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Purpose: While chemotherapy remains the standard treatment
for triple-negative breast cancer (TNBC), identifying and managing
chemoresistant tumors has proven elusive. We sought to discover
hallmarks and therapeutically actionable features of refractory
TNBC through molecular analysis of primary chemoresistant
TNBC specimens.

Experimental Design: We performed transcriptional profiling of
tumors from a phase II clinical trial of platinum chemotherapy for
advanced TNBC (TBCRC-009), revealing a gene expression signature
that identified de novo chemorefractory tumors. We then employed
pharmacogenomic data mining, proteomic and other molecular
studies to define the therapeutic vulnerabilities of these tumors.

Results: We reveal the RAS-GTPase-activating protein
(RAS-GAP) RASAL2 as an upregulated factor that mediates
chemotherapy resistance but also an exquisite collateral sensitivity
to combination MAP kinase kinase (MEK1/2) and EGFR inhibitors
in TNBC. Mechanistically, RASAL2 GAP activity is required to

Introduction

Triple-negative breast cancer (TNBC), defined by a lack of estrogen
and progesterone receptor expression and HER2 amplification,
remains a poor prognosis breast cancer subset. Most TNBCs share
common molecular and histologic features including frequent TP53

'Massachusetts General Hospital Cancer Center, Boston, Massachusetts.
2Harvard Medical School, Boston, Massachusetts. *Broad Institute of MIT and
Harvard University, Cambridge, Massachusetts. “Dana-Farber Cancer Institute,
Boston, Massachusetts. *Memorial Sloan Kettering Cancer Center, New York,
New York. ®University of North Carolina at Chapel Hill, Chapel Hill, North
Carolina. “University of California San Francisco, San Francisco, California.
8Georgetown Lombardi Comprehensive Cancer Center, Washington, District
of Columbia. °Johns Hopkins University and Sidney Kimmel Cancer Center,
Baltimore, Maryland. "°Ludwig Center at Harvard, Harvard University, Boston,
Massachusetts.

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Current address for S.V. Saladi: Department of Otolaryngology, Head and Neck
Surgery, Massachusetts Eye and Ear Infirmary, Boston, Massachusetts; Broad
Institute of MIT and Harvard, Cambridge, Massachusetts.

Corresponding Author: Leif W. Ellisen, Massachusetts General Cancer Center,
Massachusetts General Hospital, Boston, MA 02114. Phone: 617 429-1659; E-mail:
lellisen@mgh.harvard.edu

Clin Cancer Res 2021;27:4883-97
doi: 10.1158/1078-0432.CCR-21-0714

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 International (CC BY-NC-ND).

©2021The Authors; Published by the American Association for Cancer Research

confer kinase inhibitor sensitivity, as RASAL2-high TNBCs sustain
basal RAS activity through suppression of negative feedback reg-
ulators SPRY1/2, together with EGFR upregulation. Consequently,
RASAL?2 expression results in failed feedback compensation upon
co-inhibition of MEK1/2 and EGFR that induces synergistic apo-
ptosis in vitro and in vivo. In patients with TNBC, high RASAL2
levels predict clinical chemotherapy response and long-term out-
comes, and are associated via direct transcriptional regulation with
activated oncogenic Yes-Associated Protein (YAP). Accordingly,
chemorefractory patient-derived TNBC models exhibit YAP acti-
vation, high RASAL2 expression, and tumor regression in response
to MEK/EGEFR inhibitor combinations despite well-tolerated inter-
mittent dosing.

Conclusions: These findings identify RASAL2 as a mediator of
TNBC chemoresistance that rewires MAPK feedback and cross-talk
to confer profound collateral sensitivity to combination MEK1/2
and EGFR inhibitors.

mutation, high proliferative index, and expression of a basal-like gene
expression signature upon hierarchical clustering analysis. However,
TNBC is a heterogeneous disease, representing multiple clinically and
biologically distinct subgroups that remain to be fully defined (1).
Furthermore, TNBC is associated with a paucity of actionable genetic
alterations. Consequently, the primary systemic treatment modality
for this disease remains cytotoxic chemotherapy (2).

Interest in platinum-based chemotherapy for TNBC was prompted
by preclinical data suggesting that platinum may be more effective for
breast tumors harboring BRCAI mutations, the majority of which are
TNBC. We and others subsequently carried out clinical trials dem-
onstrating higher response rates for BRCA 1/2-mutant compared with
nonmutant TNBC (3, 4). Nonetheless, even in the setting of BRCA1/2
mutations only approximately half of patients with metastatic TNBC
experience a clinically significant treatment response. As with other
standard chemotherapy agents, responses occur in less than 30% of
patients without such mutations. Patients whose tumors continue to
progress despite chemotherapy are characterized by a particularly
aggressive course and short survival.

Outside of BRCAI/2-mutant TNBC, which responds not only to
platinum but also to recently FDA-approved PARP inhibitors, the
promise of rational therapeutic targeting for TNBC has been elusive.
Emerging application of immunotherapy such as immune checkpoint
inhibitors appears promising, but the benefits may be restricted to only
a subset of patients (5). The most prevalent somatic oncogene muta-
tion in TNBC involves the PI3K catalytic subunit gene PIK3CA (~10%
of tumors), and inactivating mutations in the PI3K inhibitory phos-
phatase gene PTEN are equally common (6). Despite some early
promising results, it remains to be determined how effective PI3K-
targeted therapy will be in metastatic TNBC, and whether PIK3CA and
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Translational Relevance

Chemotherapy remains the mainstay of treatment for most
triple-negative breast cancers (TNBC). Unfortunately, there are
currently no clinically used biomarkers that distinguish sensitive
from resistant tumors, and no established alternative therapeutic
options for chemorefractory cases. Here we show that high-level
RASAL2 is a mediator of a TNBC subset that is refractory to
standard chemotherapy, resulting in poor outcomes for these
patients. However, RASAL2 RAS-GTPase-activating protein activ-
ity in these tumors leads to altered RAS signaling homeostasis and
dependence on EGFR upregulation, resulting in a selective sensi-
tivity to combination MEK1/2 and EGFR inhibition. Despite
limited success of this therapeutic combination in other settings,
the potent apoptotic responses observed even with low and inter-
mittent inhibitor dosing suggests the potential clinical utility of the
combination selectively for RASAL2-high TNBC.

PTEN alterations will prove to be useful predictors. Even more poorly
understood is deregulation of the MAPK pathway in this disease. Gene
expression profiling has suggested that activation of this pathway may
be particularly prevalent in TNBC (7). The mechanisms involved are
unclear, as mutations in canonical MAPK activators such as RAS and
RAF are rare in these tumors. Alternative means of MAPK activation
have been proposed in a subset of tumors, including truncating
mutations in the NFI gene, and deregulation of microRNAs and the
dual specific phosphatase DUSP4 (8). Unfortunately, traditional
assessments of pathway activity in TNBC have not been successful
in predicting clinical responses to relevant targeted inhibitors (9),
highlighting a central unmet need in the field. MAPK deregulation in
TNBC is likely to be complex, potentially due to the numerous
feedback mechanisms whose contribution in vivo has not been well
established (10). Furthermore, the relation of MAPK status to treat-
ment response with standard chemotherapy remains a provocative but
underexplored area.

We previously reported results of a multi-center phase II clinical
trial of cisplatin or carboplatin for first- or second-line treatment of
patients with metastatic TNBC, TBCRC009 (4). Here, we employed
molecular analysis of tumor specimens from TBCRC009 as a starting
point to identify rational potential treatment options for the most
patients with chemorefractory TNBC. Transcriptome analysis reveals
a gene signature that defines this platinum resistance, but surprisingly
also predicts collateral sensitivity to inhibition of MEK1/2 and EGFR
pathways. We find that a key driver of these phenotypes is RASAL2, a
RAS-GTPase-activating protein (RAS-GAP) reported to have context-
dependent pro- and anti-tumorigenic roles in different cancers (11).
As no prior work had linked RASAL?2 to either chemotherapy response
or specific therapeutic vulnerabilities in cancer, we sought to under-
stand the clinical contribution and mechanism of RASAL2 in TNBC.

Materials and Methods

Patient sample collection and analyses

Formalin-fixed paraffin-embedded primary tumors from patients
with metastatic TNBC were collected from the multicenter phase II
clinical trial TBCRCO009. Each patient in the trial provided written
informed consent, and the study was approved by the Institutional
Review Boards at each participating site (4). Total RNA from the
tumors was hybridized onto Affymetrix HuGenelvl microarrays. Raw
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expression values in the form of CEL files were processed and
normalized using RMA in the R Bioconductor package. The highly
refractory tumor (HRT) signature was discovered following a f test on
platinum-sensitive versus platinum-resistant samples as follows:
inconsistent and unexpressed probe sets on the Affymetrix
HuGenelv] microarrays were first filtered by thresholding all values
to a minimum value (8), then a minimum fold change (1.5) and
minimum range (25) across all the samples. The P values from the ¢-
test signature were corrected for multiple hypothesis testing with a
Benjamini-Hochberg correction method. The HRT signature corre-
sponds to 121 probe sets with FDR < 0.25, mapping to 129 genes
(Supplementary Table S1). Tumor response/resistance was evaluated
locally using CT according to RECIST 1.0 every two cycles for the first
four cycles and every three cycles thereafter. De novo platinum-
resistant (HRT) samples were defined by the established clinical
criteria as sum of longest tumor diameter increase >20%. The HRT
signature metagene was generated using the weighted average of log,
expression of the probe sets, with low metagene scores being associated
with de novo progression in TBCRCO009. Probe sets were mapped to
gene symbols and other microarray platforms using the R Biocon-
ductor package biomaRt.

Drug-sensitivity data derived from validated cancer cell lines treated
with a broad range of therapeutic compounds was downloaded from
the Wellcome Sanger/MGH Genomics of Drug Sensitivity in Cancer
website (12). The HRT metagene was calculated as described above for
the cell lines covered by the RMA expression data except that probe
sets in the HRT signature was mapped to Ensembl gene IDs using the R
Bioconductor package biomaRt. Pearson correlations and P values
were calculated between the HRT meta-gene and drug sensitivity in R
using the cor.test method.

Cell lines and chemicals

All cell lines (MDA-MB-157, MDA-MB-468, MDA-MB-231,
HCC38, HCC1937, HS578T) were obtained from the Massachusetts
General Hospital Center for Molecular Therapeutics bank and sub-
jected to high-density SNP genotyping to confirm their identity. Cells
were grown in RPMI medium (Lonza) supplemented with 10% FBS
(Sigma) as well as 1% penicillin/streptomycin (Gibco), and were used
up to a maximum of 20 passages following thawing. Cell lines were
tested negative for Mycoplasma using MycoAlert Mycoplasma Detec-
tion Kit (Lonza). Cisplatin resistance state cells were generated using a
previously reported protocol (13). Cisplatin (Enzo Life Sciences) was
dissolved in 0.9% sodium chloride; PD0325901 (Selleck Chemicals)
and gefitinib (Selleck Chemicals) were dissolved in DMSO.

Cell viability and clonogenic assays

Cells were seeded 24 hours before treatment exposure for specified
duration. For short-term cell viability assays, cells were seeded in
96-well plates (1,500-2,500 cells/well) and treated for 72 hours. Cell
viability was measured by CellTiter-Glo Luminescent Assay
(Promega) according to manufacturer’s instructions. For long-term
clonogenic assay, cells were seeded in 6- or 12-well plates (3,000-5,000
cells/well) and treated for a defined period before being released into
fresh medium for 1-2 weeks. Cells were fixed with 70% methanol and
stained with 0.1% crystal violet. Crystal violet was solubilized using
10% acetic acid and the absorbance was measured at 590 nm.

Immunoblotting, immunostaining, and reverse-phase protein
array screen

For immunoblotting, cells (MDA-MB-468, HCC1937, HCC38)
were seeded in 6-well plates at 250,000-500,000 cells per well and,
following indicated treatment exposure, were lysed in RIPA buffer
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(50 mmol/L Tris pH 8, 150 mmol/L sodium chloride, 5 mmol/LEDTA,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% NP-40,
protease and phosphatase inhibitors). Protein concentrations were
quantified by the Bio-Rad Protein Assay (Bio-Rad). Equal amounts of
protein were resolved using the SDS-PAGE system and transferred to
polyvinylidene difluoride membranes (Millipore). Membranes were
blocked with 3% BSA and incubated with primary antibodies over-
night followed by horseradish peroxidase (HRP)-conjugated second-
ary antibodies for 1 hour. The signal was detected by enhanced
chemiluminescence solution (PerkinElmer). For immunostaining,
cells were seeded in 8-well chamber slides (ibidi) at 2,000-5,000 cells
per well and, following treatment exposure, were fixed with 4%
paraformaldehyde, stained with appropriate antibodies and counter-
stained with DAPL The full list of antibodies and related details are in
Supplementary Tables S2 and S3. For reverse-phase protein array
(RPPA) screens, isogenic MDA-MB-468 cells were lysed in RPPA lysis
buffer (1% Triton X-100, 50 mmol/L HEPES, pH 7.4, 150 mmol/L
sodium chloride, 1.5 mmol/L magnesium chloride, 1 mmol/L EGTA,
100 mmol/L sodium floride, 10 mmol/L sodium pyrophosphate,
1 mmol/L sodium orthovanadate, 10% glycerol, protease and phos-
phatase inhibitors). The screens were conducted as previously
described at MD Anderson Cancer Center RPPA Facility (14). Briefly,
cell lysates were 2-fold serial diluted for 5 dilutions (from undiluted to
1:16 dilution) and arrayed on nitrocellulose-coated slide in 11 x 11
format. Samples were probed with antibodies and visualized by 3,3'-
diaminobenzidine colorimetric reaction. Relative protein levels for
each sample were determined by interpolation of each dilution curves
from the standard curve. All the data points were normalized for
protein loading and transformed to linear values, which can be used for
comparative purposes. Full details are at: https://www.mdanderson.
org/research/research-resources/core-facilities/functional-proteomics-
rppa-core/rppa-process.html.

Chromatin immunoprecipitation

Cells were subjected to cross-linking by addition of 1% formalde-
hyde for 10 minutes at room temperature, followed by addition of
125 mmol/L glycine to stop the reaction. Cell pellet was then lysed in
RIPA buffer (10 nmol/L Tris pH 7.5, 150 mmol/L sodium chloride,
1 mmol/L EDTA, 1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1% NP-40, protease inhibitor) for 2 hours at 4°C. Lysate was
sonicated for five times, each time 7.5 minutes. Sonicated chromatin
was precleared with Protein G Sepharose bead (GE Healthcare)
preblocked with BSA and sonicated salmon sperm DNA. Samples
were incubated with antibodies overnight and with beads for another
2 hours, both at 4°C. Beads were washed with wash buffer I
(150 mmol/L sodium chloride, 20 mmol/L Tris pH 8.1, 2 mmol/L
EDTA, 0.1% sodium dodecyl sulfate, 1% Triton-X-100), wash buffer II
(150 mmol/L sodium chloride, 20 mmol/L Tris pH 8.1, 2 mmol/L
EDTA, 0.02% sodium dodecyl sulfate, 1% Triton-X-100), wash buffer
III (250 mmol/L lithium chloride, 10 mmol/L Tris pH 8.1, 1 mmol/L
EDTA, 1% sodium deoxycholate, 1% NP-40), and Tris-EDTA buffer
(10 mmol/L Tris pH 7.9, 1 mmol/L EDTA). After these washes, beads
were incubated for 3 hours at 55°C, followed by overnight incubation
at 65°C, in elution buffer (10 mmol/L Tris pH 7.9, 1 mmol/L EDTA,
0.5% sodium dodecyl sulfate, 10 ug RNase A, 10 g proteinase K).
DNA was purified with Qiaquick PCR purification kit (Qiagen). qPCR
was performed with iQ SYBR Green Supermix reagent (Bio-Rad),
using primers of RASAL2 at peak 1 (TGCTGTCATGTCCAGTCTGG;
CTGAAGGCCAAGCCTCAAAC) and Peak 2 (ACACTCAAGGC-
CAGTTTGTCT; GCTCA-GTCACTAAGAACCTGTGT).

AACRJournals.org
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Lentiviral transduction

HEK293T cells were transfected while at 70% confluency in 10-cm
dishes with pLenti CMV Puro DEST (w118-1; Addgene #17452; ref. 15)
or R777-E235 Hs. RASAL2 (Addgene #70519) together with lentiviral
packaging plasmids using the CalPhos Mammalian Transfection Kit
(Clontech Laboratories). Plasmids of RASAL2 wild-type and GAP
point mutant K417E were gifts from Karen Cichowski (16). Condi-
tioned medium containing lentiviral particles were collected 18 hours
after transfection and were filtered with 0.45-umol/L pore filter
(Millipore). Filtered media were then used to transduce target cells
(MDA-MB-468, HCC1937, HCC38), with addition of polybrene
(Sigma) at a final concentration of 10 pug/mL to increase infection
efficiency (which was 70%-90%). The transduced cells were selected
using 1 pg/uL puromycin (Sigma) for a week and were maintained in
medium with 1 ug/uL puromycin.

Cytotoxicity agent combination assay and synergy calculation

Cells (MDA-MB-468, HCC1937, HCC38) were seeded in 96-well
plates (1,500-2,500 cells/well) for 24 hours in 96-well plates and then
treated with a serial dilution of each agent in a 6 X 6 concentration
format that included single-agent concentrations for 96 hours. Cell
viability was measured by CellTiter-Glo Luminescent Assay (Pro-
mega) according to manufacturer’s instructions. To quantify synergy,
readout from the cytotoxicity assays was analyzed on the basis of the
Bliss independence, Loewe or highest single agent models, as described
previously (17-19).

Animal studies

All animals were housed and treated in accordance with proto-
cols approved by the Subcommittee on Research Animal Care at the
Massachusetts General Hospital (Boston, MA). Subcutaneous xeno-
grafts of MDA-MB-468 cells were conceived by implanting 2 x 10°
cells in 50% Matrigel/50% PBS in the flanks of female 6 to 10 weeks
old athymic nu/nu mice. Patient-derived xenograft (PDX)
TMO01278 mouse model was procured from The Jackson Labora-
tory. Data on tumor response to cisplatin were obtained from The
Jackson Laboratory (20). PD0325901 (Selleck Chemicals) and gefi-
tinib (Selleck Chemicals) were given by oral gavage at 20 and
75 mg/kg, respectively. These agents were given, singly or in
combination, on days 1, 3, 5, 8, and 11 of the treatment period.
This dosing regimen was less intensive than that employed in prior
studies, where PD0325901 was typically used at 20-50 mg/kg daily
or on alternating days, and gefitinib at 100 mg/kg daily (21-25).
Tumor size was measured twice weekly using vernier caliper based
on the formula ©/6 x width x width x length.

Ex vivo generation

Tumor specimens for patient-derived ex vivo cultures were collected
under the IRB protocol 93-085 with written informed consent from
chemoresistant patients on the day of surgery. They were then digested
mechanically and enzymatically using human tumor dissociation kit
(Miltenyi Biotec). Cultures were initially grown in EpiCult medium
(STEMCELL Technologies) with 10% FBS. Once the cultures began to
establish, serum-free medium was used to discourage proliferation of
fibroblasts. During passaging, fibroblasts were further separated from
the samples using trypsin-EDTA. To assess efficacy of drugs, the
cultures were seeded in 8-well chamber slides (ibidi) at 70% confluency
and exposed to 72-hour drug treatment. Cell viability was assessed
using trypan blue. Immunostaining of these cultures was also per-
formed, as described above.
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Databases

In silico analysis was conducted using data sourced from the
Genomics of Drug Sensitivity in Cancer (GDSC; ref. 12), cBioPortal
for Cancer Genomics (26, 27), and Gene expression-based Outcome
for Breast cancer Online (GOBO; ref. 28; Supplementary Table S4).
GDSC was used to obtain drug sensitivity data as well as associated
gene expression in cell lines. cBioPortal and GOBO were used to obtain
transcriptomic data as well as associated clinical outcomes.

Statistical analyses

Data were analyzed using the GraphPad Prism built-in tests. Figures
were generated using GraphPad Prism or Microsoft Excel. Unless
otherwise denoted, comparison between two groups was performed
using Student ¢ test, unpaired or paired. Comparison among three or
more groups were performed using either one-way or two-way (if with
time factor) ANOVA test, followed by post hoc Tukey multiple
comparisons test. Correlation between two datasets was performed
using Pearson or Spearman correlation coefficient. The following
asterisk rating system for P value was used: *, P < 0.05; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001.

Results

A unique gene signature marks platinum resistance and predicts
collateral MAPK pathway vulnerability in TNBC

We focused on the population of patients enrolled in TBCRC009
who experienced de novo disease progression in response to platinum,
clinically defined by RECIST as a greater than 20% increase tumor size
at the initial on-treatment assessment compared with pre-treatment
baseline (4). We performed gene expression profiling of pre-treatment
tumor specimens from 55 patients, 7 of whom experienced de novo
progression (Fig. 1A and B). Treatment-related clinical factors did not
account for the poor response of these tumors (Supplementary
Fig. S1A), nor did established molecular markers of TNBC: these
tumors included basal and nonbasal TNBC, as well as both TP53 and
PIK3CA mutant and wild-type tumors (Supplementary Fig. S1B). In
contrast, supervised hierarchical clustering revealed a 129-gene sig-
nature corresponding to genes that were predominantly downregu-
lated in these seven highly refractory tumors, which we termed the
HRT signature (Fig. 1B; Supplementary Fig. S1C, see Materials and
Methods). Supporting its association with aggressive TNBC, in an
independent cohort of patients with breast cancer who experienced
metastatic relapse the HRT signature predicted a shorter time to
metastasis among patients with TNBC but not patients with non-
TNBC (Fig. 1C; ref. 29). Multiple prognosis-associated signatures have
been reported for breast cancer, and several of these signatures in fact
identify a common group of tumors (30). Thus, we asked whether the
HRT signature corresponded to any other gene expression signatures
reported to distinguish breast cancer subtypes (31-34). None of the
established signatures we tested overlapped with the HRT signature,
and none identified the 7 patients with HRT (Fig. 1D). Collectively,
these findings suggest that the HRT signature marks a unique phe-
notype associated with platinum resistance and poor outcomes in
advanced TNBC.

To investigate potential functional associations of the HRT phe-
notype, we next examined a large-scale pharmacogenomic database
derived from validated human cancer cell lines treated with a broad
range of therapeutic compounds (12). Among the 252 therapeutic
agents tested in more than 800 cell lines, the compounds whose
sensitivity was most highly correlated with HRT targeted the MEK/
ERK pathway (Fig. 1E). In line with this finding, the top 25 compound
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hits also included multiple inhibitors that target the upstream receptor
tyrosine kinase (RTK) EGFR (Fig. 1F). In each case, low HRT scores
(as observed in tumors of de novo progressing patients in TBCRC009)
were associated with high sensitivity to MEK1/2 inhibitors (MEKij;
Supplementary Fig. S1D). We independently confirmed this associ-
ation by conducting dose-response analyses of TNBC cell lines with
varying HRT scores treated with MEKi (Fig. 1G).

To delineate the underlying basis for this association, we asked
whether expression of the HRT signature might predict MEKi sensi-
tivity independent of established genomic predictors. Indeed, while
mutations in KRAS, HRAS, NRAS, and BRAF genes were associated
with increased sensitivity to all five tested MEKis as anticipated
(Supplementary Fig. S1E), the HRT score was not statistically asso-
ciated with these mutations (Supplementary Fig. S1F). Thus, the HRT
phenotype is a determinant of MEKi sensitivity distinct from RAS/RAF
mutations. Collectively, these data suggest that the HRT phenotype is
associated with a poor response to platinum chemotherapy but
denotes a potential therapeutic vulnerability to MEK inhibition.

The HRT gene RASAL2 confers MEKi sensitivity via deregulation
of dynamic feedback signaling

To unveil direct mechanisms of MEKi sensitivity predicted by the
HRT signature, we next assessed the correlation of each of the genes
with this sensitivity in the pharmacogenomic database. The single
upregulated HRT signature gene, encoding the RAS-GAP RASAL2,
was among the most highly associated with MEKi sensitivity across all
cell lines (Fig. 2A; Supplementary Fig. S2A). Furthermore, RASAL2
was the most highly correlated with sensitivity among all HRT genes in
independent testing of TNBC lines (Supplementary Fig. S2B). We also
generated an isogenic, cell-based platinum resistance model of TNBC
using a previously established protocol (13). Notably, the resulting
platinum resistant state was associated with MEKi sensitivity, and with
upregulation of RASAL2 in these cells (Fig. 2B; Supplementary
Fig. S2C). Critically, we found that RASAL2 expression itself was
sufficient to induce both platinum resistance and MEKi sensitivity in
TNBC cells (Fig. 2C). Long-term clonogenic assays further corrob-
orated sensitivity to MEK inhibition conferred by RASAL?2 expression
(Fig. 2D).

To elucidate the mechanism of MEKi sensitivity conferred by
RASAL2, we first asked whether the GAP activity of RASAL2 was
required for this effect. Compared with wild-type RASAL2, expression
of a well-established GAP-deficient RASAL2 mutant had little or no
effect on MEKi sensitivity (Fig. 2E; Supplementary Fig. S2D; ref. 16),
demonstrating the requirement for RASAL2 GAP activity. This find-
ing was provocative given that MEKi sensitivity is typically linked to
activation rather than inhibition of RAS/RAF signaling (35). Thus, we
examined the effects of RASAL2 expression on canonical readouts of
RAS activity via the MAPK and PI3K signaling pathways in TNBC
cells. Surprisingly, despite the contribution of GAP activity in this
context, RASAL2 expression did not induce noticeable changes in
baseline (steady-state) ERK1/2 and AKT phosphorylation in TNBC
cells (Fig. 2F and G). Consistent with these data, there was no
correlation between RASAL2 protein expression and the steady-
state levels of phosphorylated ERK1/2 in primary breast tumors
(Supplementary Fig. S2E).

We hypothesized that this observation might be explained by
feedback adaptations that would maintain RAS output in the face of
high RASAL?2 levels (7, 36). Among the molecular players implicated
in such feedback mechanisms are SPRY1 and SPRY2, which are
typically induced in response to ERK/MAPK activation to mediate
negative feedback control of RAS activity (37). Indeed, wild-type but
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A unigue gene expression signature predicts collateral sensitivity to MEK1/2 inhibition in platinum-resistant TNBC. A, Overview of TNBC tumor collection, processing,
and analyses from the phase Il clinical trial TBCRC009. B, Waterfall plot (top) of post-treatment change in tumor diameter (best response). Each bar denotes 1patient
(n=55).Seven patients experienced clinically defined de novo disease progression (blue bars). Heatmap below shows expression of the 129 genes (rows) comprising
the HRT signature in the corresponding tumors. C, Kaplan-Meier analyses of metastasis-free survival in the EMC-192 cohort of patients with advanced breast cancer,
stratified by the HRT metagene expression (Bos and colleagues, 2009). Log-rank test was performed. D, Heatmap representing metagene scores of each indicated
breast cancer signature (rows) among the 55 profiled tumors (columns) in TBCRCO09. HRTs are shown at far right. E, Scatter plot summarizing pharmacogenomic
screen results from 252 drugs and drug candidates in more than 800 cell lines (Garnett and colleagues, 2012). The y-axis correlation coefficient reflects the
relationship between ICso and HRT metagene among human tumor cell lines. X-axis indicates FDR. Five top drugs whose sensitivity was most highly correlated with
the HRT signature are highlighted (red dots). F, Top three pathways targeted by drugs whose sensitivity was correlated with HRT. These drugs were among the top 25
whose sensitivity was most correlated with HRT. Each bar represents an inhibitor of the indicated pathway. G, Relationship between ICs for MEKi PD0325901 (left,
dose-response curves following 72-hour treatment) and HRT metagene (graph at right) in the indicated TNBC cell lines (MDA-MB-157, MDA-MB-468, MDA-MB-231,
HCC38, HCC1937, HS578T). Data are represented as mean # SD, n = 3 independent experiments. Pearson r is shown. See also Supplementary Fig. S1.
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RASAL2 disrupts dynamic feedback signaling to confer MEK inhibitor sensitivity. A, RASAL2 is the single upregulated HRT signature gene that is highly associated
with MEKi (trametinib) sensitivity in breast cancer cell lines. Circles depict 10 genes showing statistically significant association with trametinib sensitivity in breast
cancer cell lines, including RASAL2. Pearson correlation coefficient was performed. B, Isogenic platinum-resistant TNBC cells acquire MEKi sensitivity. Native and
cisplatin resistance state (CRS) MDA-MB-468 cells were treated with cisplatin or MEKi PD0325901 for 72 hours. Data are represented as mean 4+ SD,n = 3
independent experiments. P values by paired t test. C, RASAL2 expression confers both cisplatin resistance and MEKi sensitivity in TNBC cells. Vector control and
RASAL2-overexpressing MDA-MB-468 cells were treated with cisplatin or MEKi PD0325901 for 72 hours. Data are represented as mean + SD, n = 3 independent
experiments. P values by paired t test. D, RASAL2 expression induces MEKi sensitivity. Clonogenic assays of vector control and RASAL2-overexpressing TNBC cells
treated with MEKi PD0325901 for 5 days before being released into fresh medium over 2 weeks.  (Continued on the following page.)

4888 Clin Cancer Res; 27(17) September 1, 2021 CLINICAL CANCER RESEARCH

Downloaded from clincancerres.aacrjournals.org on December 16, 2021. © 2021 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst June 24, 2021; DOI: 10.1158/1078-0432.CCR-21-0714

not GAP-deficient RASAL2 expression was sufficient to reduce basal
SPRY1/2 levels in TNBC cells (Fig. 2F and G; Supplementary
Fig. S2D). Furthermore, high RASAL2 expression was significantly
associated with low SPRY1/2 levels in primary TNBC tumors (Sup-
plementary Fig. S2F). The effect of RASAL2 on steady-state SPRY1/2
levels was consistently observed in multiple tested TNBC models, and
as noted was associated with preserved baseline AKT and ERK1/2
phosphorylation (Fig. 2F and G). These findings suggest that increased
RASAL?2 expression is accompanied by decreased SPRY1/2 levels that
may contribute to preserved steady-state RAS output in TNBC.

Attenuated SPRY1/2 expression in the setting of RASAL2 expres-
sion suggested to us a mechanism by which this altered feedback to
RAS could contribute to RASAL2-associated MEKIi sensitivity. Spe-
cifically, MEK inhibition would normally be expected to downregulate
SPRY1/2 as a feedback response to attenuated ERK1/2 activity,
resulting in relief of negative feedback to RAS that would ultimately
induce rebound PI3K and MAPK survival signaling (38, 39). However,
in RASAL2-overexpressing cells, the already low levels of SPRY1/2
could limit the ability of further SPRY1/2 downregulation to induce
this rebound. Consistent with this hypothesis, in control cells SPRY1/2
expression indeed decreased concomitant with ERK1/2 T202/Y204
dephosphorylation and rebound AKT S473 phosphorylation 24 hours
after MEKi (Fig. 2F). In contrast, in RASAL2-overexpressing cells, the
already low baseline levels of SPRY1/2 were associated with substan-
tially attenuated AKT rebound phosphorylation after MEKi (Fig. 2F).
Levels of phosphorylated ERK1/2 were also consistently lower in
RASAL2-expressing cells post MEKi (Fig. 2F). To explore this model
in more detail, we performed time-course studies following MEK
inhibition. These experiments confirmed attenuated rebound AKT
phosphorylation and prolonged suppression of ERK1/2 phosphory-
lation between 24 and 48 hours after MEKi treatment in RASAL2-
overexpressing cells (Fig. 2H). Orthogonal experiments involving
washout of MEKi demonstrated diminished rebound activation of
both AKT and ERK1/2 phosphorylation in RASAL2-expressing cells
following washout, as anticipated previously (Fig. 2I). Taken together,
these findings implicate RASAL2 in a disrupted equilibrium of RAS
negative regulators at steady state, resulting in an enfeebled feedback
loop to RAS and PI3K following MEKi treatment that could otherwise
contribute to survival signaling in TNBC cells (Fig. 2J).

MEKi plus EGFRi synergistically inhibit RASAL2-expressing
TNBC

Other than MEK1/2, the top target predicted for selective inhibitor
sensitivity by the HRT signature was EGFR (Fig. 1F). We hypothesized
that this observation might point to EGFR signaling as an additional
mechanism required to sustain downstream signaling despite high

RASAL2-Induced MAPK Dependency in TNBC

RASAL2 levels in primary TNBC. As such, inhibition of EGFR might
represent an additional therapeutic vulnerability specifically in the
RASAL2-high context. Consistent with this hypothesis, we found a
strong positive correlation between expression of RASAL2 and
EGEFR, but not other RTKs, in both TNBC cell lines and primary
tumors (Fig. 3A; Supplementary Fig. S3A and S3B; refs. 26, 40, 41).
Copy-number gains of RASAL2 and EGFR are also statistically
associated in TNBC (Supplementary Fig. S3C). Furthermore, similar
to MEK inhibition, we found that rebound phosphorylation of AKT
and ERK1/2 was attenuated following EGFR inhibition in RASAL2-
expressing TNBC, both during drug incubation and following drug
washout (Fig. 3B). Collectively, these data suggest a selective pressure
for EGFR expression and an associated EGFR dependency in RASAL2-
expressing TNBC. We therefore wished to know whether drug
combinations involving both MEKi and EGFR inhibitor (EGFRi)
could represent a potent and specific approach for these chemore-
fractory tumors.

To test the potential efficacy of combination therapy in this context,
we exposed isogenic TNBC lines with or without RASAL2 over-
expression to MEKi+-EGFRi combinations. We observed significantly
enhanced growth inhibition with the combination following RASAL2
expression in TNBC lines (Supplementary Fig. S3D). To formally
determine whether this inhibition was synergistic, we performed
integrative analyses involving drug synergy predictions and systematic
combination cytotoxicity assays that captured a matrix of concentra-
tion ratios (Fig. 3C; ref. 18). Reproducibly, independent computa-
tional models of synergy (Loewe, Bliss, highest single agent) demon-
strated selective and synergistic growth inhibition with combination
therapy in RASAL2-expressing cells compared with vector in multiple
TNBC models even at low concentrations (Fig. 3C and D). This
synergy was accompanied by heightened levels of apoptosis, as evi-
denced by cleaved caspase 3 (Fig. 3E). Next, to evaluate the efficacy and
synergy of this combination in vivo while minimizing potential
toxicity, we employed xenograft models to test doses and treatment
frequencies that were lower than those typically employed with these
compounds in mice (see Materials and Methods; refs. 21-25). As
anticipated, single-agent MEKi and EGFRIi did not induce significant
growth suppression in control TNBC xenografts, although EGFRi
alone did attenuate growth of RASAL2-expressing tumors to some
extent (Fig. 3F). In contrast, the combination of these agents delayed
tumor growth without overt host toxicities (Supplementary Fig. S3E),
and most notably induced rapid, significant regression associated with
strong cleaved caspase 3 positivity exclusively in RASAL2-expressing
tumors (Fig. 3G and H; Supplementary Fig. S3F). Collectively,
both in vitro and in vivo data support the notion that RASAL2
expression in TNBC confers a synergistic therapeutic vulnerability

(Continued.) Data are represented as mean =+ SD, n = 3 independent experiments. P values by two-tailed t test, *, P < 0.05; ****, P < 0.0001. E, MEKi sensitivity is
dependent on RAS GAP activity. Vector control, RASAL2 wild-type and RASAL2 K417E GAP point mutant MDA-MB-468 cells were treated with MEKi PD0325901 for
72 hours. Data are represented as mean + SEM, n = 3 independent experiments. P values by one-way ANOVA test, followed by Tukey test. F, Immunoblots of vector
control and RASAL2-overexpressing TNBC cells. RASAL2 deregulates SPRY1/2 expression and AKT/ERK1/2 phosphorylation post MEKi. Cells were treated with
either DMSO or 25 nmol/L MEKi PD0325901 for 24 hours. LE denotes long exposure. Representative images from three independent experiments are shown.
G, Quantification of densitometry values of denoted baseline protein expression in vector (blue) versus RASAL2-expressing (red) TNBC cells (MDA-MB-468,
HCC1937,HCC38). Data are represented as mean 4 SEM, n = 3 independent experiments. P values by two-tailed t test. H, Time course of vector control and RASAL2-
overexpressing MDA-MB-468 treated with 25 nmol/L MEKi PD0325901. Rebound phosphorylation of ERK1/2 and AKT is attenuated following RASAL2 expression. N
denotes DMSO control. Representative images from two independent experiments are shown. I, Immunoblots showing RASAL2-induced deregulation of rebound
phosphorylation following MEKi washout. Vector control and RASAL2-overexpressing TNBC cells were treated with 100 nmol/L MEKi PD0325901 (24 hours) before
being released into fresh medium. N denotes DMSO control. Representative images from two independent experiments are shown. J, Model of deregulated RAS
homeostasis in the presence of high RASAL2. High RASAL2 expression is offset by low SPRY1/2 expression to maintain RAS output. Reduced basal levels of SPRY1/2
impairs the compensatory feedback to RAS normally mediated via SPRY1/2 downregulation following MEK1/2 inhibition, thereby sensitizing RASAL2-high cells to
this inhibition. See also Supplementary Fig. S2.
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Figure 3.

Dual inhibition of MEK1/2 and EGFR selectively and synergistically inhibits RASAL2-expressing TNBC. A, RASAL2 expression is correlated with EGFR expression in
human breast tumor lines (Ghandi and colleagues, 2019). Each dot represents one cell line, with red dots denoting TNBC lines. Pearson r and P value are shown.
B, Immunoblots showing RASAL2-induced deregulation of rebound phosphorylation of ERK1/2 and AKT following EGFRi washout. Vector control and RASAL2-
overexpressing TNBC cells were treated with 100 nmol/L EGFRI gefitinib for 24 hours (+) before being released into fresh medium for 2 hours (&). Representative
images from two independent experiments are shown. C, MEKi (PD0325901) and EGFRI (gefitinib) selectively and synergistically inhibit RASAL2-overexpressing
MDA-MB-468 cells. Cells were exposed to increasing concentrations of gefitinib (x-axis) and PD0325901 (y-axis) for 96 hours. Loewe, Bliss, and highest single agent
synergy models were used to define drug-drug interactions across the dose ratio surface (Koh and colleagues, 2018). The higher the score is (blue), the more
synergistic that dose ratio is. Two independent experiments were performed. D, Quantification of median synergy scores derived from dose ratio surface in TNBC cell
lines. Isogenic cell lines were treated as described in C. V denotes vector cells; R denotes RASAL2 cells. In each case, two independent experiments were performed.
P values by two-tailed t test, *, P < 0.05; **, P < 0.01; ****, P < 0.0001. E, Quantitative immunofluorescence showing greater cell death in RASAL2-expressing
TNBC cells treated with MEKi+EGFRi. MDA-MB-468 cells were exposed to the indicated drugs for 96 hours. Top, each dot shows the relative cleaved-caspase
3 level per cell. More than 100 cells were analyzed per condition. Data are represented as mean + SEM. P value by one-way ANOVA test, followed by Tukey test,
***, P<0.001; ****, P < 0.0001. Representative photomicrographs are shown below. Scale bar, 50 um. F, MDA-MB-468 xenograft assay showing that single-agent
treatment using MEKi (PD0325901) or EGFRI (gefitinib) minimally inhibits tumor growth in vivo. Arrowheads denote treatment days (1, 3, 5, 8, 11). Vector n = 5,
RASAL2 n = 5 in all treatment arms. G, Combined MEKi (PD0325901) and EGFRi (gefitinib) induces significant tumor regression in RASAL2-expressing
xenografts. Arrowheads denote treatment days as in F. Control n = 6, combination n = 10 in both genotypes. P value by two-way ANOVA test, followed by
Tukey test ****, P < 0.0001. H, Percentage change in volume of individual tumors in each arm shown in G. See also Supplementary Fig. S3.

to the combination of MEKi+EGFRi in chemoresistant TNBC even  contribution of RASAL2 to clinical chemoresistance in TNBC.

despite nonintensive dosing. RASAL2 expression in TNBC cells was sufficient to confer resis-
tance to multiple clinically used chemotherapeutic agents includ-
RASAL2 mediates chemoresistance in TNBC ing cisplatin, doxorubicin, and gemcitabine (Fig. 4A). To test the

Given the association of RASAL2 expression with platinum  impact of RASAL2 expression on clinical chemoresistance, we first
resistance in the TBCRCO009 cohort, we wished to test the analyzed outcomes of patients with TNBC from the largest global
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Figure 4.

RASAL2 predicts poor response to chemotherapy in patients with TNBC. A, RASAL2 expression induces chemoresistance. Clonogenic assays of vector control and
RASAL2-overexpressing MDA-MB-468 cells treated with either 1umol/L cisplatin (CIS), 50 nmol/L doxorubicin (DOX), or 30 nmol/L gemcitabine (GEM) for 24 hours
before being released into drug-free medium for 1 week. Representative images of cell colonies are shown below. Data are represented as mean 4+ SEM, n = 3
independent experiments. P values by two-tailed t test, *, P<0.05; **, P< 0.01. B, Kaplan-Meier analyses of overall survival of patients with TNBC in METABRIC (Curtis
and colleagues, 2012; Pereira and colleagues, 2016). Patients with TNBC were stratified by median of RASAL2 expression according to whether they had been
chemotherapy-treated. Log-rank test was performed. C, Kaplan-Meier analyses of relapse-free survival in multiple independent cohorts of patients with TNBC
(Gyorffy and colleagues, 2010). Patients with TNBC were stratified by tertiles of RASAL2 expression according to whether they had been chemotherapy-treated
(untreated, n =19 in each arm; treated, n =17 in low RASAL2 and 18 in high RASAL2). Log-rank test was performed. D, Tumor diameter change (best response) in
TBCRCO009 patients following platinum treatment, grouped by median expression of RASAL2. Each dot represents 1 patient. Values > 20% are clinically defined as
de novo progression. Data are represented as mean =+ SD. P values by two-tailed ¢ test, with mean + SEM indicated. E, Distribution of RASAL2 expression in breast
tumors from TBCRCO09, by TNBC subtype (Lehmann and colleagues, 2011). Each black bar represents one patient. See also Supplementary Fig. S4.

breast cancer cohort, METABRIC (Molecular Taxonomy of Breast
Cancer International Consortium; refs. 42, 43). In particular, we
sought to distinguish a chemopredictive effect of RASAL2 from a
strictly prognostic effect, as a prior study had reported generally
poor outcomes in patients with RASAL2-high TNBC but did not
explore the therapeutic context (44). Accordingly, we analyzed
outcomes based on RASAL2 expression, comparing chemother-
apy-treated versus chemotherapy-untreated patients with TNBC.
While RASAL2 was not prognostic in untreated patients with
TNBC, it was significantly associated with poor outcomes selec-
tively in chemotherapy-treated patients with TNBC (Fig. 4B;
Supplementary Fig. S4A). These findings were recapitulated in
independent patient cohorts, as RASAL2 was again predictive of

AACRJournals.org

outcomes in treated but not untreated patients with TNBC
(Fig. 4C; ref. 28). Furthermore, RASAL2 was associated with
in-breast treatment response to chemotherapy in primary TNBC.
Specifically, we found that tumors of patients who did not achieve
a pathologic complete response (pCR) to preoperative therapy, a
strong prognostic indicator, expressed higher levels of RASAL2
compared with those who achieved pCR (Supplementary Fig. S4B
and $4C).

We further investigated the clinical association of RASAL2 with
chemotherapy response in TNBC by examining tumor regression as a
function of median RASAL2 expression in the TBCRC009 cohort
(Fig. 1A). As predicted, patients whose tumors expressed high
RASAL2 levels experienced a significantly poorer response to platinum
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RASAL2 is a direct YAP/TAZ transcriptional target in TNBC. A, RPPA screen of native and CRS MDA-MB-468 cells. Changes in 217 (phospho)proteins were plotted
(y-axis, AU = arbitrary unit). Bar graph at right shows the level of active YAP (YAP/YAP S127) in the isogenic pair. Data are represented as mean + SD. P values by two-
tailed t test. B, YAP activity is increased in HRTs in TBCRCO009. YAP activity is defined by a gene expression signature derived from lentiviral knockdown of
endogenous YAP in MDA-MB-468 cells (Supplementary Fig. S5C). P value by unpaired t test. C, Convergent analysis of YAP/TAZ ChIP-seq (Zanconato and
colleagues, 2016), and HRT and YAP knockdown transcriptomes. Number in circles denotes genes associated with YAP (left) or TAZ (right) ChIP-seq peaks (red
circles) that were upregulated in the HRTs (P< 0.025, blue circles) or downregulated following shY AP knockdown in MDA-MB-468 cells (FDR < 0.25, fold change > 1.2,
green circles). Overlapping genes between HRT and YAP knockdown analyses identified RASAL2 as the single candidate YAP/TAZ-regulated gene in both settings.
D, Correlation between YAP and RASAL2 expressionin TCGA breast carcinoma (All) and TNBC samples (Gao and colleagues, 2013). Pearson rand P value are shown.
E, ChIP analysis confirms direct binding of YAP to the RASAL2 locus in TNBC cells. Bar graphs reflect YAP binding to the respective peaks shown in the YAP ChiP-seq
trace from MDA-MB-231 (Zanconato and colleagues, 2016). Data are represented as mean 4 SD, n = 3 independent experiments. P values by two-tailed t test,
*,P<0.05;**,P<0.01;***, P<0.001.F, RASAL2 is significantly elevated in the HRT versus non-HRT in TBCRCOQ09. Data are represented as mean + SD. Pvalue by two-
tailed t test, ***, P< 0.001. RASAL2 is the most significantly upregulated gene between HRT and non-HRT (Supplementary Fig. S5F). See also Supplementary Fig. S5.

treatment than those with low RASAL2 (Fig. 4D). In fact, all tumors ~ RASAL2 is a direct YAP transcriptional target in

that exhibited low (less than median) RASAL2 expression were
initially stable or regressed in response to platinum, while all tumors
that had progressed at first assessment showed greater than median
expression (Fig. 4D). We also found that RASAL2 expression was
independent of established TNBC subtypes defined by gene expression
signatures (Fig. 4E). Taken together, our data suggest that RASAL2
confers a chemoresistant phenotype, resulting in poor long-term
outcomes in TNBC across recognized TNBC subtypes.
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chemorefractory TNBC

We next sought to uncover potential regulatory mechanisms for
RASAL2 in TNBC, initially through analysis of the isogenic plat-
inum resistance model (Fig. 2B). We thus performed proteomic
analysis of the matched platinum-sensitive and platinum-resistant
TNBC cells using a validated RPPA (14). This analysis revealed
significant alterations in the Hippo/Yes-Associated Protein (YAP)
pathway between the platinum-resistant and platinum-sensitive
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states. These alterations included decreased expression of the
positive Hippo regulator Merlin/NF2 (Supplementary Fig. S5A)
and associated activation of YAP, an established oncogenic tran-
scriptional cofactor and chemoresistance driver that is negatively
regulated by Hippo signaling (Fig. 5A; Supplementary Fig. S5A and
S5B; refs. 45, 46). Correspondingly, we also uncovered evidence that
YAP activity is increased in chemoresistant/RASAL2-expressing
TNBC cases in TBCRC009, as analysis of a YAP gene expression
signature derived from endogenous YAP knockdown in TNBC cells
(Supplementary Fig. S5C) revealed an increase in YAP activity in
platinum-refractory tumors compared with non-refractory tumors
(Fig. 5B).

While the association of YAP with chemoresistance in several
cancers including TNBC is well established, its downstream mediators
remain largely unknown (47, 48). On the basis of the hypothesis that

RASAL2-Induced MAPK Dependency in TNBC

YAP may contribute to regulation of RASAL2 in this context, we then
performed a convergent analysis that sought to reveal the subset of
genes: (i) bound by YAP upon chromatin immunoprecipitation
sequencing (ChIP-seq) in TNBC cells (49); (ii) regulated following
endogenous YAP knockdown in TNBC (Supplementary Fig. S5C), and
(iii) altered in tumors of the patients with HRT in TBCRC009
(Fig. 5C). This analysis revealed RASAL2 as the sole gene meeting
these criteria, indicating that RASAL2 may be a direct YAP transcrip-
tional target. RASAL2 was also identified in similar analyses incor-
porating ChIP-seq for the YAP-related co-factor TAZ in TNBC
(Fig. 5C). Furthermore, RASAL2 was one of the HRT-associated
genes both bound and regulated by YAP and TAZ in untransformed
mammary epithelial cells (Supplementary Fig. S5D; refs. 50). These
data collectively suggest RASAL2 may be an activated target of YAP in
TNBC.
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RASAL2-high PDX tumors are chemoresistant but sensitive to dual inhibition of MEK1/2 and EGFR. A, RASAL2 expression is correlated with in vivo tumor response to
cisplatin. Mice were treated with vehicle control or 2 mg/kg cisplatin (Krupke and colleagues, 2017). Each dot represents an independent TNBC PDX model. Tumor
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intwo TNBC PDX models. Mice were treated as described in A, n = 8-10 per group. TMO0099 tumors had the lowest RASAL2 expression, whereas TM01278 had the
highest RASAL2 expression. C, Fold change in tumor volume following MEKi+EGFRi in RASAL2-high TM01278 PDX models. Mice were treated with vehicle control or
PD0325901+gefitinib. Arrowheads denote treatment days (1, 3, 5, 8, 11). Control n = 5, combination n = 5. P value by two-way ANOVA test, followed by Tukey test.
D, RAS homeostasis is achieved through the dynamic interplay among regulators including RASAL2, EGFR, and SPRY. In chemorefractory TNBC characterized by
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the inability to further suppress SPRY following MEK inhibition (right). These features render the RASAL2-expressing subset of TNBCs specifically vulnerable to the
synergistic combination of MEK and EGFR inhibitors. See also Supplementary Fig. S7.

To further support these findings, we analyzed RNA-sequencing
data from breast carcinomas in The Cancer Genome Atlas (TCGA).
We found a strong positive correlation between RASAL2 and YAP
expression among both TNBC cases and other breast cancer subtypes
(Fig. 5D). Correspondingly, RASAL2 expression was correlated with
YAP copy number in breast cancer (Supplementary Fig. S5E). We then
performed direct ChIP analysis, which showed robust binding of YAP
to the RASAL2 genomic locus in TNBC cell lines (Fig. 5E). Further-
more, RASAL2 was the topmost significantly elevated factor among
the chemorefractory tumor subset in TBCRC009, where YAP was
hyperactive (Fig. 5B and F; Supplementary Fig. S5F). Taken together,
these findings suggest that YAP activation directly contributes to
RASAL2 regulation in TNBC.

Synergistic sensitivity to MEKi plus EGFRi in chemorefractory
patient-derived TNBC models

Our findings predict that patients’ tumors exhibiting clinical
resistance to chemotherapy will demonstrate YAP activation, high
RASAL?2 expression and high sensitivity to the MEKi+EGFRi com-
bination. We tested this hypothesis by generating ex vivo cultures
derived from TNBCs of patients who had failed to attain pCR following
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neoadjuvant chemotherapy (Fig. 6A; Supplementary Fig. S6A). As
predicted, these models showed strong expression of nuclear (activat-
ed) YAP and endogenous RASAL2 (Fig. 6B and C; Supplementary
Fig. S6B). Furthermore, compared with single-agent controls,
MEKi+EGFRi induced dramatic cell killing in these cultures
(Fig. 6D), including extensive apoptotic induction that was observed
following brief exposure to the combination (Fig. 6E). Accordingly,
synergy modeling based on additivity prediction showed that the
enhanced inhibition was synergistic rather than additive (Fig. 6F).
Thus, lethal chemorefractory tumors expressing high levels of RASAL2
are efficiently killed by the combination of MEKi+EGEFRIi.

RASAL2 predicts sensitivity to MEKi plus EGFRi in
chemorefractory TNBC in vivo

Finally, we employed in vivo PDX models to test our specific
hypothesis regarding the ability of RASAL2 to identify TNBC tumors
that are at once highly refractory to chemotherapy but highly sensitive
to combination MEKi plus EGFRi. We first examined the correlation
between tumor-specific RASAL2 expression and in vivo platinum
resistance in an established repository of TNBC PDX models
(Fig. 7A; ref. 20). This analysis revealed that the most highly

CLINICAL CANCER RESEARCH

Downloaded from clincancerres.aacrjournals.org on December 16, 2021. © 2021 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst June 24, 2021; DOI: 10.1158/1078-0432.CCR-21-0714

platinum-responsive PDX model in the cohort exhibited the lowest
RASAL2 expression, and conversely the most platinum-resistant
model showed the highest RASAL2 level (Fig. 7A and B; ref. 20).
Indeed, reminiscent of the HRTs in TBCRCO009 trial (Fig. 1A and B),
the refractory RASAL2-high tumor exhibited no response whatsoever
to platinum chemotherapy compared with vehicle treatment (Fig. 7B).
In dramatic contrast, this model exhibited a substantial response
including tumor regression following MEKi plus EGFRi combination
therapy, even employing an intermittent dosing schedule that was
without overt host toxicity (Fig. 7C; Supplementary Fig. S7A and S7B).
All together, these data suggest that RASAL2 expression underlies a
subset of TNBC tumors characterized by little or no response to
standard chemotherapy and poor overall survival. Yet the GAP-
dependent rewiring of growth factor signaling engendered by RASAL2
results in an exquisite sensitivity of these tumors to combination
therapy involving MEKi plus EGFRi (Fig. 7D).

Discussion

While chemotherapy still represents a potentially curative mainstay
of systemic treatment for TNBC, little progress has been made in
predicting which patients will or will not benefit from such treatment.
To address this unmet need, we analyzed highly chemorefractory
tumors from a phase II clinical trial of platinum chemotherapy for
TNBC as a starting point to identify potential therapeutic vulnerabil-
ities in this tumor subset (4). Through transcriptome profiling of
patient tumors and human cell lines coupled with drug response
studies in preclinical models, we discovered a unique gene expression
signature of platinum-resistant TNBC that is notably associated with
sensitivity to targeted inhibitors converging on the MAP kinase
pathway. Our analysis revealed that a significant mediator of both of
these phenotypes is upregulation of RASAL2, a RAS-GAP that is
thought to have pleiotropic oncogenic and tumor suppressor functions
in different cancer contexts (11). In TNBC, we demonstrate that
RASAL2-expressing tumors maintain basal RAS activity through
substantial rewiring of growth factor signaling, including attenuation
of SPRY1/2-driven negative feedback and increased expression of
EGFR. The associated cost of such adaptations to these otherwise
aggressive tumors is an exquisite sensitivity to perturbation of these
signaling pathways in the setting of combined MEK and EGFR
inhibition. Thus, we observe a selective and synergistic susceptibility
to MEKi+EGFRi combination in cell-based, xenograft, patient-
derived ex vivo and patient-derived RASAL2-expressing TNBC
models.

Prior work has implicated RASAL? in various pathways mediating
effects such as tumor growth and invasion, including in TNBC (11, 44).
Here, we provide direct evidence that the poor outcomes associated
with RASAL2 expression in TNBC are related to its ability to induce
chemoresistance. Furthermore, our observation that YAP activation is
associated with RASAL2 in chemorefractory TNBC provides new
insights into prior studies demonstrating an association of YAP with
chemoresistance and poor prognosis in basal-like breast cancer and
TNBC (47, 51). The ability of RASAL2 expression to hallmark a
distinct TNBC subset, at once refractory to conventional chemother-
apy but potentially highly vulnerable to a targeted therapy combina-
tion, merits its further investigation as a potential clinical biomarker.
In particular, recent work shows that phosphorylation of RASAL2 at
$237 moiety promotes breast cancer progression independent of
estrogen receptor status (52). Thus, posttranslational modifications
of RASAL2 could be important determinants of its functions in breast
and other cancers, and its role as a biomarker.

AACRJournals.org
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Sensitivity to MAPK inhibition in many cancers is typically asso-
ciated with activation of this pathway, most notably through mutations
in RAS and RAF family members (53). Thus, a remarkable finding of
our study is that the (inhibitory) GAP activity of RASAL2 is required to
mediate sensitivity to pathway inhibition, despite little effect of
RASAL2 on steady-state ERK1/2 and AKT phosphorylation in TNBC
in vitro or in vivo. We explain these observations in part by demon-
strating that RASAL2 induces a concomitant reduction in the expres-
sion of the RAS negative regulators SPRY1/2. However, SPRY dereg-
ulation alone may be insufficient to sustain RAS signaling in RASAL2-
expressing TNBC, and may be associated with distinct adaptations in
different tumor mutational contexts (54). We observe strong depen-
dency on EGFR signaling in RASAL2-high TNBC, as evidenced by a
marked sensitivity to EGFR and EGFR/MEK inhibition. These find-
ings all suggest an exquisite control of RAS/MAPK activity in
RASAL2-expressing TNBC, mediated by multiple adaptive changes
and with profound consequences for cell survival once the pathway is
perturbed.

Multiple clinical trials employing combinations of MAPK and PI3K
pathway inhibitors together with RTK inhibitors are currently under-
way for patients with TNBC. However, combining inhibitors of the
RAS pathway without understanding the selective forces that lead to
patient- and tumor-specific rewiring of this signaling has largely
proven unsuccessful. For instance, a recent phase II trial evaluating
MEKi and AKTi showed limited efficacy of this combination in
patients with unselected advanced TNBC, although a small number
of clinical responses were observed (9). In contrast, in PDX models of
(rare) metaplastic TNBC harboring both PI3K/AKT/mTOR and RTK/
MAPK alterations, MEKi- and PI3Ki-induced tumor regression,
suggesting that targeting MEK and PI3K/AKT is a potentially viable
strategy under specific contexts (55). In TNBC cell lines, co-targeting
MEK1/2 and EGFR has been shown to induce synergistic growth
inhibition and apoptosis, albeit to varying degrees (56). Our findings
provide mechanistic insights and demonstrate that this strategy
achieves selective synergism in the RASAL2 context.

The successful application of such targeted therapy combinations is
often hampered by substantial toxicities. In humans, studies of MEKi
PD0325901 have employed twice daily dosing and have observed
significant adverse effects with prolonged treatment (57-59). Likewise,
gefitinib is usually administered daily in humans, equivalent to the
daily regimen typically employed in preclinical studies (60, 61). Our
use of intermittent schedules of these inhibitors in mice achieved
dramatic tumor regression in RASAL2-high tumors without overt
toxicities, even with the combination regimen. These findings support
the evaluation of alternative doses and schedules for such inhibitors
and combinations in contexts where marked therapeutic vulnerabil-
ities can be defined. Taken together, our findings support the clinical
evaluation of MEKi+EGFRi combination selectively in the RASAL2-
expressing subgroup of TNBC. More broadly, our study highlights the
general importance of identifying and targeting unanticipated, collat-
eral vulnerabilities in ostensibly refractory tumors as an effective
approach for rational cancer therapy.
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