v2\2T3VIAZT3V cells (Fig. S5, F and G), suggesting that BRMS1v2A273VIA2T3V jn
tumor cells does not affect stromal c-fos abundance through a cell-extrinsic mechanism.
Collectively, our data indicate that, although BRMS1yv2A273VIA2T3V is 3 germline mutation,
c-fos is increased in BRMS1v2A273VIA2T3V | UAD cells only, which correlates with higher
amounts of CEACAMSG.

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.
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The A273V mutant abrogates the capability of BRMS1v2 to bind and activate nuclear Src,
resulting in intranuclear c-fos accumulation.

It is well established that the stability and activity of c-fos is regulated by
phosphorylation(25, 26). To understand the mechanisms of increased c-fos in
BRMS1v2A2T3VIAZI3V | YAD, we assessed (1) the interaction of BRMS1v2 and c-fos

and (2) the phosphorylation status of c-fos. We observed that both V5-BRMS1v2 WT

and A273V interact with c-fos (Fig. 4A). Whereas total and active cfos were higher and
tyrosine phosphorylation of c-fos was lower in V5-BRMS1v2 A273V cells, compared with
V5-BRMS1v2 WT cells (Fig. 4A). As previously described, Src directly phosphorylates
tyrosines of c-fos to promote nuclear export and transcriptional repression(26). Src is

in an autoinhibited state but can be activated by binding cognate ligands to its SH2

or SH3 domain(27). Analysis of BRMS1v2 using a graph kernel based tool to predict
SH3-peptide interactions (https://modpepint.informatik.uni-freiburg.de/SH3Peplint/) (28)
indicated that A273 is in a putative SH3-binding domain (271-285 aa) (Fig. 4B). Subsequent
glutathione-S-transferase (GST) pull-downs and co-immunoprecipitations (co-1Ps) showed
that BRMS1v2 WT, but not A273V, interacts with Src (Fig. 4C and fig. S6A) and no other
tested SH3 members (Fig. S6B). Moreover, active nuclear Src (p-Y416) was higher in H358
WT cells and LUAD cells with V5-BRMS1v2 WT, compared with H358 isogenic cells (Fig.
4D and Fig. S6C) and LUAD cells with V5-BRMS1v2 A273V, respectively (Fig. S6D).

To examine whether BRMS1v2 WT binding activates Src, in vitro Src kinase assays were
conducted with Src Y530M serving as control because of its lack of autoinhibition. Only
GST-BRMS1v2 WT, and not GST-BRMS1v1 or GST-BRMS1v2 A273V, activated Src (Fig.
4E). Our data indicate that BRMS1v2 WT interacts with Src, resulting in Src activation,
whereas BRMS1v2 A273V cannot activate Src, owing to its inability to bind Src. Use

of a Src inhibitor, AZD0530, rescued c-fos expression in H358 WT cells (Supplementary
Fig. 6E), proving that Src inactivation is dependent on c-fos accumulation. Additionally,
higher c-fos was observed in the cytoplasm of H358 WT cells treated with a proteasome
inhibitor, MG132, compared with isogenic cells (Fig. 4F), suggesting that BRMS1v?2
WT-induced activation of Src promotes tyrosine phosphorylation of c-fos, resulting in

c-fos nuclear exportation and degradation. In contrast, c-fos accumulates in the nuclei of
BRMS1v2A2T3VIAZI3V ce|ls because BRMS1v2 A273V cannot bind and activate Src.

CEACAMSG is a functional target of c-fos in BRMS1v2A273VIAZ73V | yAD.

CEACAMEG is a cell adhesion receptor of the immunoglobulin-like superfamily, and its
upregulation is related to tumor progression and recurrence in multiple cancers by inducing
EMT(29, 30). To confirm that CEACAMG6 transcription in BRMS1v2A273VIAZI3V | YAD is
c-fos dependent, we used tetracycline (TCN)-inducible shRNASs targeting FOS. As shown
in Fig. 5A, CEACAMG6 was lower in FOS knockdown cells, confirming that c-fos regulates
CEACAMBSG. Knockdown of Src rescued c-fos in H358 WT cells (Fig. 5B), indicating that
Src inactivation results in c-fos accumulation. Unexpectedly, CEACAMG6 was not rescued
after Src knockdown, despite higher c-fos in H358 WT cells (Fig. 5B). Similarly, ectopic
c-fos in H358 WT cells failed to induce CEACAMEG6 (Fig. STA), suggesting that c-fos
regulation of CEACAME6 is specific to BRMS1v2A273VIA2T3V | UAD cells.

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.
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To examine whether c-fos directly regulates CEACAME6in a BRMS1y2A273VIAZI3V.
dependent manner, we conducted chromatin immunoprecipitations (ChlPs) across the
proximal and distal promoters of CEACAME6 containing the putative AP-1/c-fos binding
sites (Fig. S7B). Higher amounts of c-fos and c-Jun were observed on the proximal promoter
of CEACAMSG in both isogenic cells, compared with WT cells (Fig. 5C and fig. S7B).
Consistent with previous findings that c-fos/c-Jun heterodimer binds more efficiently to the
AP-1 site than c-Jun homodimer(23), TCN-induced FOS knockdown was associated with
lower promoter occupancies of c-fos and c-Jun (Fig. 5C). BRMS1 was also decreased on
the proximal promoter of CEACAME6 in isogenic cells after FOS knockdown (Fig. 5C). To
discern whether BRMS1v1 or BRMS1v2 binds to the CEACAMS6 promoter, we repeated
ChIPs using V5-epitope-tagged BRMS1v2 LUAD stable cells (Fig. S2A). As expected,
the V5-epitope was found only on the CEACAMS6 promoter in cells stably expressing
V5-BRMS1v2 A273V (Fig. 5D). This further confirms that c-fos—induced CEACAM6 is
BRMS1y2A2T3VIA2T3V context dependent.

We next asked whether increased CEACAMG6 was associated with poor outcomes in
LUAD. Examination of the TCGA LUAD cohort indicated that high CEACAME6is
associated with poor PFS (Fig. S7C). Additionally, knockdown of CEACAMEG6 in both
clones of H358 isogenic BRMS1v2A273VIAZI3V ce||s significantly reduced invasion in
vitro, compared with WT cells (Fig. 5E). Moreover, to evaluate the role of CEACAM®6
in metastases of BRMS1v24273V/A273V | UAD, we employed an intracardiac injection
metastasis model (31), where CEACAMG6 was knocked down in H358 WT and isogenic
BRMS1vZA2T3VIAZI3V 1 cells and tumor growth was observed for 1 month post-
injection. Whereas H358 isogenic BRMS1v2A273VIAZI3V cel|s exhibited higher metastatic
capabilities, compared with WT cells, knockdown of CEACAMSG6 reduced metastases of
H358 isogenic cells (Fig. 5F). Collectively, our data demonstrate that CEACAM6is a
functional target of c-fos in BRMS1v2A273VIAZI3V | UAD and that loss of CEACAM6
ameliorates c-fos—mediated cellular invasion and metastases.

c-fos mediates invasion and metastasis of BRMS1v2A273V/IA273V | YAD.

c-fos functions as a proto-oncogene by promoting tumor progression through transcriptional
regulation(32). High FOS'is associated with poor PFS among patients in the TCGA

LUAD cohort (Fig. S8A). Using our TCN-inducible FOS shRNAs cell model (described

in Fig. 5), we observed that FOS knockdown resulted in repression of invasion in
BRMS1v24273VIA273V isogenic cells, but not in WT cells in vitro (Fig. 6A). To evaluate
the role of c-fos in metastases of BRMS1v2A2T3VIAZT3V | UAD, we re-employed the
intracardiac injection metastasis model, where FOS was knocked down in H358 WT and
isogenic C1 cells and tumor growth was observed for 1 month post-injection, Doxycycline
diet was administrated for 1 month beginning on the injection day. As expected, in the
control group, more metastases were observed in mice injected with BRMS1y2A27T3VIA2T3V
isogenic cells than in mice given WT cells. In mice injected with BRMSIy2A27T3VIA213V
cells, the metastatic burden was lower after FOS knockdown with doxycycline induction,
compared with control (Fig. 6B). Collectively, our data indicate that increased c-fos
contributes to a higher metastatic burden only in mice with BRMS1y2A213VIA2T3V | yAD.

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.
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c-fos is a potential therapeutic target to suppress metastases in BRMS1y2A273V/IAZ73V

LUAD.

Given the importance of c-fos in metastases of BRMS1y2273Y.A273Y | UAD, we sought to
evaluate the efficacy of a pharmacologic strategy to inhibit c-fos using T5224, a potent c-fos
inhibitor investigated in clinical trials for the treatment of intervertebral disc degeneration
and rheumatoid arthritis(24, 33). Treatment with T5224 decreased invasion in isogenic

cells but did not affect WT cells in vitro (Fig. S8B). To assess the efficacy of T5224 on
suppression of metastasis of BRMSIv2A273VIAZI3V | UAD in vivo, we introduced H358
WT and isogenic C1 cells into NOG mice by intracardiac injection. T5224 or vehicle was
administrated to mice for 1 month beginning on the injection day. Consistent with the
previous finding (Fig. 6B), more metastases were observed in the vehicle treatment group of
mice injected with H358 isogenic cells than in mice injected with WT cells at post-injection
1 month (Fig. 6C). Treatment with T5224 reduced metastases in mice with isogenic cells but
did not reduce the final tumor burden in mice injected with WT cells (Fig. 6C), suggesting
that T5224 effectively suppresses metastases of BRMS1v2A273VIAZI3V | UAD.

BRMS1v2A273VIA273V | UAD PDO metastatic model.

The development of PDOs represents an important advance in the modeling of

human cancer(34, 35). To evaluate the anti-metastatic efficacy of T5224 in human
BRMS1y2A2T3VIA213V | UAD, we generated PDOs from surgically resected LUAD
specimens with confirmed BRMS1v24273V/A273V (pDO-1 and PDO-2) mutations and
wild type BRMS1v2WTWT (PDO -3 and PDO -4, Fig. S8C). Whereas PDOs with
BRMS1y2A2T3VIA2T3V and BRMS1vANTWT exhibited distinct invasion capabilities,
treatment with T5224 decreased invasion of both PDOs with BRMS1v2A273VIAZI3V i
did not significantly affect invasion of BRMS1v2NTWT pPDOs (Fig. 6D). In addition,
treatment with T5224 inhibited activation of c-fos (p-c-fos S32) in all tested PDOs, but
decreased CEACAMS was only observed in BRMS1v2A273VIAZI3V ppOs (Fig. S8D).
Collectively, these data confirm that c-fos-induced CEACAMG6 is BRMS1y 2 2T3VIA2T3V
context dependent and inhibition of c-fos by T5224 specifically repress invasion of
BRMS1y2A273VIAZI3V | YAD.

To evaluate the effect of BRMSIv2A273VIA213V on metastasis in human LUAD, we used
PDO-1 (BRMS1v2A2T3VIA213VY and PDO-3 (BRMSIv2NTWT) in an in vivo intracardiac
injection metastasis model. Both PDOs were generated from female patients with clinical
stage IA LUAD carrying p53 mutations (Fig. S8C). T5224 was administrated to mice
injected with BRMS1v2A273VIA2T3V pDO-1 for 5 months beginning on the injection day.
We observed that metastases occurred in mice without treatment about 4 months post-
injection in both PDO groups. At the five-month completion of the experiment, 50% (4/8)
and 25% (2/8) of mice injected with BRMS1v2A273VIA213V pDO-1 and BRMSIv2NTWT
PDO-3 developed metastases in different organs, respectively; however, no metastases were
found in mice injected with PDO-1 (BRMS1v2A273VIAZI3V) treated with T5224 (Fig. 6E).
Assessment of total body and selected organ weights from mice injected with PDO-1 (Fig.
6F) revealed that mice without treatment had decreased total body weights and increased
weights of their livers and lungs secondary to the development of metastases, compared with
mice in the T5224 treatment group. Histologic analyses (Fig. 6G) at necropsy confirmed
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metastases in both liver and lung of mice injected with PDO -1. These preclinical
data show that targeted inhibition of c-fos using T5224, or other c-fos inhibitors, may
hold promise as a therapeutic approach to clinically suppress metastases in patients with
BRMS1v2AZT3VIAZI3V | YAD.
DISCUSSION

Tumor recurrence after complete resection of early-stage NSCLC occurs frequently and

is associated with a poor overall survival of 30% at 5 years(36). We recently showed

that higher tumor chromosomal instability, specific genomic alterations, and selected
histologic subtypes contribute to the development of metastases in patients with completely
resected LUAD(3). Herein, we have identified a previously undescribed germline alteration
in BRMS1, homozygous SNP rs1052566, that is associated with the development of
metastases in LUAD. We have also demonstrated that its prometastatic mechanism of action
is through an increase of intratumoral c-fos that results in upregulation of CEACAME (Fig.
S9).

Mutation of a single copy of a proto-oncogene such as KRAS, is sufficient to promote
tumor growth(37). In contrast, mutations in tumor suppressor genes are usually recessive,
and biallelic mutations are required to convert a “normal” cell to a cancerous cell.

To determine if rs 1052566 was associated with an increased risk of lung cancer we
examined multiple disease-related genetic variation databases, including GWSA, ClinVar
and OMIM, and found no relationship. The rs1052566 heterozygote has been shown to be
associated with lymph node metastases in breast cancer(38). We found that its homozygous
form (BRMS1yv2A273VIA2T3V) is associated with worse PFS in early-stage LUAD and in
advanced-stage breast cancer. Similar to other tumor suppressor genes, such as p53(39) and
BRCAS(40), biallelic BRSM1y2A273VIA2T3V requts in an aggressive cancer cell phenotype
as well as loss of BRMS1v2-mediated suppression of metastases.

The prevalence of homozygotes (BRMS1y2A273VIA213V) is similar between the TCGA lung
and breast cancer cohorts (Tables S1 and S2). Examination of the homozygote population
frequency using the gnomAD database shows BRMS1y2A273VIAZI3V s present in 8% of
individuals of European ancestry and 28% of South Asians but rarely in Africans or African
Americans (Table S3). Thus, this SNP occurs at frequencies like those of well-known
oncogenic drivers that are currently therapeutically targeted in LUAD.

BRMS1v2A273VIAZI3V not only abrogates the metastasis suppression function of BRMS1v2
but has a “gain of function” by mediating the gene-specific transcription of c-fos. We have
shown that c-fos is higher in isogenic BRMS1yv2A273VIA2T3V cells and LUAD. Although
the results of RNA-seq indicated that most upregulated genes (73.5%) in isogenic cells
were putative AP-1 targets, they make up only a small fraction of c-fos putative targets
(13,087 genes; ENCODE). Moreover, CEACAMS6 was identified as a functional target of
c-fos in BRMS1v2A273VIAZT3V ce|ls. Most known c-fos functional targets(41), such as
DNMTI1, VEGFD, MTS1, and EZR, were not upregulated in BRMS1y2A213VIAZI3V ce||s,
Additionally, increasing c-fos by ectopic expression or Src knockdown in WT cells failed
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to upregulate CEACAMS6, demonstrating that c-fos—induced transcription of CEACAMG is
BRMS1y2A2T3VIA2T3V context dependent.

Whereas the PXXP motif is the core of SH3 domain binding sites, several structural

studies have shown that not only an expanded surface of SH3 domain, but also longer
peptides in the vicinity of PXXP motif contribute to the specificity of SH3 recognition

(42, 43). Replacement of certain amino acids around the PXXP motif depletes the affinity

of SH3 binding by altering both chemical and conformational features (44). Supporting
these observations, we found that BRMS1v2 WT specifically binds to SH3 family member
Src, whereas BRMS1v2 A273V fails to interact with Src. Whereas the functions of Src

on the plasma membrane and cytoplasm are well known(45, 46), the role of nuclear Src

in cancer is less well characterized. We have shown that nuclear Src can be activated by

its interaction with BRMS1v2 WT, resulting in tyrosine phosphorylation, nuclear export,
and degradation of c-fos. Alternatively, BRMS1v2 A273V loses its ability to bind Src,
causing nuclear accumulation of c-fos. In support of our findings, active nuclear Src has
been shown to promote phosphorylation and nuclear export of several transcription factors,
including RUNX3(47), ERa.(48), and YAP1(49). Moreover, we observed that activated c-fos
increases transcription of CEACAMG6 and promotes metastases in BRMS1y2A273VIAZI3V
LUAD. Thus, the inability of BRMS1v2 A273V to bind and activate Src is a critical event
that contributes to metastases of BRMSIv2A273VIA213V | UAD. Our study suggests that the
use of Src inhibitors in patients with BRMS1y2A273VIA2T3V | UAD would be ineffective and
may in fact be detrimental.

The ability to recapitulate histologic, genetic and transcriptomic characteristics of the
original tumor are some of the most attractive features of PDOs used in pre-clinical

studies. In this study, we utilized our PDO system to assess the contribution of
BRMS1v2A27T3VIAZI3V tg jnvasion and metastases of human LUAD. To make our
BRMS1vINTWT and BRMS1v2A273VIA213V pDQs in vivo metastasis assays comparable,
we utilized PDOs generated from tumors resected from patients with the same sex, smoking
histories, pathologic stage, histologic subtype, and similar mutational profiles.

Limitations of our study include evaluation of progression-free survival of
BRMS1v2A273VIAZI3V | YAD in the TCGA LUAD cohort alone which likely does

not represent the varied demographic, geographic, and genomic features observed in

all patients with LUAD. Second, we employed CRIPSR knock-in to generate H358
BRMS1v2A273VIAZI3V jsogenic cell lines as our model system. Given the complexity of
oncogenic context and heterogeneity in LUAD (4), we acknowledge that more robust
examination of other cells with different genomic backgrounds are needed to assess their
impact on BRMS1v2A213VIA2T3V fynction. Finally, we realize that despite our efforts

to match the clinicopathologic and genomic features of BRMS1v2A273VIAZI3V ppO-1
and BRMS1v2NTWT ppO-3, differences in mutational profiles and tumor heterogeneity
between PDOs may affect their metastatic potential.

Although most targeted therapies are tyrosine kinase inhibitors directed at somatic activating
mutations or fusions, there is an increasing appreciation that targeting downstream pathways
of germline mutations is a plausible therapeutic approach. Capivasertib, a pan-AKT
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inhibitor, has recently been shown to be highly effective when administered to patients

with breast cancer with germline PTEN loss-of-function mutations(50). Similarly, selected
patients with NSCLC carrying BRCA1/2 germline mutations may benefit from therapy
with the PARP inhibitor Olaparib (51). Moreover, in a pan-cancer analysis, our group
recently showed that 8% of patients with advanced cancer harbored a germline variant

with therapeutic actionability, with 40% of these patients receiving germline genotype—
directed therapy(52). Using sShRNA knockdown of c-fos, or the c-fos inhibitor T5224,

we successfully abrogated invasion and metastases of BRMS1y2A273VIA213V | UAD.
Importantly, T5224 completely prevented metastases in BRMS1yv2A273VIA2T3V ppQs,
Additionally, we showed that knockdown of CEACAMS, a functional target of c-fos in
BRMS1v2A2T3VIA2T3V | UAD, also decreased tumor invasion and metastases, suggesting
CEACAMBG could be an alternative therapeutic target in BRMS1v2A273VIAZI3V | YAD (53).
In fact, a phase | clinical trial investigating an anti-CEACAMG6 antibody as a therapeutic in
patients with solid tumors was recently completed (NCT03596372). In the recent ADAURA
trial, targeting tumor-specific genomic alterations, such as activating EGFR mutations, in
the adjuvant setting after surgery was shown to be highly effective at reducing tumor
recurrence(54). Our findings provide robust preclinical evidence that targeting c-fos or
CEACAMG6 may be a feasible adjuvant therapeutic strategy to prevent and reduce metastases
in patients with LUAD harboring SNP BRMS1y2A27T3VIA2T3V

MATERIALS AND METHODS

Study design

The objectives of this study were to clarify the mechanisms through which
BRMS1v2A273VIAZI3V promotes LUAD metastases and to identify potential therapeutic
targets to suppress metastases in BRMS1v2°273VIAZT3V | UAD. First, using the publicly
available SNP datasets and TCGA cohorts of LUAD and breast cancer, we identified

the prevalence and clinical relevance of BRMS1v2A273VIA2I3V Second, employing two
distinct genetic engineered LUAD cells-based experimental systems, including LUAD
cells stably expressing ectopic BRMS1v2 WT, or A273V, and LUAD homozygous
BRMS1v2A27T3VIAZI3V jsogenic cells by a CRISPR knock-in approach, we were able

to confirm that BRMS1v2A273VIA2T3V enhances invasion and metastasis of LUAD cells

in vitro and in vivo. Next, we performed RNA-seq., as well as a series of loss and

gain of function experiments using genetic engineering and pharmacological inhibitors

and found that BRMS1v2A273VIAZI3V promotes metastasis secondary to intratumoral
accumulation of c-fos, which in turn upregulates CEACAMBS. Finally, utilizing doxycycline-
inducible shRNAs or through a c-fos specific inhibitor, T5224 used in clinical trials

a) BRMS1y2A2T3VIA2T3V jsogenic cells and b) PDOs with BRMS1y2A273VIAZI3V e
confirmed that BRMS1yv2A273VIAZI3V promotes metastases through a c-fos-dependent pro-
metastatic process. Moreover, targeting c-fos reduced metastases in BRMS1y2\273VIA2T3V
LUAD. All molecular, cellular and biochemical assays were performed with at least
duplicate samples, and each experiment was repeated a minimum of two times. The
metastatic capabilities of LUAD cells and PDOs were evaluated in mice. Sample sizes of
each experiment were used empirically to ensure adequate statistical power and meet field
standards. All animals were randomly allocated to the control and treatment groups. Tumor
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measurement and treatment were not blinded, but performed by different laboratory staff.
Sample sizes were determined based on statistical power analyses and ranged from 7-14
mice per group. No samples were excluded from the study. All mouse studies were carried
out under the protocols approved by the Institutional Animal Care and Use Committee.
Details for experimental endpoints such as in vivo experiments, number of cells used,
duration of treatments, and statistical tests, are described below.

Human LUAD specimens, cell culture, antibodies, and reagents

Fresh resected human LUAD and matched adjacent noncancerous tissue were obtained
after informed consent and approval by the institutional review board (16-1514, 16-107,
and 12-245) at Memorial Sloan Kettering Cancer Center. Human LUAD cell lines, human
lung fibroblast cells and a normal bronchial epithelial cell line (NL20) were obtained from
American Type Culture Collection; Lenti-X 293T cells were purchased from Takara Bio.
All cells were tested for mycoplasma. The primary antibodies used were BRMS1 (Abcam,
ab134968), c-fos (Cell Signaling, #2250), c-Jun (Cell Signaling, #9165), V5-epitope
(Abcam, ab15828), CEACAMBG (Santa Cruz, SC-59899), Src (Cell Signaling, #2109), p-Src
Y416 (Cell Signaling, #59548), p-fos S32 (Cell Signaling, #5248), actin (Santa Cruz,
sc-8432), p-Jun S63 (Cell Signaling, #2361), RAMP1 (Thermo Fisher, 10327-1-AP), and
F5 (Thermo Fisher, PA5-103046). The reagents used—c-fos inhibitor T5224 (S8966) and
Src inhibitor Saracatinib (AZD0530, S1006)—were purchased from Selleck Chemicals.
Collagen Type 1V (C6745), Collagen Type | solution (C3867), and TCN (T7760) were
purchased from Millipore Sigma; puromycin (A1113803) and blasticidin (A1113903) were
purchased from Thermo Fisher; CellTiter-Glo was obtained from Promega (G9241); and
poly-HEMA solution was purchased from Sigma-Aldrich (P3932).

LUAD PDO culture

Fresh tissues were transported from the operating room to the laboratory and processed
immediately. The tissue was minced and incubated at 37°C in 5 mL of collagenase B (5
mg/mL; Roche, #11088815001) and DNase | (100 pg/mL; Millipore Sigma, #6918230) with
gentle shaking for 30 min to 1 h. The suspension was then filtered through a 70-um nylon
cell strainer (Fisher Scientific) and spun at 350 g for 5 min. The pellet was embedded

in Matrigel solution (Corning, #354234) and seeded into a 48-multiwell plate (Corning,
#351178). After the Matrigel had solidified, 250 uL of culture medium (Table S4) was added
into each well. The PDOs were cultured in a humidity incubator at 37°C and 5% CO», and
culture medium was changed twice per week.

Generation of BRMS1v2A273VIA273V gnd BRMS1v2WT/A273V jsogenic cells

H358 BRMS1y2A273VIA2T3V jsagenic cells were generated using CRISPR knock-in. Briefly,
H358 cells were grown at 60%-80% confluence in a 100-mm culture dish 1 day before
electroporation. On the day of electroporation, the ribonucleoprotein complexes were
assembled by mixing Alt-R Cas9 nuclease (200 pmol) and Alt-R sgRNA (200 pmol;
Integrated DNA Technologies). Approximately 1 x 106 cells were electroporated on the
Neon transfection system using the Neon transfection system 100 pL Kit (Thermo Fisher).

A single-stranded oligonucleotide donor containing 172 base pairs as the homology-directed
repair template was synthesized by Integrated DNA Technologies and added into the
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electroporation at a concentration of 2 uM. At 2 days after electroporation, cells were
diluted, and single-cell clones were generated. The sequences of sgRNA and homology-
directed repair template are listed in Supplementary Table 5. The presence of SNP
rs1052566 was screened by TagMan SNP genotyping assays and confirmed by Sanger
sequencing.

Total RNA isolation, RT-PCR, and RNA-seq.

Total RNA was isolated using the RNeasy mini kit (74104, Qiagen), in accordance with

the manufacturer’s protocol. cDNA synthesis and quantitative RT-PCRs were performed.
Semiquantitative RT-PCRs were conducted using the Tag DNA polymerase kit (Qiagen,
#201209). The PCR products were resolved in 1% agarose gel, and the DNA was visualized
using ethidium bromide (Thermo Fisher, #10132863) under an ultraviolet transilluminator.
The bands of BRMS1v2 in agarose gel were cut and dissolved using the QIAquick gel
extraction kit (Qiagen, 28706X4). The sequences were confirmed by Sanger sequencing.
The primers used in this study are listed in table S6.

For RNA-seq, library preparation and RNA sequencing were performed by the Integrated
Genomics Operation at MSK using Illumina HiSeq with 50 paired-end reads, and
approximately 30 million reads were generated for each sample. CutAdapt version
cutadapt-1.6 was used to trim and filter reads. Adapters were trimmed with minimum
overlap of 10 bases and reads of less than half original read length were filtered out.
Trimmed sequence reads were mapped to GRC37/hg19 using the STAR (version STAR-
STAR_2.5.0a) aligner 2-pass method. Expression count matrix was computed using HTSeq
(version HTSeq-0.5.3). Genes with low expression in all samples (total counts <10) were
filtered out, and the count matrixes were normalized using the “DESeq2” R package with
default settings (adjusted ~<0.01 and log, FC >1).

In vivo LUAD metastasis models

Six-week-old nude mice (Jackson Laboratory, strain #002019) and NSG mice (Jackson
Laboratory, strain #005557) were used in this study. All animal experiments were approved
by the Animal Care and Use Committee at MSK (protocol #13-10-017). For the tail-vein
injection metastasis model, 1 x 10° A549 cells stably expressing V5-BRMS1v2 WT, A273V,
or control vector (/=10 mice/group) were injected into the tail veins of nude mice. For

the intracardiac injection metastasis model, 1 x 10° H358 cells (BRMS1v2NTWT ang
BRMS1v2A2T3VIA2T3V) or isolated PDO cells were injected into the left ventricles of NSG
mice. Either a doxycycline diet (0.625 g/kg; Harlan Teklad) or T5224 (150 mg/kg, oral
daily) was administrated to the mice on the day of injection. Imaging was performed using
an In Vivo Imaging System (IVIS) Spectrum System (PerkinElmer) 1 week after injection
and repeated weekly for mice injected with LUAD cells. For mice injected with PDOs
IVIS was performed 15 days after injection and repeated monthly. Metastatic burden was
quantified using the value of total bioluminescence in each mouse by use of Living Image
Software (version 4.2; Caliper) (55). For experiments with cell lines, an equal number of
male and female mice were included in each experimental group. Mice injected with PDOs
had the same sex as the patient source of the original tumor. Mice were euthanized when
they approached the humane endpoint (metastatic tumor > 0.5 cm?3). The mice injected
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with LUAD cells and PDOs were euthanized at 8 weeks and 5 months after injection,
respectively, and necropsy was performed.

Statistical analysis

The results of all experiments represent the mean + S.E.M. of at least 2 separate
experiments. Statistical analysis was performed using Prism 9. Unpaired ¢test with
Welch’s correction, Fisher’s exact test and the Chi-square test were used as appropriate.
Progression-free survival was assessed using the Kaplan-Meier method and compared
between groups using the log-rank test. A two-sided £<0.05 was considered to indicate
statistical significance for all calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. BRMS1v2 A273V caused by SNP rs1052566 enhances risk of LUAD metastases.
A) Schematic illustration of the transcripts of BRMSI variants 1 and 2. Blue squares:

exons; left arrows: positions of translation start codon; right arrows: positions of translation
stop codon; red letters “A” and “V”: the codon 273 of BRMS1v2 . B) Histogram of G
allele frequency in the TCGA LUAD cohort (7=582). C) Kaplan-Meier plot of PFS for
stages I-11 LUAD (n7=278) from the TCGA LUAD cohort. D) (Top) Semiquantitative RT-
PCRs indicating mRNAs of BRMS1v1and v2. (Bottom) Immunoblots showing proteins
of BRMS1v1 and v2 in 6 human LUAD specimens. Densitometry of each band were
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normalized to the corresponding Actin (numbers on the top line for BRMS1v2; numbers on
the bottom line for BRMS1v1). E) BRMS1v1 and v2 were detected by immunoblot using
isolated cytosolic extract (CE) and nuclear extract (NE) of the indicated LUAD cell lines.
F) Invasion chamber assays using LUAD cell lines stably expressing V5-BRMS1v2 WT or
A273V. G) The indicated A549 stable cells were injected into the tail vein of nude mice.
(Top) Cumulative incidence curves of metastatic tumor for the indicated cell lines measured
by In Vivo Imaging System. Pvalues were calculated using Fisher’s exact test. n.s. = not
significant. (Bottom) Table indicating the number of mice with lung metastases.
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Fig. 2. Homozygous BRM S1v2A273VIAZT3V promotes migration and invasion of LUAD cells in
vitro.

A) Sequencing chromatograms showing genomic DNA around BRMS1v2 A273 in H358
parental (BRMS1v2NTWT) cells and two clones of isogenic BRMS1y2A2T3VIAZI3V ce|s,
C1land C2. Arrows indicating the peaks of C>T. B) Phase-contrast images showing

cell morphologic appearance of H358 parental (BRMS1v2NTWT) cells and two clones

of isogenic BRMS1v2A273VIAZI3V ¢e|ls, C1 and C2. C) (Top) Photographs showing the
representative scratch wounds using H358 cells. (Bottom) Bar graph indicating the average
distances of scratch wounds at 0 and 48 h. D) (Top) Bar graph and (Bottom) representative
images showing the average numbers of invaded cells of H358 cell lines in 2-D culturing in
invasion chamber assays. E) (Top) Bar graph and (Bottom) representative images showing
the invasion capabilities of H358 cells 1 week after culture in a 3-D hanging drop system. F)
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(Top) Bar graph and (Bottom) representative images showing the formation of cell spheroids
of H358 parental (BRMS1v2NTWT) and isogenic cells (C1 and C2).
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Fig. 3. c-fos is higher in isogenic BRMS1v2A273VIAZT3V (g5,
A) Volcano plot showing the genes differentially expressed in isogenic cell clones, C1 and

C2, and WT cells RNA-seq.. Red dots: log, FC >1 and adjusted A<0.05; blue dots: log,

FC <1 but adjusted £<0.05; green dots: log, FC >1 but adjusted ~>0.05; gray dots: log,

FC <1 and adjusted ~£>0.05. B) Venn diagram (Top) showing genes upregulated in isogenic
BRMS1v2A2T3VIAZI3V cells, The bar graph (Bottom) represents the results of transcription
factors binding signature (UCSC TFBS) analyses for the upregulated genes overlapping
between C1 and C2 cells. C) Western blots showing total and active c-fos and c-Jun proteins
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in H358 parental cells and isogenic BRMS1v2A273VIAZT3V cells. Densitometry of each
band normalized to the corresponding Actin was labeled under the blots. D) Immunoblots
showing the expression of the indicated proteins in H358 cell lines. Densitometry of

each band normalized to the corresponding Actin was labeled under the blots. E)
Immunofluorescences indicating the cellular expression of CEACAMBS (green) in H358 cell
lines. Blue: DAPI nuclear staining. F) Bar graphs showing staining intensity of intratumoral
c-fos (Left) and CEACAMG (Right) in immunohistochemistry for human specimens with
BRMSIvANTWT (7=10), BRMSIvNVTIA213V (1=9) and BRMS1v2A273VIA2T3V (=6) n.s.
= not significant.
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Fig. 4. Inactive nuclear Src results in c-fos accumulation in isogenic BRMS1v2A273VIA273V s,
A) Co-IPs using V5-epitope tag or phospho-pan-tyrosine (p-Y) antibody in LUAD

cells stably expressing V5- BRMS1v2 WT or A273V and c-fos in immunoprecipitation
complexes. The indicated proteins were detected as inputs. Densitometry of each band
normalized to the corresponding Actin was labeled under the blots. B) Schematic illustration
of the domains in BRMS1v2. Green box: the glutamic-rich region (E-rich); orange boxes:
predicted imperfect leucine zippers motifs; purple box: predicted nuclear export signal
(NES); yellow box: predicted nuclear localization signal (NLS); red box: predicted SH3
binding domain. C) FLAG-Src (FL-Src) was pulled down by the indicated Glutathione

S Transferase (GST)-fusion proteins, and the presence of FL-Src in the complexes was
detected by immunoblot. Densitometry of each band normalized to the corresponding FL-
Src was labeled under the blots. D) Immunoblots detecting the indicated proteins in nuclear
extract (NE) and cytosolic extract (CE) of H358 cell lines. Densitometry of each band
normalized to the corresponding Actin was labeled under the blots. E) Bar graph indicating
the kinase activities of FL-Src WT and Y530M in the presence of the indicated GST-fusion
proteins. F) Immunoblots showing c-fos in the cytoplasm extract (CE) and nuclear extract
(NE) of H358 cell lines treated with MG132 (5 pM) for 16 h. Densitometry of each band
normalized to the corresponding Actin was labeled under the blots. RLU, relative light unit.

Sci Transl Med. Author manuscript; available in PMC 2023 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal.

Page 26

A B WIWT  BRMSTv2427sviansy
BRMS Ty 282m3viaarse shANASr¢ Sc. 1 2 Sc 1 2
WI/WT 4] C2 Src|m— o —— ]
shRNAFOS 1 2 1 1 2 065 003 0.1 066 008 0.3

2
TN = + = + - 4 - 4+ - + - + p-clfosSBZI --—-Q
cfos [# * -, % = = | ctos T
015 015 0.17 0.02 082 0.04 0.90 0.01 0.61 0.04 0.74 0.

053 123 1.48 059 195 1.85

W
(=1
2

CEACAMS | e -
T TR 039 0.09 DA1 0,05 0.48 CEACAMG —_—
- 001 002 001 089 097055
Actin | | <
ACtin | e e
c *P=0.001 D
*P=0.002 — u c-fos
*P=0.037 20 £=0028
*P=0.047 - LA
— mc-fos ). :
40 « *P=0.022 i g‘ Vo P=003
e wBRMS1 £ 3
5
=
£

Relative promoter
A occupancies(Fold over IgG)
]
=3

wr 8 c2

(Fold over IgG)

Relative promoter occupancies Relative promoter occupancies

(x1000)

CEACAMS MT2A

A549
shRNA

Average invaded cells

CEACAMG |
[1] 0 0 037 0071 00T 029

Actin| —_—
shRNA CEACAM6

shRNACEACAMGE - + -

Fig. 5. CEACAMG is a target that mediates c-fos—induced invasion in BRM S1v2AZT3VIAZI3V
LUAD.
A) Immunoblots displaying the expression of c-fos and CEACAMS after H358 cell lines

with Tet-on—controlled ShRNAs FOS were treated with or without TCN (10 pg/mL) for 48
h. Densitometry of each band normalized to the corresponding Actin was labeled under the
blots. B) Immunoblots displaying the expression of the indicated proteins in H358 parental
(WT) cells and isogenic C1 cells with shRNAs Src or scramble sequence (Sc). Densitometry
of each band normalized to the corresponding Actin was labeled under the blots. C) H358
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cells with Tet-on—controlled sShRNA FOSI were treated with or without TCN (10 pg/mL) for
48 h. ChlPs were performed across the proximal promoter of CEACAMSG6 using antibodies
against c-fos, c-Jun, or BRMS1. * comparisons between C1 or C2 and WT cells/without
TCN. D) ChlPs were performed using LUAD cells stably expressing V5-BRMS1v2 WT or
A273V across the proximal promoter of CEACAMG6 and MTZ2A promoters using antibodies
against c-fos, c-Jun, or VV5-epitope. E) Bar graph (Top) and representative images (Bottom)
showing average numbers of invaded cells of H358 cells with sShRNAs CEACAME6 or
scramble sequence (Sc) in invasion chamber assays. * comparisons between C1/Sc or
C2/Sc and WT cells/Sc. # comparisons between the same cells with different shRNA

and Sc. Immunoblots (Middle) displaying the knockdown efficiency of individual ShRNA.
F) H358 cells with sShRNA CEACAMEG were introduced into NSG mice (/=6/group) by
intracardiac injection. Bioluminescent images (Top) showing metastases in mice and scatter
plot (Bottom) indicating the total bioluminescence (region of interest [ROI]) of each mouse
at post-injection 1 month.
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Fig. 6. Geneticallx or pharmacologically targeting c-fos reduces metastasis in
BRMS1v2A273VIA273V | UAD in mice.

A) Bar graph showing average invaded cells of H358 cells with shRNAs FOSwith

or without TCN (10 pg/mL) for 48 h. *P<0.05 compared with the same shRNA FOS-
infected WT cells without TCN (control). #P<0.05 and ##/<0.01 compared with the
same cell line without TCN. B) H358 cells with shRNA FOSI were introduced into

NSG mice by intracardiac injection. Doxycycline or regular diet was administrated.
Bioluminescent images (Left) showing metastases in representative mice at post-injection
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1 month and scatter plot (Right) indicating the total bioluminescence (region of interest
[ROI]) of each mouse. C) H358 cells were introduced into NSG mice by intracardiac
injection, and T5224 or vehicle (control, 20% polyvinylpyrrolidone) was administrated
daily 1 month after inoculation. Bioluminescent images (Left) showing metastases in
representative mice at post-injection 1 month and scatter plot (Right) displaying the total
bioluminescence (ROI) of each mouse. D) PDO-1 and -2 (BRMS1y2A2713VIA213V) anq
PDO-3 and -4 (BRMS1v2NTWTY were treated with T5224 or DMSO, and 3-D invasion
assays performed. The maximal invasion distance (um) was determined from 7=20 PDOs/
group. Arrows: the farthest invaded cell.E), F) and G) PDO-1 (BRMS1y2A273VIA2I3V) o
PDO-3 (BRMS1v2NTWT) was introduced into NSG female mice by intracardiac injection
(m=8/group), and T5224 was administrated to mice injected with PDO-1 daily 5 months
after inoculation. E) Bioluminescent images (Top) showing metastases in the experimental
mice over time and line graph (Bottom) indicating the average total bioluminescence (region
of interest [ROI], mean + S.E.M.) of each mouse at the indicated months post-injection.

* comparison between PDO-1 no treatment at post-injection 0.5 month and 5 months,

# comparisons between PDO-1 with T5224 treatment and no treatment at post-injection

4 and 5 months, ! comparison between PDO-1 no treatment and PDO-3 no treatment at
post-injection 5 months. F) Scatter plots showing the total body weight (left), liver weight
(middle) and lung weight (right) of each mouse in both treatment groups at 5 months. G)
Hematoxylin and eosin staining of lungs and livers from mice at necropsy. Arrows indicate
micrometastases in the lungs.
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