J c I The Journal of Clinical Investigation

RAF1 amplification drives a subset of bladder tumors and
confers sensitivity to MAPK-directed therapeutics

Raie T. Bekele, Amruta S. Samant, Amin H. Nassar, Jonathan So, Elizabeth P. Garcia, Catherine R. Curran, Justin H. Hwang, David L.
Mayhew, Anwesha Nag, Aaron R. Thorner, Judit Bércsok, Zsofia Sztupinszki, Chong-Xian Pan, Joaquim Bellmunt, David J. Kwiatkowski,
Guru P. Sonpavde, Eliezer M. Van Allen, Kent W. Mouw

J Clin Invest. 2021;131(22):e147849. https://doi.org/10.1172/JCI147849.

BEEEE(L WGl Oncology

Graphical abstract

TCGA bladder urolhelial carcinoma {BLCA) RAF1-ampiified bladder cancer cell | HRAS-mutant bladder cancer cell

=510 Lumingal

BE5)
Lum?
ity
W . e
. NE e
vty
—

R“fﬂ'_"?":a"“’ RAFY AMD oy i ]-

Etroma-nch

/ -
’ L.
rerpasad peobforaion

and survival

ottt IFAETpUON) 18 pas

increased profiteraton
ard survival
g‘gﬂqﬁ‘;qa‘__‘.

=

. T
= ] == LT
= T, =
“;acpﬂ [—In:mamHAFInxrwh' iy, :::"9 Mustant HRASMNEAS L.
s e e s e
OOOOK Y oo

% L4

P R e S o

H -
TORA Wi typs Dncogenc cogry-numbar ampkiicaton \mesf Oincogena: mutation

a

Casos with RAF1 asrglifcation

Find the latest version:

https://jci.me/147849/pdf



http://www.jci.org
http://www.jci.org/131/22?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI147849
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/147849/pdf
https://jci.me/147849/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

RAF1amplification drives a subset of bladder tumors
and confers sensitivity to MAPK-directed therapeutics

Raie T. Bekele,"> Amruta S. Samant,' Amin H. Nassar,?* Jonathan So,* Elizabeth P. Garcia,? Catherine R. Curran,* Justin H. Hwang,?*
David L. Mayhew,?* Anwesha Nag,° Aaron R. Thorner,” Judit Borcsok,® Zsofia Sztupinszki,® Chong-Xian Pan,” Joaquim Bellmunt,®
David J. Kwiatkowski,?* Guru P. Sonpavde,* Eliezer M. Van Allen,** and Kent W. Mouw'?3

'Department of Radiation Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, Massachusetts, USA. 2Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA.

3Brigham and Women's Hospital, Boston, Massachusetts, USA. “Department of Medical Oncology and *Center for Cancer Genomics, Dana-Farber Cancer Institute, Boston, Massachusetts, USA. ®Danish

Cancer Society Research Center, Copenhagen, Denmark. ’VA Boston Healthcare System, Harvard Medical School, West Roxbury, Massachusetts, USA. ®Division of Hematology and Oncology, Beth Israel

Deaconess Medical Center, Boston, Massachusetts, USA.

» Related Commentary: https://doi.org/10.1172/)Cl1154095

Conflict of interest: | Bellmunt reports stock ownership of Rainier; honoraria
from UpToDate; consulting/advising with Pierre Fabre, Astellas, Pfizer, Merck,
Genentech (Roche), Novartis, AstraZeneca, Medimmune, and Bristol Myers
Squibb; research funding from Millennium, Sanofi, Pfizer, and EMD Serono; and
travel reimbursement from Pfizer, MSD Oncology, and Ipsen. DJK reports advis-
ing/consulting with Novartis, AADi, and Genentech (Roche) and research support
from Genentech (Roche) and Revolution Medicines. GPS reports advising/
consulting with Bristol Myers Squibb, Genentech (Roche), EMD Serono, Merck,
Sanofi, Seattle Genetics/Astellas, AstraZeneca, Exelixis, Janssen, Bicycle Thera-
peutics, Pfizer, and Immunomedics; research support from Sanofi, AstraZeneca,
and Immunomedics; travel reimbursement from Bristol Myers Squibb and Astra-
Zeneca; speaking fees from Physicians Education Resource, OncLive, Research
to Practice, and Medscape; writing fees from UpToDate and Elsevier (editor of
Practice Update Bladder Cancer Center of Excellence); and steering committee
membership of trials/studies with Bristol Myers Squibb, Bavarian Nordic, Seattle
Genetics, and QED (all unpaid) and AstraZeneca, EMD Serono, and Debiopharm
(all paid). EMVA reports advising/consulting from Tango Therapeutics, Genome
Medical, Invitae, Enara Bio, Janssen, Manifold Bio, and Monte Rosa; research
support from Novartis and Bristol Myers Squibb; equity in Tango Therapeutics,
Genome Medical, Syapse, Enara Bio, Manifold Bio, Microsoft, and Monte Rosa;
travel reimbursement from Genentech (Roche); and institutional patents filed
on “Genomic biomarker of response to immunotherapy” (US Patent Applica-
tion US20170115291A1) and “Methods, systems apparatus, and optimization

for effective clinical analysis of cancer genomic data” (US Patent Application
W02015013191A1). KWM reports advising/consulting with Pfizer and EMD Serono
and research support from Pfizer.

Reference information: | Clin Invest. 2021;131(22):e147849.
https://doi.org/10.1172/)C1147849.

Submitted: February 3, 2021; Accepted: September 16, 2021; Published: November 15,
2021.

Copyright: © 2021, American Society for Clinical Investigation.

Bladder cancer is a genetically heterogeneous disease, and novel therapeutic strategies are needed to expand treatment
options and improve clinical outcomes. Here, we identified a unique subset of urothelial tumors with focal amplification
of the RAF1 (CRAF) kinase gene. RAFT1-amplified tumors had activation of the RAF/MEK/ERK signaling pathway and
exhibited a luminal gene expression pattern. Genetic studies demonstrated that RAF7-amplified tumors were dependent
upon RAFT activity for survival, and RAF1-activated cell lines and patient-derived models were sensitive to available and
emerging RAF inhibitors as well as combined RAF plus MEK inhibition. Furthermore, we found that bladder tumors with
HRAS- or NRAS-activating mutations were dependent on RAF1-mediated signaling and were sensitive to RAF1-targeted
therapy. Together, these data identified RAF1 activation as a dependency in a subset making up nearly 20% of urothelial
tumors and suggested that targeting RAF1-mediated signaling represents a rational therapeutic strategy.

Introduction

Bladder cancer accounts for approximately 80,000 new can-
cer diagnoses and nearly 20,000 deaths annually in the United
States (1). Approximately 25% of patients present with mus-
cle-invasive bladder cancer (MIBC), an aggressive but potentially
curable disease state. Large-scale genomic studies of MIBC per-
formed by The Cancer Genome Atlas (TCGA) and others have
identified numerous recurrent genomic alterations, including
mutations, copy number alterations, and chromosomal translo-
cations (2). Additionally, MIBCs exhibit distinct gene expression
patterns, and a recent consensus subtyping effort has defined
6 transcriptional subtypes (3).

For several decades, cisplatin-based chemotherapy has been
the backbone of systemic therapy for patients with MIBC or meta-
static bladder cancer. More recently, anti-PD1/PD-L1 agents have
also shown activity in a subset of bladder cancer patients, and
multiple agents are now approved in the metastatic setting (4, 5).
In addition, genomic insights have contributed to the develop-
ment of targeted agents, such as the fibroblast growth factor recep-
tor (FGFR) inhibitor erdafitinib, which was recently approved for
use in advanced bladder cancer patients with tumors harbor-
ing activating alterations in FGFR2/3 (6, 7). Despite these recent
advances, only a subset of patients respond to cisplatin-based che-
motherapy or anti-PD/PD-L1 agents, and only 20% of patients
have a tumor FGFR2/3 alteration. Therefore, additional therapeu-
tic strategies are needed.

The MAPK pathway is a 3-tiered signaling cascade comprising
the proteins RAF, MEK, and ERK, which are serine/threonine-
specific kinases that control critical cellular processes, such as
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Figure 1. RAF1 is focally amplified in a subset of MIBCs. (A) Frequency
of RAF1 amplification across the TCGA pan-cancer cohort. (B) Copy num-
ber analysis by GISTIC2 shows recurrent amplifications in the TCGA BLCA
cohort. The RAF1 gene is located on chromosome 3p25.2 (g = 7.6031 x
10-%). (C) RAF1 gene expression by RAFT copy number status in the TCGA
BLCA cohort. (D) RAFT protein expression z score by RAFT copy number
status in the TCGA BLCA cohort. ***P < 0.001, ANOVA with Bonferroni’s
post hoc test. (E) Percentages of RAF1-amplified and RAFT nonamplified
tumors from the TCGA BLCA cohort belonging to each of the 6 consensus
transcriptional subtypes. (F) Copy number, mutation status, and mRNA
expression of select genes from the RAF71-amplified tumors from the
TCGA BLCA cohort (n = 52).

differentiation, proliferation, migration, and survival (8-12). RAF
is activated by small GTPases of the RAS superfamily, including
HRAS, NRAS, and KRAS. Activated RAF (MAP3K) activates MEK
(MAP2K), whichin turn activates ERK (MAPK;refs. 12,13). Humans
encode 3 RAF isoforms — ARAF, BRAF, and RAF1 (CRAF) — each
located on a different chromosome, but with conserved structural
regions, including a RAS-binding domain (RBD), a cysteine-rich
membrane recruitment domain (CRD), and a kinase domain (12,
13). RAF activation involves recruitment by activated RAS, release
of the RAF N-terminal regulatory subunit through RAS binding,
and phosphorylation of key residues, which allow the RAF kinase
domain to achieve maximal activity through dimerization-induced
allosteric stabilization (10, 14).

The RAFs — particularly BRAF and RAFI — are proto-onco-
genes (13), and alterations of RAS/RAF members or activation of
upstream receptor tyrosine kinases (such as EGFR or FGFR) occurs
commonly in cancer. Among the RAF isoforms, BRAF is the most
frequently altered in cancer, with V600-activating mutations
occurring in more than half of melanoma and thyroid tumors as
well as in smaller percentages of colorectal and other tumor types
(14-16). BRAFY°°F can signal as a monomer, whereas RAFI func-
tions as an obligate homodimer or heterodimer with BRAF (17-20).
Inhibitors such as vemurafenib specifically target monomeric
V600-mutant BRAF (21, 22), and BRAF'*®-targeted therapies
delivered alone or in combination with a MEK inhibitor are now
first-line treatment options in several BRAFY*°°-mutant disease
settings (23, 24). Newer-generation RAF inhibitors with distinct
mechanisms of action, such as inhibition of RAF dimerization,
are being developed and have the potential to preferentially target
specific RAF isoforms or RAF mutations beyond BRAFV¢°® while
also avoiding paradoxical MAPK pathway activation observed
with monomeric RAF inhibitors (25-27). The safety and efficacy of
several of these agents are currently being tested in patients with
tumors harboring MAPK pathway alterations (14).

Here, we identify a subset of MIBCs with focal amplifica-
tion of RAF1, and we show that RAFI-amplified bladder cancer
preclinical models are dependent on RAFI-mediated signaling
for survival. Pan-RAF inhibitors as well as newer RAF-direct-
ed agents with novel mechanisms of action preferentially target
RAFI-amplified bladder cancer cells in vitro and in vivo and are
also active in HRAS- and NRAS-mutant models that are depen-
dent on RAFI activity for survival. Taken together, these dataiden-
tify a subset of molecularly defined bladder tumors that could be
targeted using RAF1-directed agents.
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Results

RAF1is amplified in a subset of bladder tumors. We compared RAFI
amplification status across tumor types in the TCGA pan-cancer
atlas (https://www.cancer.gov/tcga) and found that RAFI ampli-
fication was present in 12% of bladder tumors (TCGA bladder
urothelial carcinoma [BLCA] cohort) but was rare (<3%) or absent
in other tumor types (ref. 28 and Figure 1A). Analysis of copy-num-
ber data from the TCGA BLCA cohort revealed focal amplifica-
tion of a segment of chromosome 3p harboring the RAFI gene
(g = 7.6031 x 107%; Figure 1B). RAFI amplification was strongly
correlated with increased levels of RAFI mRNA and protein (P <
0.0001; Figure 1, C and D).

Bladder tumors can be classified by gene expression patterns,
and a recent consensus MIBC classification scheme defined 6
mRNA-based transcriptional subtypes (3). Although RAFI ampli-
fication is present in all subtypes except neuroendocrine, RAF1I
amplification was enriched in the luminal unstable (LumU) sub-
type (35% vs. 10%; P < 0.0017, Bonferroni’s corrected ¢ test; Fig-
ure 1E and Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI147849DS1).
Accordingly, expression of luminal genes was higher in RAFI-
amplified tumors compared with nonamplified tumors, whereas
expression of immune and basal genes was low in most RAFI-
amplified tumors (Figure 1F and Supplemental Figure 2).

Total mutation count was significantly higher in RAFI-ampli-
fied tumors than in nonamplified tumors (median no. of mutations,
294 vs.166; P=3.8 x 107*; Supplemental Figure 3A); however, RAF1
amplification was not significantly correlated with the mutation
status of any of the 58 significantly mutated genes in the TCGA
BLCA cohort after multiple-hypothesis testing; however, there was
a trend toward cooccurrence of RAFI amplifications with TP53
alterations (P = 0.02), consistent with the observed enrichment
of TP53 alterations in LumU tumors. RAFI-amplified tumors also
had higher levels of genomic instability compared with nonam-
plified tumors (median fraction genome altered, 0.39 vs. 0.27, P =
6.9 x 10 Supplemental Figure 3B). Among genomic alterations
that are particularly relevant in luminal subtypes, RAFI amplifi-
cations cooccurred with E2F3/SOX4 amplifications (g = 0.0038)
and amplification of adjacent genes on chromosome 3p, including
PPARG (q <107%; Supplemental Table 1), but were mutually exclu-
sive with CDKN2A/B deletions (g = 0.01; Figure 1F). RAF1 ampli-
fications were not associated with FGFR3 alterations (either acti-
vating $249C mutations or gene amplification), perhaps because
FGFR3 alterations are more common in the luminal-papillary
(LumP) subtype, whereas RAFI amplifications are most frequent
in the LumU subtype. There was no difference in overall survival
of patients with RAFI-amplified versus nonamplified tumors in the
TCGA BLCA cohort (Supplemental Figure 3C).

We next analyzed targeted tumor DNA-sequencing data
from 472 urothelial cancer cases across grades and anatomic sites
from the Dana-Farber Cancer Institute/Brigham and Women’s
Cancer Center (29). Upon manual review of copy-number data,
we identified 54 cases (11%) with 5 or more copies of RAFI (Sup-
plemental Table 2, Figure 2A, and Supplemental Figures 4 and
5). Although the cohort included both high-grade (n = 380) and
low-grade (n = 92) cases, all RAFI-amplified tumors were high
grade. For a subset of these cases, we used available formalin-fixed

:



RESEARCH ARTICLE The Journal of Clinical Investigation

A
Case #1 Case #2

5 i 5
S a i 1 | 4
EN 3 T : '3
o2 I 2
= T T P
TE:: a ;! : - : —
£ . 1 2 1
I ! s -

| |
# [ |jl|| [ [P I S Y Iy T2 Ty T ‘|‘|'| I||||1| [ [ [ | [
! 2 " 1 a4 o [ B w "o 13\4“ 16 18 "° 20 22 x 2| 3 14 5 s 8 2 w0 "oz P e 7 18 “2322 -
| |
b Case #3 Lo Case #4

H 1 s 1
g ! . -
@3 [ : 3 1 :
o ks
g2 z ) i 2 1 i
il | Lt t 41 1
Eo.m_._sm' j A o ke
%|w L Iy LR P
E . : ! 2 : 1
g 3 t : 3 1 :

-4 4 1 *

| ni_i | | [ | L I n o | ] | T [ | | [ ] i 1 n (I
1 2 |_3 14 B 6 ? 8 L 10 1 12 = 115 16 7 18 "23‘]2 b ! 2 I—il 4 5 6 7 8 9 10 41 12 13]415 16 7 1819 23122 K
Chromosome no. Chromosome no.

B RAF1 FISH

Case #1
RAF1 amp(+)
GATA3(+)
CK5(-)
Case #2
RAF1 amp(+)

GATA3(+)
CK5(-)

Case #3
RAF1 amp(+)
GATA3(+)
CK5(-)
Case #4
RAF1 amp(-)

GATA3(+)
CK5(-)

Figure 2. Focal amplification and luminal differentiation in RAF1-amplified bladder tumors. Representative RAFT-amplified (cases 1-3) and RAF1
nonamplified (case 4) bladder tumors from the Dana-Farber Cancer Institute/Brigham and Women'’s Cancer Center. (A) For the RAFT-amplified cases, copy
number analysis from targeted next-generation sequencing shows focal amplification of the RAF7 locus on chromosome 3 (denoted by red hatched box).
(B) FISH analysis using a RAF1-specific probe (red) shows more than 2 RAFT foci per cell (chromosome 3 centromeric probe [CEP3] shown in green). Tumor
H&E and immunohistochemical staining for the luminal marker GATA3 and basal marker CK5 show a staining pattern consistent with luminal differentia-
tion in RAF1-amplified tumors. Original magnification, x20; insets, x1 (unmagnified).
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paraffin-embedded (FFPE) tumor tissue to perform FISH with a
RAFI-specific probe (Figure 2B). Tumors with RAF1 amplification
identified by tumor sequencing had more than 2 RAFI foci per
nucleus in all or nearly all tumor cells (Supplemental Figure 6A),
consistent with clonal amplification of the RAF1locus in tumor cells.
H&E and IHC staining of the tumors revealed that RAFI-amplified
tumors were positive for the luminal marker GATA3 and negative
for the basal marker cytokeratin 5 (CK5), consistent with a luminal
phenotype (Figure 2B, Supplemental Figure 6B, and ref. 30)

RAFI-amplified bladder tumors are dependent on RAF1I signaling
for survival. To investigate the functional role of RAFI in bladder
cancer, we first sought to identify bladder cancer cell lines with
RAFI amplification. We examined available RAFI copy number
and mRNA levels across 36 bladder cancer cell lines from the Broad
Institute Cancer Dependency Map (DepMap) (https://depmap.
org/portal/depmap/) (31, 32) and identified 2 bladder cancer cell
lines — 5637 and UMUC9 — that had RAFI copy number ampli-
fication and a corresponding increase in RAFI mRNA expression
(Figure 3A). To confirm RAFI amplification in these lines, we per-
formed RAFI immunoblotting across a panel of bladder epithelial
and tumor cell lines and observed highest RAFI protein expression
levels in 5637 and UMUCS9 (Figure 3B).

To determine whether RAFI-amplified cell lines are dependent
on RAFI for survival, we depleted RAFI using siRNAs. We observed
significantly increased sensitivity to RAFI depletion in RAFI-ampli-
fied compared with nonamplified bladder cancer cell lines (Figure
3, C and D, and Supplemental Figure 7). Furthermore, RAF1 deple-
tion resulted in decreased activity of RAF/MEK/ERK signaling in
RAFI-amplified cell lines (Figure 3E), whereas no change in PI3K/
AKT pathway signaling was observed following RAF1 depletion
(Supplemental Figure 8). These data indicate that RAFI-amplified
bladder tumors are dependent on RAFI-mediated signaling for sur-
vival. We further confirmed the essentiality of RAFI in RAFI-ampli-
fied cell lines by analyzing gene-dependency scores from published
CRISPR/Cas9 screening data (33). RAFI-amplified cell lines were
among the cell lines that were most dependent on RAF1I for survival
(Figure 3F and Supplemental Table 3). Other dependent cell lines
harbored alternate mechanisms of MAPK pathway activation, such
as an activating NRAS or HRAS mutation, as discussed below.

RAFI-amplified cells are sensitive to RAF and RAF plus MEK
inhibition. Given the sensitivity of RAFI-amplified bladder cancer
cells to RAFI depletion, we wished to determine whether RAFI-
amplified tumors are also sensitive to pharmacologic inhibition of
RAFI-mediated signaling. We extracted drug-sensitivity data from
the DepMap for all 14 available bladder cancer cell lines treated
with either the pan-RAF inhibitor RAF265 (34) or the BRAFV600E
inhibitor PLX4720 (ref. 35 and Figure 4A), which were the only
RAF inhibitors available in the data set. This data set includes
the RAFI-amplified cell line 5637 but does not include UMUCO9.
Although neither RAF265 nor PLX4720 specifically targets RAFI,
the RAFI-amplified cell line 5637 is among the most sensitive cell
lines to each of these 2 agents, suggesting increased sensitivity to
inhibition of RAF-mediated signaling. Other sensitive cell lines
harbor alternative mechanisms of MAPK pathway activation,
including HRAS or NRAS mutations.

To further investigate sensitivity to pan-RAF inhibition, we
measured cell viability of several cell lines following treatment
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with RAF265. The RAFI-amplified 5637 and UMUC9 cell lines
demonstrated significantly higher sensitivity to RAF265 than the
nonamplified J82 cell line (Figure 4B). Ku-19-19 is a bladder can-
cer cell line with an activating NRAS Q61R mutation, which we
hypothesized may also confer increased sensitivity to RAF265.
Indeed, although activating NRAS mutations are rare in bladder
cancer (1% frequency in TCGA BLCA cohort), the NRAS-mutant
Ku-19-19 cell line demonstrated sensitivity to RAF265 similar to
that of RAFI-amplified cell lines (Figure 4B).

Preclinical and clinical data support the use of combination
approaches that simultaneously target BRAF and MEK in BRAFV60°F
mutant tumor settings (23, 36). To investigate the activity of com-
bined RAF and MEK inhibition in RAFI-amplified bladder cancer,
we measured survival of UMUC9 (RAFI-amplified) and J82 (RAF1I
nonamplified) cell lines following treatment with the pan-RAF
inhibitor RAF265 and the MEK inhibitor trametinib (Figure 4C).
J82 was minimally sensitive to RAF265 and trametinib alone or in
combination, whereas UMUCY showed sensitivity to each agent
alone and increased sensitivity to the combination. Similarly, in a
10-day colony-formation assay, RAFI-amplified UMUC9 and 5637
cell lines were significantly more sensitive to the combination of
RAF265 and trametinib than to RAF265 alone (Figure 4D). Con-
sistent with increased sensitivity to combined RAF plus MEK inhi-
bition, we observed more complete inhibition of RAF/MEK/ERK
signaling with RAF265 plus trametinib treatment compared with
RAF265 treatment alone (Figure 4E).

Cisplatin-based chemotherapy is a common treatment for
advanced bladder cancer, and we therefore sought to charac-
terize the interaction between cisplatin and RAF inhibition. We
performed a series of cell-viability assays using combinations
of cisplatin and RAF265 in the RAF1-amplified cell lines UMUC9
and 5637. Overall, we observed a pattern of additive activity
with mild synergy observed at low cisplatin concentrations in the
5637 cell line. Importantly, there was no evidence of antagonism
(Supplemental Figure 9).

RAF and RAF plus MEK inhibition is active in RAFI-amplified
tumors in vivo. We next tested the activity of RAF inhibition alone
or in combination with MEK inhibition in RAFI-amplified tumors
in vivo. RAF265 was developed as an inhibitor of mutant BRAF but
also potently inhibits WT BRAF, RAF1, and other kinases (34). In
preclinical studies, RAF265 demonstrated antitumor activity in
BRAF-mutant and WT BRAF tumor models, and responses were
also observed in both BRAF-mutant and WT BRAF metastatic
melanoma patients in a phase I clinical trial (37, 38). Therefore, we
elected to test the activity of RAF265 in RAFI-amplified bladder
tumor xenografts. We implanted RAFI-amplified UMUC9 cells
in immunodeficient mice and randomized mice to treatment with
vehicle or with RAF265 alone or in combination with the MEK
inhibitor trametinib. Mice were treated twice weekly to a maximum
of 9 doses, and mouse weights and tumor measurements were
monitored for a total of 39 days following implantation. RAF265
was well tolerated at the tested dose and schedules (Supplemental
Figure 10), and we observed significant tumor-growth delay with
30 mg/kg RAF265 alone and an even more pronounced response
when RAF265 was combined with 1 mg/kg trametinib (Figure 5A).
At the conclusion of the experiment, mice were sacrificed and
tumors were excised, weighed, and photographed. Tumors treated

:
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scores for bladder cancer cell lines from CRISPR-Cas9 essentiality screens from DepMap (33). A low score indicates a higher likelihood that the gene is
essential in a given cell line. RAF1-amplified cell lines (UMUC and 5637) are shown in red, an HRAS mutant cell line (T24) in green, NRAS mutant cell lines
(Ku-19-19 and BFTC905) in orange, and a MEK2 mutant cell line (JMSU1) in yellow. Cell lines without alterations in any of these 4 genes are shown in blue.
The bottom panel shows the distribution of RAFT dependency scores across the 29 bladder cancer cell lines analyzed.
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with RAF265 alone or in combination with trametinib weighed sig-
nificantly less than vehicle-treated tumors (Figure 5, B and C). We
performed FISH analysis and RAFI immunohistochemistry from
an untreated UMUCY xenograft to confirm RAFI amplification
(Figure 5D and Supplemental Figure 11).

To further validate RAFI amplification as a therapeutic target
in bladder cancer, we leveraged a patient-derived xenograft (PDX)
tumor model harboring RAF1 amplification (ref. 39 and Supplemen-
tal Figure 12, A and B). Low-passage PDX tumors were implanted in
immunodeficient mice, and tumor-bearing mice were subsequent-
ly randomized to RAF265 plus trametinib or to no treatment when
tumors reached 100 mm?® or larger. Analysis of engrafted tumors
showed that the PDX model exhibited luminal features, including
positive IHC staining for the luminal marker GATA3 and negative
staining for the basal marker CK5 (Figure 6A), similarly to RAF1-
amplified tumors from TCGA BLCA and our institutional
cohort (Supplemental Figure 6). The PDX model also exhibited
a RAF1-staining pattern that resembled the staining pattern of
tumors with highest RAF1 expression from the Human Protein
Atlas (40). Mice in the treatment group received 30 mg/kg RAF265
plus 1 mg/kg trametinib delivered i.p. twice weekly. Tumor growth
was monitored by serial volumetric analyses, and tumors in the
treatment group were significantly smaller than tumors in the
untreated group (Figure 6B and Supplemental Figure 12C). Mice
in the untreated group had a median survival of 24 days, and all
were sacrificed when they met the protocol-defined morbidity end
point, whereas treated mice remained healthy and were sacrificed
at the end of the experiment (P = 0.0008; Figure 6C). Tumors
from treated mice were significantly smaller than the tumors from
untreated mice (average weight 1.6 gvs. 0.34 g, P= 0.0008; Figure
6, D and E) and had increased IHC staining of cleaved PARP and
yYH2AX as well as decreased staining of Ki-67 (Supplemental Figure
13), consistent with increased apoptosis and decreased prolifera-
tioninduced by RAF265 plus trametinib treatment. Together, these
data demonstrate activity of combined RAF plus MEK inhibition in
a patient-derived RAF1-amplified tumor model.

RAF and RAF plus MEK inhibition is also active in NRAS and
HRAS mutant bladder tumors. Recent biochemical and cell-based
studies have identified distinct binding preferences of RAS pro-
teins to their downstream RAF targets (41). Although RAF1 binds
to all RAS members with high affinity, HRAS was found to bind
preferentially to RAF1 over BRAF. In bladder cancer, HRAS muta-
tions are more common than mutations in either KRAS or NRAS.
Approximately 4% of tumors in the TCGA BLCA cohort harbor an
activating HRAS mutation, and the observed frequency is 12% in
tumors arising in the ureter or renal pelvis (42-44). In our insti-
tutional urothelial tumor cohort, activating HRAS mutations were
present in 4% of tumors across the cohort, but occurred in 13% of
upper tract tumors (Supplemental Table 4). In both cohorts, HRAS
mutations and RAFI amplification were mutually exclusive.

Given the preference of HRAS binding to RAFI, we hypothe-
sized that RAF1 or combined RAF1 plus MEK inhibition may pref-
erentially target bladder tumors with activating HRAS or NRAS
mutations. The T24 cell line harbors an HRAS G12V-activating
mutation, whereas the Ku-19-19 and BFTC905 cell lines have
an NRAS Q6lL-activating mutation. Analysis of CRISPR-Cas9
essentiality screening data demonstrated that these lines were
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selectively dependent upon their respective mutant RAS for surviv-
al (Figure 7A, Supplemental Table 5, and ref. 33) Furthermore, these
HRAS and NRAS mutant cell lines were also among the most depen-
dent on RAF1I for survival (Figure 3F), consistent with mutant RAS-
induced RAF]I activation.

In order to determine whether RAF1 inhibition represents a
therapeutic strategy for HRAS and NRAS mutant bladder tumors,
we tested the activity of RAF inhibitors in T24 (HRAS mutant)
and Ku-19-19 (NRAS mutant) cell lines. Similarly to the RAFI-
amplified UMUC9 and 5637 cell lines, both HRAS-mutant T24
and NRAS-mutant Ku-19-19 cell lines were highly sensitive to
RAF265 alone or in combination with trametinib (Figure 7B).
LHX254 is a potent and selective WT BRAF and RAF1 inhibitor
that has activity in RAS-driven preclinical models and is current-
ly being investigated in numerous clinical trials in patients with
MAPK-altered tumors (45, 46). LXH254 potently inhibited ERK
activation (Figure 7C), leading to apoptotic cell death as measured
by increased caspase activity, cleaved PARP, and yH2AX levels in
HRAS- and NRAS-mutant cell lines as well as in the RAF1-ampli-
fied cell lines (Supplemental Figures 14-16).

Given the proven clinical activity of combining BRAF plus
MEK inhibition in BRAFV6°°-mutant tumor settings, we reasoned
that combining a potent RAF inhibitor such as LHX254 with a
MEK inhibitor such as trametinib may represent the most prom-
ising therapeutic strategy for targeting RAF1-amplified or HRAS/
NRAS-mutant bladder tumors. We first investigated the combi-
nation activity of LHX254 and trametinib in vitro and observed
additive effects on cell viability with modest synergy noted at
low LHX254 concentrations (Supplemental Figure 17). Finally,
we tested the activity of the RAF inhibitors RAF265 and LXH254
alone or in combination with trametinib in mice bearing NRAS
mutant Ku-19-19 xenografts. Mice were treated twice weekly for
2 weeks, and tumor volumes were monitored for a total of 14 days
following the first dose. NRAS mutant Ku-19-19 xenografts grew
rapidly in untreated mice, whereas treated mice had significant
tumor growth delay and reduction in tumor volume following
initiation of treatment with either LXH254 (30 mg/kg) alone,
trametinib alone, LXH254 plus trametinib, or RAF265 plus trame-
tinib (Figure 7D and Supplemental Figure 18). At the conclusion
of the experiment, mice were sacrificed and tumors were excised,
weighed, and photographed. The average weight of tumors treat-
ed with LXH254 or LXH254/RAF265 plus trametinib was signifi-
cantly lower than in vehicle-treated mice (Figure 7, E and F).

Discussion
For decades, cytotoxic chemotherapy was the only systemic ther-
apy with proven efficacy in urothelial cancer. In the past several
years, large-scale genomic analyses have elucidated the molec-
ular features of bladder cancer and are informing the search for
targeted therapies. Indeed, insights gained from genomic studies
contributed to the development and recent approval of the FGFR
inhibitor erdafitinib for treatment of bladder cancer patients with
tumor FGFR2/3 alterations (6, 7). However, FGFR alterations are
only present in a subset of tumors, and identifying novel therapeu-
tic strategies for urothelial tumors remains a pressing clinical need.
In this study, we identify and characterize a subset of urothe-
lial tumors with an amplification of RAF1 (CRAF). While RAFI
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Figure 4. RAF1-amplified cell lines are sensitive to RAF and MEK inhibi-
tion. (A) IC,; values for bladder cancer cell lines from the DepMap data set
treated with the pan-RAF inhibitor RAF265 (left) or the BRAFV®°% inhibi-
tor PLX4720 (right). The RAFT-amplified bladder cancer cell line (5637) is
denoted by red arrows. T24 (green) has an HRAS mutation, JMSU1 (yellow)
has a MEK2 mutation, and HT-1197 has an NRAS mutation. Sensitivity
data for the RAF1-amplified UMUCS line were not available. (B) Relative
cell viability measured by luminescence assay following 3-day treatment
with 4 uM RAF265. ***P < 0.0001, ANOVA with Bonferroni’s post hoc
test. (C) Heatmap showing viability of UMUCY (RAF1 amplified) and J82
(RAF1 nonamplified) cells following 3-day treatment with combinations
of the pan-RAF inhibitor RAF265 and the MEK inhibitor trametinib. (D)
Unmagnified colony-formation assays following treatment of RAF1-
amplified cell lines (UMUCI and 5637) with RAF265 and trametinib show
increased sensitivity to combination treatment. (E) Immunoblot shows
complete ERK inhibition following treatment with the combination of
RAF265 and trametinib in UMUCS cells.

amplifications are very rare in most other tumor types, more than
10% of bladder tumors in TCGA BLCA and our institutional cohort
have amplification of RAFI (2, 29). RAF1 amplifications have also
been observed in large bladder tumor cohorts using FISH (47).
We find that RAF1 amplifications are accompanied by high levels
of RAF1 mRNA and protein as well as by activation of the MAPK
(RAF/MEK/ERK) signaling pathway. Although the MAPK path-
way is one of the most frequently altered pathways in cancer and
can occur through a variety of mechanisms, RAFI1 amplification
appears to be a mechanism unique to bladder cancer.

RAF1is nearly universally coamplified with PPARG, which is
located adjacent to RAF1 on chromosome 3p and encodes a tran-
scription factor that is a key driver of urothelial luminal differ-
entiation (48). Accordingly, we found that the majority of RAFI-
amplified tumors express protein markers of luminal differenti-
ation such as GATA3 and belong to one of the luminal transcrip-
tional subtypes, particularly the LumU subtype (Supplemental
Figure 19). Activation of PPARy signaling via PPARG amplifica-
tion or activating mutation has been shown to contribute to the
bladder tumor phenotype and can be pharmacologically targeted
by PPARG inverse agonists (49). Interestingly, MAPK signaling
through RAF1 has been shown to activate PPARG via phosphor-
ylation of the PPARG coactivator PPAR-binding protein (PBP)
(50), suggesting a possible mechanism through which coampli-
fication of RAFI and PPARG could cooperate to drive luminal
bladder tumor growth and raising the possibility of cotarget-
ing RAF1 and PPARG signaling as a therapeutic strategy in this
subset of bladder tumors.

Using publicly available data, we identified bladder cancer
cell lines (31, 32) and a PDX model (39) with RAFI amplification.
Depleting RAF1in RAFI-amplified cell lines dramatically reduced
cell viability, whereas RAFI depletion had minimal impact in
RAFInonamplified cell lines. The dependence of RAFI-amplified
cell lines on RAF1 is further supported by analysis of large-scale
CRISPR screening data (33), which show that RAFI-amplified
cell lines are among the most dependent on RAFI for survival.
Interestingly, other cell lines that were also highly dependent on
RAFI harbored other alterations in the MAPK pathway, includ-
ing activating mutations in HRAS or NRAS. Although RAFI has
high binding affinity for all Ras proteins, RAFI has been shown
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to be particularly important for downstream transmission of
HRAS-mediated signaling (41). HRAS mutations occur in 3% to
5% of urothelial bladder tumors, but are present in 12% of upper
tract tumors (42-44). These genetic data support a critical bio-
logical role for RAFl-mediated signaling in RAFIl-amplified
and HRAS-mutant urothelial tumors and suggest that targeting
RAFI-mediated signaling may be a rational therapeutic strategy
for this subset that comprises up to 20% of urothelial tumors.

Activating BRAFV°°E mutations are common in several
tumor types, and the development and clinical implementa-
tion of BRAFY6°°F inhibitors has been one of the most successful
applications of targeted cancer therapy to date. Nevertheless,
BRAF mutations are quite rare in bladder cancers; however, more
than 80% of canine invasive bladder tumors have an activating
BRAF V595E mutation (homologous to the V6OOE mutation in
humans; ref. 51). Given our finding that RAF1 amplification is a
driver in a subset of human bladder tumors, these data suggest
that RAF-mediated signaling is a shared oncogenic driver of blad-
der tumors across species.

Unlike WT RAFs, which are activated through dimerization,
BRAFY?F can function as a monomer, and approved BRAFY60°F
inhibitors preferentially bind and inhibit monomeric RAFs (11, 14).
Therefore, targeting tumors with MAPK pathway activation driven
by nonBRAFV¢°%F alterations — including RAFI amplification —
requires an alternative strategy, and numerous RAF inhibitors with
distinct mechanisms of action are now being tested in patients with
tumor MAPK pathway alterations, including those with KRAS or
NRAS mutations (Supplemental Table 6 and refs. 46, 52-57).

Using available cell line drug sensitivity data, we found that
RAFI-amplified bladder cancer cell lines were sensitive to the
pan-RAF kinase inhibitor RAF265, which binds not only RAFI,
but also WT BRAF, BRAFY6°F | and other intracellular kinases (34,
58). RAFI-amplified cell lines and a RAFI-amplified PDX model
were sensitive to RAF265 in vitro and in vivo, and this sensitivity
could be enhanced by cotreatment with the MEK inhibitor tra-
metinib. Combining MEK inhibition with BRAF inhibition has
been shown to improve response rates, prevent paradoxical ERK
activation, and delay onset of resistance (36, 59). Similar strate-
gies of combining RAF1 and MEK inhibition may therefore also
be necessary to optimally target RAFI amplification in bladder
cancer. Importantly, newer RAF dimerization inhibitors with
increased activity and specificity compared with RAF265 are also
being developed. One such inhibitor, LHX254 (now naporafenib),
potently inhibits WT BRAF and RAFI while having lower affinity
for ARAF (45), and we observed single-agent activity of LHX254
in RAFI-amplified as well as HRAS- and NRAS-mutant bladder
cancer models abolishing downstream ERK phosphorylation and
inducing apoptosis. Hence, the most promising therapeutic strat-
egies may involve combining newer, selective RAF inhibitors such
as LHX254 with MEK/ERK inhibition.

The treatment paradigm for advanced urothelial cancer is
rapidly evolving. Eligible patients typically receive cisplatin-based
chemotherapy; however, chemotherapy response rates vary across
patients, and retrospective clinical-genomic studies suggest that
patients with luminal tumors may derive less benefit from che-
motherapy than those with basal or neuroendocrine subtypes
(60). Given that the majority of RAFI-amplified tumors belong to
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Figure 5. RAFT-amplified tumors are sensitive to RAF and MEK inhibition in vive. (A) Tumor volumes of UMUC9-engrafted mice treated twice weekly
with PEG400 vehicle (n = 9 mice), PEG400 with 4% DMSO vehicle (n = 5), RAF265 (n = 10), or RAF265 plus trametinib (n = 8). The black arrow denotes
the day of first treatment. Significant differences in average tumor size are denoted by asterisks. **P < 0.005; ***P < 0.0005, ANOVA with Bonferroni’s
post hoc test. (B) Mice treated with RAF265 alone or with RAF265 plus trametinib had significantly lower end-of-experiment tumor weights than vehi-
cle-treated mice. Significant differences were calculated by ANOVA with Bonferroni’s post hoc test and are denoted by asterisks. *P < 0.05; **P < 0.005;
***P < 0.0005. (C) Photographs of excised tumors across treatment arms. (D) FISH assay showing RAF1 amplification (red) in UMUCS tumor xenografts.

CEP3 (green) is a chromosome 3 centromeric marker.

luminal subtypes, it is possible that RAFI-amplified tumors may
be less likely to respond to chemotherapy than tumors with bas-
al features, as has been observed for FGFR2/3-altered tumors,
which are also predominantly luminal (61). Although RAFI-
amplified and FGFR2/3-altered tumors both have luminal fea-
tures, we found that RAFI amplifications and FGFR2/3 alter-
ations are largely mutually exclusive. Therefore, most patients
with RAFI-amplified tumors are unlikely to be eligible for an
FGFR inhibitor, further highlighting the need for a targeted
approach for RAFI-amplified tumors.

A subset of urothelial tumors responds to immune-checkpoint
blockade, and anti-PD1/PD-L1 agents are currently approved in
the post-cisplatin, cisplatin-ineligible, and switch maintenance

e

settings. The addition of an immune-checkpoint inhibitor to com-
bined BRAF plus MEK inhibition was recently shown to improve
outcomes in patients with BRAFY¢°*-mutant melanoma, pro-
viding evidence for combining MAPK-targeted therapies with
immune-checkpoint blockade (62). Numerous clinical trials com-
bining novel RAF inhibitors such as LXH254 with anti-PD 1/PD-L1
agents in patients with advanced solid tumors harboring MAPK
pathway alterations are currently ongoing. Additional mechanistic
studies will be necessary to define the immunomodulatory effects
of RAF inhibitors and other MAPK-targeted agents and to inform
optimal combination approaches.

In summary, we characterize a unique subset of urothelial
tumors with focal amplification of the RAF1 gene. RAFI-amplified

J Clin Invest. 2021;131(22):e147849 https://doi.org/10.1172/)C1147849



The Journal of Clinical Investigation

RESEARCH ARTICLE

A T RAFT B
K] 4 A b |
R 2500¢
= 2000f —e— Untreated
E —=— Treated
g 1500 RAF265 , Trametinib
2 [30 mg/kg]  [1 ma/kg)]
Z 1000}
Q
E ek
= 500F . R KKK FERREE ki
O 5™9 9397 21 25 20 33
Days post first treatment
C E *ARD 1
100 <0.00
2.01 | |
e
8 —=—  Untreated o
0- o
—n—  Treated T
@ RAF265 , Trametinib 1.54 e @  Untreated
< 604 [Bomgkg] [1mghkgl B e Treated
=2 —
= =3 ° RAF265 4 Trametinib
& 40 210 (30 mgrkg] [1 mg/kg]
D =]
o £
3
20- **%p = 0.0008 = 05
0 r x r r .
0 10 20 30 40 50 0.0 . °e°
Days after tumor became palpable Untreated Treated
D

-

RAF265 [30 mg/kg] +Trametinib [1mg/Kg]

Figure 6. A RAFT-amplified PDX is sensitive to RAF plus MEK inhibition. (A) H&E and IHC staining for RAF1, the luminal differentiation marker GATA3,
and the basal differentiation marker CK5 in a RAF7T-amplified PDX tumor show strong RAF1 staining in tumor cells as well as GATA3 staining consis-

tent with a luminal phenotype. Original magnification, x20 ((H&E, GATA3 and CK5); x40 (RAF1). (B) Tumor volume measurements for RAF1-amplified
PDX-bearing mice randomized to RAF265 plus trametinib versus no treatment. Significant differences in average tumor size between treated and untreat-
ed arms are denoted with asterisks.*P < 0.05; **P < 0.005; ***P < 0.0005, unpaired 2-tailed Student’s t test. (C) Kaplan-Meier survival curves showing
percentage of surviving mice in the RAF265 plus trametinib versus untreated arms. Asterisks denote statistical significance by log-rank (Mantel-Cox) test.
(D) Photographs of excised tumors from all mice in both arms. (E) The average end-of-experiment tumor weight was significantly lower in the RAF265 plus
trametinib-treated mice compared with the untreated mice. Asterisks denote statistical significance by unpaired 2-tailed Student’s t test.

urothelial tumors are dependent on RAFI-mediated signaling for
survival and display features of luminal differentiation. We show
that tumors with activation of MAPK signaling driven by RAFI
amplification or by activating HRAS or NRAS mutations can

be targeted with available and emerging RAF inhibitors as well
as by combined RAF and MEK inhibition. Together, these data

highlight a therapeutic approach for a molecularly defined sub-
set of urothelial tumors.
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Figure 7. HRAS and NRAS mutant bladder cancer cell lines are sensitive
to RAF-targeted therapies. (A) HRAS and NRAS gene-dependency scores
from DepMap CRISPR-Cas9 essentiality screens confirm that the HRAS
(G12V) mutant T24 bladder cancer cell line shown in green and the NRAS
mutant Ku-19-19 (NRAS Q61R) and BFTC905 (NRAS Q61L) bladder cancer
cell lines shown in orange are dependent on the mutant RAS mutation for
survival. (B) Unmagnified colony-formation assays demonstrate increased
sensitivity to RAF265 and RAF265 plus trametinib in HRAS-mutant T24
cells and NRAS-mutant Ku-19-19 cells compared with the RAS WT |82 cell
line. (C) Crystal violet staining of Ku-19-19 cells 3 days following treatment
with LXH254 (left) and immunoblot (blots were run in parallel from the
same sample) showing LXH254-induced inhibition of RAF/MEK/ERK
signaling (right). (D) Tumor volumes of Ku-19-19-engrafted mice treated
twice weekly with PEG400 vehicle (n = 9 mice), 15 mg/kg LXH256 (n = 5),
30 mg/kg LXH256 (n =10), 30 mg/kg LXH254 plus 1 mg/kg trametinib
(n=7), or 30 mg/kg RAF265 plus 1 mg/kg trametinib (n = 9). (E) Average
end-of-experiment tumor weights for mice treated with vehicle, 30 mg/kg
LXH254, 30 mg/kg LXH254 plus 1 mg/kg trametinib, or 30 mg/kg RAF265
plus 1 mg/kg trametinib. Average tumor weights were significantly lower in
all treatment arms compared with those of vehicle-treated tumors. Signif-
icant differences in average tumor size and weight in the treatment groups
compared with vehicle are denoted with asterisks. ***P < 0.0001, ANOVA
with Bonferroni’s post hoc test. (F) Photographs of excised tumors.

Methods

Genomic analyses
TCGA. Data for DNA (copy number alterations, mutations, and fusions),
gene expression (RNA Seq V2 RSEM), and RPPA protein expression were
extracted for the TCGA BLCA cohort from the Broad Institute Firehose
Legacy and PanCancer Atlas data sets (28). Genomic data visualization
and gene expression heatmaps were generated with OncoPrinter from
cBioportal (63, 64). Focal chromosomal copy number plots were from
SNP6 copy number analysis (GISTIC2) output (65) and acquired from
the Broad Institute’s TCGA Genome Data Analysis Center (FireBrowse).
DepMap. The DepMap includes publicly available data sets from the
Cancer Cell Line Encyclopedia (CCLE) (31, 32), genome-wide dependen-
cy screens (33), and the Cancer Therapeutics Response Portal (CTRP)
(66). DNA copy number, gene expression, mutation, and gene-depen-
dency scores for all available bladder cancer cell lines as well as relevant
drug sensitivity data were downloaded from the DepMap portal.
OncoPanel. OncoPanel is a cancer genomic assay performed using
DNA extracted from fresh-frozen or FFPE tumor samples from can-
cer patients treated at Dana-Farber Cancer Institute. OncoPanel is
designed to detect somatic mutations, copy number variations, and
structural variants in a curated set of 447 cancer-related genes (67-69).

IHC

Paraffin processing, embedding, and sectioning were performed at
the Specialized Histopathology Core at the Dana-Farber Cancer Insti-
tute/Harvard Cancer Center. FFPE tumor tissues were sectioned from
paraffin blocks and mounted on glass slides. IHC was performed on
the Leica Bond III automated staining platform using the Leica Bio-
systems Refine Detection Kit with citrate antigen retrieval. Primary
antibodies were used for RAF1 (1:50; polyclonal, catalog HPA002640,
MilliporeSigma), anti-phospho-histone H2A.X (1:50; clone JBW301,
MilliporeSigma), cleaved PARP (1:50; clone D64E10, CST), Ki67
(1:50; clone SP6, Biocare Medical), CK5 (1:500, clone EP1601Y,
Abcam), and GATA3 (1:100; clone D13C9, CST).
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FISH assay

The FISH assay was performed at the Brigham and Women’s Hospital’s
Cytogenomics Core Laboratory. Thin sections from FFPE tumor tissue
were mounted on glass slides. The slides were warmed to 60°C and dep-
araffinized in xylene at room temperature for 15 minutes, followed by
immersion in 100% ethanol for 2 minutes. The slides were immersed
in 100°C 100 mM Tris-base with 50 mM EDTA (pH 7.0) and then con-
tinually heated at 100°C in a microwave for 45 minutes. The slides were
subsequently washed in PBS for 5 to 10 minutes, and 150 pL of Digest-
All (Zymed) was then added to each slide before covering with a plastic
coverslip. Slides were placed in a dry oven at 37°C for 20 minutes, and
Digest-All was then added for a second time and the step was repeated
before washing with PBS for 5 to 10 minutes. The slides were sequentially
dehydrated in 70%, 90%, and 100% ethanol at room temperature for 2
minutes each and air-dried. A 22 x 22 mm area was marked on each slide
and 8 to 10 uL of RAF1 and CEP3 (chromosome 3 centromere) probes
was added to each slide. Probes were purchased from Empire Genomics.
After staining, slides were covered with a plastic coverslip and heated at
94°C for 3 minutes to codenature and allow hybridization of the probe
to genomic DNA. The slides were incubated in a humidified chamber at
37°C for 2 days. The slides were then immersed in 0.5x SSC buffer (75
mM NaCl and 7.5 mM sodium citrate; pH 7.0) and heated to 72°C for 5
minutes, followed by washing 3 times in PBS-Tween (0.025%) for 2 min-
utes each at room temperature. After this step, 8 to 10 pL of DAPI was
added, a glass coverslip was applied to each slide, and the slides were
viewed under a fluorescence microscope for image acquisition.

Cell lines and reagents

Bladder cancer cell lines were purchased from ATCC. Cells were main-
tained in RPMI 1640 medium supplemented with fetal bovine serum,
penicillin/streptomycin, and L-glutamine (Life Technologies) unless
otherwise specified. Inhibitors (RAF265/CHIR-265, Trametinib/
GSK112021, and LXH254) were purchased from Selleck Chemicals.
Formalin (neutral buffered, 10%), crystal violet solution, protease
inhibitor cocktail, and phosphatase inhibitor (PhosSTOP) were pur-
chased from MilliporeSigma. Polyethylene Glycol 400 (PEG400) was
purchased from Fisher Scientific. Matrigel was purchased from BD
Biosciences. Dicer-substrate siRNAs targeting RAF1 as well as a non-
targeting control siRNA (siNTC) were purchased from Integrated DNA
Technologies Inc. The sequences for RAF1 siRNA no. 1 and no. 2 are
provided in Supplemental Table 7.

siRNA gene depletion

Cells were seeded in 6-well plates and grown to 50% confluence. A
transfection mix was prepared by combining Lipofectamine 3000 (Life
Technologies) with either siNTC or siRAF1in Opti-MEM reduced serum
medium (Life Technologies) according to the manufacturer’s protocol.
The transfection mix was then added to the growth medium to a final
siRNA concentration of 30 nM, which was then added to each well.
After 48 hours, cells were trypsinized and equal numbers of cells were
aliquoted to separate wells for a second round of siRNA transfection
with 15 nM siNTC or siRAF1. After 24 hours, the media were replaced
and cells were allowed to grow for 3 days prior to cell viability analysis.

Cell viability and proliferation assays
The CellTiter-Glo luminescence assay was performed by seeding cells
in either a 96-well (2500-5000 cells/well) or 24-well (20,000 cells/
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well) format. The drug was diluted in media and added to the wells the
following day. Three days later, media were removed and CellTiter-Glo
reagent (Promega) was added according to the manufacturer’s instruc-
tion. The intensity of luminescent signal was measured using a lumi-
nescence microplate reader (BioTek). Relative viability at each drug
concentration was calculated by dividing the signal intensity from treat-
ed wells by that from mock-treated wells from 3 independent experi-
ments. Synergy analysis for drug combinations was calculated from the
cell-viability data using Combenefit software (70). For crystal violet
staining experiments, cells were seeded in 6-well plates at 50,000 to
100,000 cells/well for 3-day experiments or 1000 cells/well for 10- to
14-day colony-formation assays. Vehicle or drug (diluted in media) was
added the day after plating. At the end of the experiment, media was
removed and cells were fixed in formalin solution for 30 minutes and
then stained with crystal violet prepared in equal volumes of methanol
and water. Excess crystal violet was removed by washing with PBS, and
plates were then dried and imaged using an Amersham imager; and
signal intensity was quantified with Image] software (NIH). To assess
the effect of treatments on cell proliferation, cell number was counted
before and after treatment using a Countess Automated Cell Counter
from Life Technologies according to the manufacturer’s instructions.
To assess apoptosis, the level of activated caspase-3/7 was measured
before and after drug treatment using the Caspase-Glo 3/7 Assay Kit
(Promega) according to the manufacturer’s instructions.

Immunoblots

RIPA buffer supplemented with protease and phosphatase inhibi-
tors (Roche) was used to make cell lysates. Samples were then son-
icated, and the protein amount in each sample was determined using
the Bradford assay. Sample buffer (Bio-Rad) was then added to equal
amounts of protein, followed by denaturation of the lysates at 90°C
for 10 minutes. Samples were then loaded on NuPAGE protein gels
(Thermo Fisher Scientific). The gel was subsequently transferred to
nitrocellulose membrane in a NuPAGE transfer buffer. At the end of
the transfer, the membrane was blocked in 5% milk in TBS buffer for
30 minutes. Sections of the membrane corresponding to the desired
protein molecular weights were stained overnight with primary antibod-
ies: RAF1 (1:1000; catalog 9422, CST), BRAF (1:1000; clone DIT6S,
CST), ERK1/2 (1:1000; clone 3A7, CST), AKT (1:1000; clone C67E7,
CST), phospho-MEK1/2 (1:1000; clone 41G9, CST), phospho-ERK1/2
(1:1000; clone D13.14.4E, CST), phospho-AKT(1:1000; clone D9E,
CST), total and cleaved PARP (1:1000, catalog 9542, CST), phos-
pho-H2AX Ser139 (1:1000, clone JBW301, MilliporeSigma), or B-tubu-
lin (1:1000, clone G-8, Santa Cruz Biotechnology) prepared in 1% milk
in TBST. A LI-COR Odyssey Infrared Imaging System was used for sig-
nal detection using IRDYE-conjugated secondary antibodies (LI-COR
Biosciences). See complete unedited blots in the supplemental material.

Microscopy

All phase contrast microscopy images were obtained at either x4 or
x10 magnification using a Zeiss Primo-Vert Inverted Phase Contrast
Microscope. Images were acquired from 3 nonoverlapping fields for
each sample from 3 independent experiments.

Cell line xenograft experiments
Six-week-old female athymic nude mice, NU/J (stock no. 002019)
homozygous for Foxnl™, were purchased from Jackson Laboratory.
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Mice were housed at Dana-Farber’s Animal Resources Facility. At 7
to 9 weeks of age, mice were anesthetized with isoflurane and sub-
cutaneously injected on the left flank with 3 million UMUCS9 cells or
1 million Ku-19-19 cells prepared 1:1 with Matrigel (BD Biosciences)
and PBS in a total volume of 200 pL. Tumor growth was measured
twice weekly with a digital caliper and calculated using the formula L
x W?) x 1/2, L indicates length and W indicates width. When tumors
reached an average volume of approximately 100 mm?, mice were
randomized to treatment or control arms. RAF265 and LXH254 were
prepared in PEG400 to a stock concentration of 6 mg/mL and were
delivered i.p. twice weekly at doses of 30 mg/kg for a total of 9 doses.
For mice receiving combination treatment, trametinib was prepared
in PEG400 containing 4% DMSO at a concentration of 0.2 mg/mL in
addition to RAF265/LXH254 at 6 mg/mL and delivered to mice at a
dose of 30 mg/kg RAF265/LXH254 plus 1 mg/kg trametinib. Mice in
the control group were injected with either PEG400 alone or PEG400
containing 4% DMSO. The health status of each mouse was moni-
tored daily, and weights were recorded twice weekly. For UMUC9
xenografts, mice were sacrificed following completion of 9 doses. For
Ku-19-19 xenografts, mice received a total of 4 doses and the study
was ended 14 days after the first drug dose, as all mice in the control
arm had reached the protocol-defined end point.

PDX experiments

The Mouse Models of Human Cancer database (MMHCdb) (71)
includes genomic data from hundreds of human PDX tumors that are
banked and distributed by The Jackson Laboratory. We used this data-
base to identify a PDX model derived from a patient with high-grade
urothelial carcinoma of the bladder (catalog TM00024/BL0440F).
The TM00024 model had the highest RAF1 gene expression level
across available bladder tumor PDXs, and its RAF1 amplification has
been previously confirmed (39). Two NSG mice bearing the TM00024
model were purchased from The Jackson Laboratory. Both mice were
sacrificed, and the freshly harvested tumor tissue was combined (total-
ing approximately 700 mm?®) and was minced aseptically using a sterile
scalpel into a Petri dish containing fresh RPMI-1640 media. Prior to
mincing, any surrounding nontumor tissue was carefully removed and
the remaining tumor tissue was closely inspected to ensure any grossly
necrotic areas were discarded. The minced tumor tissue was then even-
ly aliquoted into prechilled tubes. Six-week-old NSG mice, strain NOD.
Cg-Prkdcsd I12rg™Wil /Sz] (stock no. 005557), were purchased from The
Jackson Laboratory. At 7 weeks of age, mice were anesthetized with
isoflurane and the freshly minced tumor tissue was mixed with Matri-
gel (100 pL) and injected subcutaneously into a small incision made
on the left flank. The majority of implanted mice developed palpable
tumors by day 45, and mice were randomized to treatment or control
group when tumors measured at least 100 mm?. Mice in the treatment
group received an i.p. dose of 30 mg/kg RAF265 plus 1 mg/kg trame-
tinib twice weekly for a maximum of 9 doses. Tumor-bearing mice were
sacrificed following completion of 9 doses or when tumor size reached a
protocol-defined end point of 2 cm in the greatest dimension.

Statistics

Allresults are reported as mean + SEM of 3 or more independent experi-
ments. Pvalues were calculated using Student’s ¢ test or the ANOVA test
for multiple comparisons. For Kaplan-Meier survival analysis, the log-
rank (Mantel-Cox) test was used to determine significance. GraphPad
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Prism was used to generate graphs and calculate statistics. Significance
values of P < 0.05 were considered statistically significant.

Study approval
Institutional patient samples. Urothelial cancer cases were identified
from patients at Dana-Farber Cancer Institute and Brigham and Wom-
en’s Hospital. Tumor specimen and clinicopathologic information were
collected with IRB approval (DFCI IRB protocol 11-104), and clinical
and genomic characteristics of the entire cohort (n = 472) have been
recently described (29). Clinicopathologic characteristics based on
RAFI and HRAS status are summarized in Supplemental Tables 2 and 4.
Animal study. Mice were housed at Dana-Farber’s Animal Resourc-
es Facility, and all animal experiments were performed in accordance
with an IACUC-approved animal protocol (no. 18-002).
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