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Abstract

There are currently no effective targeted therapies for KRAS mutant cancers. Therapeutic
strategies that combine MEK inhibitors with agents that target apoptotic pathways may be a
promising therapeutic approach. We investigated combining MEK and MDM2 inhibitors as a
potential treatment strategy for KRAS mutant non-small cell lung cancers and colorectal
carcinomas that harbor wild-type 7P53. The combination of pimasertib (MEK inhibitor) +
SAR405838 (MDM2 inhibitor) was synergistic and induced the expression of PUMA and BIM,
led to apoptosis and growth inhibition in vitro, and tumor regression in vivo. Acquired resistance
to the combination commonly resulted from the acquisition of 7P53 mutations, conferring
complete resistance to MDM2 inhibition. In contrast, resistant clones exhibited marked variability
in sensitivity to MEK inhibition, which significantly impacted sensitivity to subsequent treatment
with alternative MEK inhibitor-based combination therapies. These results highlight both the

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Address correspondence to: Aaron N. Hata, Massachusetts General Hospital Cancer Center, Building 149, 13th St, Boston,
Massachusetts 02129, USA. ahata@mgh.harvard.edu.

Author Contributions

A.N.H., J.W. and J.A.E. designed the study, analyzed the data and wrote the paper. A.N.H, FM.S., H.L.A and M.G.C. performed cell

line and biochemical studies. M.G.C. performed cell line tumor xenograft studies. S.R. performed drug synergy analysis. J.J., S.R., F.J.

and R.1.S. performed RNA-Sequencing and analysis. M.L., J.S.L and J.J. performed 7P53 genotyping of cell lines. L.D. and S.S.
generated the CRC PDX model and performed in vivo studies. All authors discussed the results and commented on the manuscript.

The authors declare competing financial interests: J.A.E. is a consultant for Novartis, Sanofi, Genentech and Amgen; has research
agreements with Novartis, Sanofi, and Amgen. A.N.H. has provided consulting services for Amgen; has research agreements with
Amgen and Novartis. S.R., M.L., J.S.L, JJ., S.S., L.D., and J.W. are employees of Sanofi, as noted in the affiliations.

Conflict of Interest:
No other conflicts of interest were reported by the other authors.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc).


http://www.nature.com/onc

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hata et al. Page 2

potential promise and limitations of combining MEK and MDMZ2 inhibitors for treatment of
KRAS mutant NSCLC and CRC.

Introduction

Mutations that lead to MAP kinase pathway activation are commonly observed in cancer.
Clinically effective targeted therapies have been developed for non-small cell lung cancers
(NSCLC) bearing activating £EGFR mutations (1, 2) and melanomas with activating BRAF
mutations (3, 4). In contrast, there are no approved targeted therapies for cancers that harbor
KRAS mutations, which occur in 15-20% of NSCLCs, 30-35% of colorectal cancers (CRC)
and the majority of pancreatic cancers (5). MEK inhibitors, which target the primary
downstream signaling pathway activated by mutant KRAS, have shown disappointing
clinical activity when used as monotherapy (6), partly due to inability to induce robust
apoptosis. This has prompted evaluation of MEK inhibitor-based combination therapies
designed to induce apoptosis in KRAS mutant cancers (7-9).

The tumor suppressor p53 acts as a master cellular regulator, integrating multiple stress
signals and activating transcription of genes regulating cell cycle arrest and apoptosis (10).
Inactivation of p53 function is an almost universal feature of human cancer cells. While loss
of the tumor suppressive function of p53 is often due to 7P53 mutations or deletions,
approximately half of all tumors still harbor wild-type 7P53 (11, 12). In 7P53wild-type
cells, the function of p53 is restrained by the murine double minute 2 protein (MDM2) (13).
Direct interaction of p53 with the N-terminal region of MDM2 inhibits p53 transcriptional
activity, while the MDMZ2 ring finger E3-ubiquitin ligase activity maintains p53 at a low
baseline level in normal cells by targeting it for proteasomal degradation (14, 15). MDM2-
mediated suppression of p53 activity in 7P53wild-type cancers may result from genomic
MDM?2 amplification (16) or by loss of COKNZA (17), which encodes the MDM2
antagonist p14ARF (18). Therefore, disruption of the interaction between p53 and MDM2,
with subsequent reactivation of p53, represents an attractive targeted therapy strategy for
TP53 wild-type tumors. Indeed, striking pre-clinical activity of MDM2 inhibitors has been
observed in models exhibiting genomic amplification of the MDMZ gene (19-24). However,
MDM?2 amplified tumors represent only a small proportion of the 7P53wild-type tumor
population, and single agent responses may be limited outside of the MDMZ2 amplified
tumor population.

Combining MDM2 inhibitors with other targeted agents such as kinase inhibitors may lead
to improved responses of 7P53wild-type cancers that do not respond to MDM?2 inhibitors
alone. In prior studies, the combination of MEK or BRAF inhibitors with the MDM2
inhibitor nutlin-3 exhibited synergistic activity in BRAF mutant melanoma in vitro, in which
CDKNZA is frequently lost (25, 26). Another recent study reported synergy between MDM2
inhibitors and wide range of other targeted agents, but no clear correlation between drug
combination and genotype was observed (27). While these studies suggest that combining
MDM?2 inhibitors with agents that target oncogenic signaling pathways may hold clinical
promise, it remains unclear which MDMZ2 inhibitor combinations should be prioritized for
specific cancer sub-types.
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Our prior study investigating the combination of MEK and PI3K inhibitors demonstrated
that induction of apoptosis by up-regulation of the BH3-only proteins BIM and PUMA is
critical for the response of KRAS mutant NSCLC in vitro and in vivo (28). Since PUMA
(p53-upregulated mediator of apoptosis) can be induced by p53 activation, we hypothesized
that combining MDM2 and MEK inhibitors might provide an alternative strategy for
promoting apoptosis of KRAS mutant cancer cells that harbor wild-type 7P53. In this study,
we demonstrate that MDM2 inhibitors synergize with MEK inhibitors by upregulating BIM
and PUMA and induce apoptosis in KRAS mutant NSCLC and CRC models, establishing
rationale for clinical investigation of this combination for KRAS mutant cancers. Efficacy of
combined MDM2 + MEK inhibition was ultimately limited by the development of acquired
drug resistance commonly associated with acquisition of 7253 mutations, rendering cells
fully resistant to MDM?2 inhibition. In contrast, acquired resistance to the MEK inhibitor
was variable, leading to heterogeneous response to subsequent treatment with a MEK +
BCL-XL inhibitor combination.

MDM2 and MEK inhibitors exhibit synergistic activity against KRAS mutant NSCLC and
CRC cells that harbor wild-type TP53

Our prior work suggested that MEK inhibitor-based combination therapies that up-regulate
pro-apoptotic BIM and PUMA or inhibit anti-apoptotic BCL-XL proteins may have
potential for treatment of KRAS mutant cancers (8, 28). Increased expression of PUMA
positively correlated with induction of apoptosis for 7253 wild-type KRAS mutant NSCLC
cells, unlike 7P53 mutant cells for which BIM expression appeared more predictive (Sup.
Figure 1). We hypothesized that activating p53 by inhibiting MDM2 might provide an
alternative approach to induce PUMA expression and stimulate apoptosis in KRAS mutant
cancers that harbor wild-type 7P53, which account for approximately 20% of all lung and
colorectal adenocarcinomas (Sup. Figure 2). Similar to treatment with the combination of
MEK+PI3K inhibitors, the MDM2 inhibitor SAR405838(24) induced PUMA mRNA and
protein expression in KRAS mutant 7P53 wild-type NSCLC cells (Sup. Figure 3).

We next investigated whether MDM2 inhibitors might synergize with MEK inhibitors in
KRAS mutant, 7P53wild-type NSCLC and CRC cells. Using a modified ray design
experiment, we treated A427 (NSCLC), DV-90 (NSCLC), GP5d (CRC) and LoVo (CRC)
cells with SAR405838 and the allosteric MEK inhibitor pimasertib (AS703026) in fixed
dose combinations and evaluated cell viability (Sup. Figure 4A, B). Calculation of Hewlett
synergy A values indicated synergistic drug activity (A>2) in all four cell lines (Sup. Figure
4C). To more broadly profile the activity of the MEK + MDMZ2 inhibitor combination, we
assessed the effects of SAR405838 and pimasertib alone or in combination on cell
proliferation of 25 KRAS mutant cell lines (14 NSCLC, 11 CRC) that harbored either wild-
type, mutated or deleted 7P53. The 7P53 status of each cell line was confirmed by
sequencing as well as evaluation of p53 protein expression and function (Sup. Table 1, Sup.
Figure 5). Whereas pimasertib exerted inhibitory effects on cell proliferation regardless of
7P53 mutation status, the activity of SAR405838 was observed only for wild-type 7P53
cells as expected (Figure 1A). As a group, KRAS mutant cell lines harboring wild-type
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TP53 were significantly more sensitive to combined MDM2+MEK inhibition compared to
those with mutated or deleted 7P53, and in most cases, the combination of SAR405838 +
pimasertib showed greater inhibition of cell proliferation than either single agent alone
(Figure 1B).

Activation of p53 and inhibition of MEK lead to cell cycle arrest, induction of apoptosis and
cellular senescence (29-31). We compared the effects of SAR405838 and pimasertib alone
or in combination on cell cycle progression and apoptosis. The combination of
SAR405838+pimasertib induced greater cell cycle arrest in 7P53 wild-type NSCLC cells,
largely due to the lack of activity of SAR405838 on 7P53 mutated cells (Figure 2A, Sup.
Figure 6). Likewise, the combination induced caspase 3/7 activation and apoptosis in 7P53
wild-type but not 7”53 mutant NSCLC and CRC cells, and to a greater extent than either
single agent alone (Figure 2B, Sup. Figure 7). In long term viability assays, the combination
of SAR405838+pimasertib led to an absolute decrease in cell number over time (Figure 2C).
To determine whether induction of cellular senescence might also contribute to the efficacy
of this combination, we stained for senescence-associated beta-galactosidase activity in drug
treated cells (Sup. Figure 8). We observed heterogeneous beta-galactosidase staining in
DV-90 and HCT116 cells over time with SAR405838 and pimasertib. However, no beta-
galactosidase staining was observed after either drug treatment in A427 cells, which
exhibited the greatest overall sensitivity. Together, these results indicate that induction of cell
cycle arrest, apoptosis, and in some cases cellular senescence all contribute to the response
to combination MEK and MDM2 inhibitor treatment.

To evaluate the anti-tumor activity of SAR405838+pimasertib in vivo, we established A427
and DV-90 NSCLC sub-cutaneous xenograft tumors in immunocompromised mice.
Treatment with either SAR405838 (200 mg/kg once weekly) or pimasertib (30 mg/kg daily
or 15 mg/kg BID) alone modestly slowed the growth rate of tumors compared with control
animals. In both tumor models, however, we observed significantly greater anti-tumor
activity and induction of apoptosis with the combination (Figure 2D, Sup. Figure 9). Finally,
ina 7P53wild-type patient-derived xenograft model of colorectal cancer harboring KRAS
and PIK3CA mutations (CR-IGR-0032-P), SAR405838+pimasertib induced tumor
regression (Figure 2E). Taken together, these results demonstrate that the combination of
MEK+MDM?2 inhibitors exhibits synergistic activity to induce cell cycle arrest and
apoptosis in KRAS mutant 7P53wild-type NSCLC and CRC cells leading to tumor
regression /n vivo.

Relative expression of BCL-2 family proteins correlates with apoptotic sensitivity to MEK +
MDM2 inhibitor combination

To determine mediators of drug response, we performed mRNA-Seq on six KRAS mutant
NSCLC cell lines (A427, DV-90, H1944, LU99A, SW1573 — 7TP53 wild-type; H358 — TP53
mutant) before and after treatment with 10 nM, 100 nM or 1 uM concentration of
pimasertib, SAR405838 or combination. As expected, treatment with SAR405838 or
pimasertib led to up or down-regulation of genes regulated by p53 (e.g. CDKN1A, MDM2)
and ERK (e.g. DUSP6, SPRY4, ETV4), respectively (Sup. Figure 10). We identified genes
synergistically up-regulated by the combination compared with single agents alone for each
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cell line (Sup. Figure 11A) and performed Ingenuity Pathway Analysis to determine
upstream regulators. Interestingly, in all cell lines, the synergistic gene set was highly
enriched for genes regulated by p53 and p21 (CDKN1A), suggesting that MEK inhibition
synergistically enhances the effects of MDM2 inhibition on p53 gene targets in KRAS
mutant cells (Sup. Figure 11B). We also observed a weaker synergistic effect on down-
regulation of FOXM1 gene targets, consistent with a prior report (27). Quantitative PCR
demonstrated that induction of p21 and down-regulation of FOXML1 transcript correlated
strongly with induction of cell cycle arrest and only weakly with induction of apoptosis
(Sup. Figure 12A). Indeed, upregulation of p21 and downregulation of FOXMZ1 transcript
was observed both in cells that had minimal and robust apoptotic responses upon treatment
with SAR405838+pimasertib (Sup. Figure 12B).

We had originally hypothesized that MEK+MDMZ2 inhibition would induce BIM and
PUMA expression to stimulate apoptosis; however, p53 has also been reported to regulate
expression of other pro-apoptotic BCL-2 family proteins such as NOXA and BAX (32, 33).
To determine whether other BCL-2 family proteins may be contributing, we examined the
expression levels of BCL-2 family proteins after treatment with SAR405838+pimasertib.
Comparison of PUMA and BIM mRNA expression relative to BCL-XL expression
determined by RNA-seq revealed that the most sensitive A427 and DV-90 cell lines had
increased expression of PUMA and BIM relative to BCL-XL at baseline and after drug
treatment compared to the less sensitive H1944, LU99A and SW1573 cells and 7P53 mutant
H358 cells (Figure 3A). In contrast, NOXA/BCL-XL and BAX/BCL-XL ratios did not
correlate with sensitivity (Sup. Figure 13). In 7P53wild-type cells, activation of p53 by
SAR405838 and inhibition of MEK by pimasertib resulted in accumulation of PUMA and
BIM, respectively, whereas only BIM accumulated in 7253 null cells (Sup. Figure 14,
Figure 3B). Consistent with the observation that MEK inhibition synergistically enhanced
the effect of MDMZ2 inhibition on p53 target genes, greater induction of PUMA mRNA and
protein was observed after treatment with SAR405838+pimasertib compared with
SAR405838 alone (Figure 3C, D). siRNA and shRNA mediated knockdown of BIM and
PUMA reduced the degree of caspase-3/7 activation following treatment with
SAR405838+pimasertib (Figure 3E, Sup. Figure 15A) and resulted in increased cell viability
(Sup. Figure 15B), demonstrating that induction of PUMA- and BIM-mediated apoptosis
plays a centrol role in the response to MDM2 + MEK inhibition.

Complexity of mechanisms of acquired drug resistance to MDM2 + MEK inhibition

It is now well established that the effectiveness of targeted therapies is ultimately limited by
the emergence of acquired drug resistance. Prior studies have demonstrated that acquisition
of 7P53 mutations can lead to resistance to single agent MDM2 inhibitors (34, 35).
However, the extent to which mechanisms of acquired resistance to combination therapies
overlap with resistance mechanisms to the respective single agents has been largely
unexplored. To model acquired drug resistance to combination MDM2+MEK inhibitor
therapy, we generated resistant KRAS mutant NSCLC and CRC resistant cell lines by
prolonged culturing in the presence of SAR405838+pimasertib (Figure 4A). We employed
two different dosing strategies: continuous exposure to both agents, and to more closely
mimic in vivo dosing, continuous pimasertib with intermittent exposure to SAR405838 (3
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days on, 4 days off). For each experimental condition, multiple resistant colonies were
isolated and expanded. Overall, we were able to generate resistant clones (denoted “PSR”)
in one out of three NSCLC cell lines (DV-90) and three out of four CRC cell lines (GP5d,
LoVo, LS174T). Two cell lines (A427, SK-CO-1) proved too highly sensitive in vitro, and
even slowly escalating intermittent drug treatment led to complete cell killing (data not
shown). One NSCLC cell line (A549) yielded surviving cells after drug treatment, but these
did not develop into proliferating resistant clones even after 9 months of drug exposure.

For three out of four cell lines, all resistant PSR clones harbored 7253 mutations (Figure
4A). In some cases, PSR clones that arose from a given parental cell line shared the same
TP53 mutation (e.g. LoVo — 8/8 clones harbored Y234H). For others, a small number of
different 7P53 mutations were consistently observed (e.g. GP5d — 5/9 clones harbored
H214Y and 4/9 clones harbored N345S). Conversely, DV-90 cells gave rise to PSR clones
with a wide diversity of 7P53 mutations that varied both within and between independent
experiments. In contrast to the three aforementioned cell lines, the majority (6/7) of LS174T
PSR clones retained wild-type 7P53. Most acquired 7P53 mutations localized to the DNA
binding domain, however, occasional mutations were observed in the tetramerization,
regulatory and proline-rich domains (Figure 4B). These 7P53 mutations were associated
with resistance to single agent SAR405838 (Figure 4C, Sup. Figure 16A, B) due to loss of
p53 transcriptional activity and decreased p21 and PUMA expression (Figure 4D, E, Sup.
Figure 16C, D). In LS174T PSR clones that retained wild-type TP53, SAR405838 induced
transient p21 and PUMA expression indicating a functional MDM2-TP53 axis. This was not
maintained, however, during chronic exposure to drug (Sup. Figure 16D). These data
indicate that acquired resistance to combined MDM2+MEK inhibitors is associated with
loss of p53 activity frequently resulting from the acquisition of loss-of-function 7P53
mutations.

We next examined whether the PSR clones with 7P53 mutations would maintain sensitivity
to alternative MEK-based combination therapies. We treated GP5d PSR cells with the
combination of pimasertib + navitoclax (ABT263, BCL-XL/BCL-2 inhibitor), which we
recently showed was effective for inducing apoptosis in GP5d cells (8). Surprisingly, some
GP5d PSR clones were sensitive to pimasertib + navitoclax, while others were resistant
(Figure 5A). This differential sensitivity mirrored the sensitivity to single agent pimasertib
(Figure 5B), indicating that acquired resistance to MEK inhibition may also contribute to
resistance of some PSR clones to the MEK+MDM2 combination. To define the degree of
heterogeneity in acquired resistance to MEK inhibition, we compared 20 DV-90 PSR clones
that harbored a variety of 7253 mutations. In contrast to their uniform and complete
resistance to SAR405838 (Figure 4C), DV-90 PSR clones exhibited variable sensitivity to
pimasertib ranging from that of parental cells to complete resistance (Figure 5C). Consistent
with this, in the presence of SAR405838+pimasertib, DV-90 PSR clones that maintained
sensitivity to pimasertib grew more slowly than pimasertib insensitive cells (Figure 5D), but
still exhibited net proliferation.

To understand the basis for the differential sensitivity to MEK inhibition, we examined
downstream suppression of MEK signaling after drug treatment. After acute treatment with
pimasertib, phospho-ERK was suppressed in both pimasertib-sensitive PSR 16 and 20 and
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resistant PSR 8 and 13 clones (Figure 5E). but after prolonged pimasertib exposure, PSR
clones 8 and 13 exhibited rebound of phospho-ERK and phospho-AKT (Figure 5F).
Consistent with these findings, resistant PSR clones cultured continuously in the presence of
drug (i.e. no drug washout prior to the experiment) had incomplete suppression of ERK
transcriptional targets such as DUSP6, ETV4 and ETV5 (Sup. Figure 17A). We next
examined whether this might be due to engagement of receptor tyrosine kinase (RTK)
feedback loops, which have been shown to underlie intrinsic resistance to MEK inhibitors in
KRAS mutant cancer cells (9, 36-38). FGFR1 was dramatically up-regulated in the
pimasertib-resistant clones (PSR 8 and 13), whereas little FGFR1 expression was detected in
the pimasertib-sensitive clones (PSR 16 and 20) or in parental DV-90 cells (Figure 5E). We
also observed modest up-regulation of phospho-ERBB3 in PSR 8 and 13 clones, whereas
levels of phospho-IGF1R were unchanged. Addition of the FGFR inhibitor BGJ398 fully
suppressed pERK rebound and resensitized resistant clones to pimasertib (Figure 5G, H,
Sup. Figure 17B). Addition of the pan-HER inhibitors saptitinib or afatinib to pimasertib
weakly suppressed cell proliferation, and further suppressed proliferation of the PSR 8 clone
when combined with pimasertib and BGJ398. These findings demonstrate that differential
rewiring of RTK feedback loops may contribute to heterogeneity of acquired resistance to
MEK inhibition. Interestingly, we did not observe any change in vimentin or E-cadherin
expression (data not shown), indicating that the increased FGFR1 expression was not
associated with EMT. This highlights the potential complexity of acquired resistance to
combination therapies, for which loss of sensitivity to one or the other partner may be
sufficient to cause acquired resistance to the combination. Moreover, these studies
demonstrate that this heterogeneity of acquired resistance may disparately affect
responsiveness to subsequent targeted therapy strategies.

Discussion

Due to the central role of p53 in regulating cell cycle progression and apoptosis,
pharmacologic restoration of p53 function remains an attractive therapeutic strategy for
cancers that harbor wild-type 7P53. Although experience is limited, the clinical responses to
single agent MDM2 inhibitors have been disappointing, even for MDMZ2 amplified cancers
such as dedifferentiated liposarcoma (39). Combination strategies pairing MDM?2 inhibitors
with various targeted therapies (MEK, BRAF, PI3K inhibitors) have been explored for
various cancer types (melanoma, NSCLC, acute myelogenous leukemia) in pre-clinical
studies (25-27, 40), however it is unclear which combinations should be prioritized for
specific disease sub-types. In this study, we evaluated the potential for the combination of
MDM2 + MEK for KRAS mutant NSCLC and CRC cancers. We observed synergistic
activity in vitro due to induction of both apoptosis and cell cycle arrest. Moreover, we
observed efficacy of the combination in vivo, suggesting that the clinical evaluation of this
compound is warranted for these cancers that have limited targeted therapy options
(NCT01985191, www.clinicaltrials.gov).

Our prior studies investigating MEK inhibitor combinations for KRAS mutant cancers have
revealed that induction of a robust apoptotic response is a critical, but often elusive goal (8,
28). MEK + MDM2 inhibitors led to the induction of the pro-apoptotic BCL-2 family
proteins BIM and PUMA in sensitive KRAS mutant cells, consistent with a prior study
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using AML models (40). We also observed that induction of p53 target genes was enhanced
by the combination relative to MDMZ2 inhibitor alone. This enhancement of p53 activity may
explain prior observations that survivin and FOXM1 were synergistically induced in
melanoma and NSCLC cells, respectively, after treatment with combined MDM2 and RAF
or MEK inhibitors (26, 27). Our results suggest that downregulation of survivin or FOXM1
does not fully explain apoptotic sensitivity, as a similar suppression was also observed in cell
lines that had minimal apoptotic response to MEK + MDM2 inhibition. Rather, similar to
other targeted therapy strategies, the ability to engage BH3 signaling at the level of the
mitochondria may be the primary determinant of drug efficacy. It is worth noting that
SAR405838 does not inhibit MDMX (24), which may cooperate with MDM2 to suppress
p53 in some contexts (41). Although inhibition of MDM2 by SAR405838 was sufficient for
activation of p53 in all 7P53-wild type cell lines tested, it is possible that strategies that
target both MDM2 and MDMX might lead to more potent p53 activation.

Acquired drug resistance is a major problem limiting clinical efficacy of targeted therapies.
The mechanisms of resistance to drug combinations are potentially complex, as tumor
progression might result from resistance to either drug alone, or both. We observed 7P53
mutations in the majority of models made resistant to SAR405838+pimasertib. This is
consistent with prior studies that reported that the acquisition of 7253 mutations conferred
resistance to single agent nutlin-3 (34, 35) or SAR405838 (42). Emerging data from the
clinic suggest that emergence of tumor clones with 7P53 mutations may be a significant
mechanism of acquired resistance in patients, as a recent trial of single agent SAR405838
for de-differentiated liposarcoma revealed acquired 7253 mutations in 20% of patients,
including multiple independent 7”53 clones in some patients(43). We did not observe any
overlap between acquired 7P53 mutations in resistant PSR clones derived from different cell
lines, but for a given cell line, multiple clones were observed to harbor the identical
mutation, suggesting that these may have arisen from pre-existing 7253 mutated sub-clones.
The development of 7P53 mutations was not universal, however, as the majority of LS174T
PSR clones examined harbored wild-type 7P53and retained at least partial sensitivity to
SAR405838. Whether emergence of 7P53 mutations will also be observed in patients
treated with combination MDM2+MEK inhibitors remains to be determined.

In contrast to the complete resistance of 7P53 mutant PSR clones to SAR405838, we
observed variable resistance to MEK inhibition. Although pimasertib acutely inhibited
downstream phospho-ERK signaling in PSR clones, we observed greater rebound activation
of MEK-ERK and PI3K-AKT signaling after longer exposure to pimasertib in clones that
were more resistant to pimasertib. Consistent with this, transcriptional outputs of MEK-ERK
signaling such as DUSP6 and ETS family transcription factors (ETV4, ETV5) were not fully
suppressed during chronic drug exposure in these clones. Prior studies have demonstrated
that treatment of KRAS mutant cells with MEK inhibitors causes de-repression of negative
feedback loops that lead to re-activation of RTK and downstream signaling pathways (9, 36—
38). Recently, FGFR signaling has been implicated in intrinsic resistance of mesenchymal
KRAS mutant NSCLC cells to MEK inhibition (37, 44). While we observed that FGFR1
was up-regulated in PSR clones with acquired resistance to MEK inhibition, this was not
accompanied by any change in epithelial-mesenchymal status (DV-90 cells are epithelial).
Resistant PSR clones also had greater up-regulation of ERBB3 phosphorylation compared
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with sensitive PSR clones, albeit less dramatic than the difference in FGFR1 expression.
This suggests that KRAS mutant cells may can engage similar mechanisms to achieve
intrinsic and acquired resistance to MEK inhibition, but that this may be associated with
different features (e.g. epithelial-mesenchymal phenotype) in different contexts.

These studies highlight the potential complexity of mechanisms of acquired resistance that
develop in response to combination therapies, and suggest that defining the relative
contribution of each drug to the resistance phenotype may be important for making decisions
about subsequent therapy. This may be especially relevant for KRAS mutant cancers, for
which a number of MEK-based combinations are being developed. For instance, if a tumor
develops resistance to MDM2 + MEK inhibitors by acquiring a 7253 mutation, determining
whether the tumor is also resistant to the MEK inhibitor would inform whether a subsequent
MEK inhibitor-based combination such as trametinib+navitoclax might be warranted (8)
(NCT02079740, www.clinicaltrials.gov). On the other hand, if no 7”53 mutations are
acquired, subsequent treatment with a different MDMZ2 inhibitor-based combination might
be considered (27).

Materials and Methods

Cell lines, antibodies and reagents

Human KRAS mutant NSLCLC and CRC cell lines were obtained from the Center of
Molecular Therapeutics at the MGH Cancer Center who performed STR verification. TP53
genotype was independently confirmed for each cell line (see below). Cell lines were tested
for mycoplasma infection every 2 months during experimental use. DV-90, A549, H460,
H1944, Lu-99A, H1792, H2030, COR-L23, H358, Calu-1, HCT116, SK-CO-1, SW948, and
H747 cells were maintained in RPMI supplemented with 5% FBS; A427, SW1573, H2009,
H1573, GP5d, LS174T, LS1034, LoVo, SW116, SW837 and T84 cells were maintained in
DMEM/F12 with 5% FBS. For cell culture studies, pimasertib and SAR405838 were
provided by Sanofi and dissolved in DMSO to a final concentration of 10 mmol/l and stored
at —20°C. BGJ398, afatinib and sapitinib were purchased from Selleckchem. For western
blotting, the following antibodies were used: Actin (4970, Cell Signaling), p-AKT S473
(9271, Cell Signaling), BIM (2933, Cell Signaling), p-ERBB3 Y1289 (4791, Cell
Signaling), ERBB3 (4754, Cell Signaling), p-ERK1/2 T202/204 (9101, Cell Signaling),
ERK1/2 (9102, Cell Signaling), FGFR1 (9740, Cell Signaling), p-IGF1R Y1135/1136
(3024, Cell Signaling), IGF1R (9750, Cell Signaling), p21 (556431, BD), p53 (SC-126,
Santa Cruz), PUMA (SC-374223, Santa Cruz).

Cell viability and proliferation analysis

Cell lines were seeded into 96 well plates 24 hours before addition of drug. For dose
response experiments, drugs were added to cells and cell proliferation determined by
CellTiter-Glo assay (Promega) after 72 hours. For experiments on DV-90 PSR resistant
clones, which proliferate more slowly than parental cells, cells were incubated for 5 days to
allow for the same number of cell doublings of vehicle treated cells. For long-term viability
assays, cell number was determined 24 hours after seeding and prior to drug addition, and at
indicated time points by RealTime-Glo assay (Promega).
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Annexin/PI staining by flow cytometry

Cells were seeded at low density 24 hours prior to drug addition. After 72 hours floating and
adherent cells were collected and stained with propidium iodide and Cy5-Annexin V and
analyzed by flow cytometry. % apoptotic cells was calculated by subtracting percentage of
annexin positive cells in vehicle control from percentage of annexin positive cells with drug
treatment.

Caspase 3/7 activity assay

Cells were seeded into 96 well plates 24 hours prior to addition of drug. Drugs were added
to cells for 48 hours and cell viability and caspase 3/7 activation were determined by
Caspase 3/7 activity. Values were normalized to viability reading.

Cell cycle analysis

Cells were seeded 24 hours prior to experiment to give a confluency of 30-50%. Drugs were
added for 24 hours and cells harvested, stained with propidium iodide and analyzed by flow
cytometry. Cell cycle sub-populations were calculated using the cell cycle analysis package
of FloJo software.

Cellular Senescence analysis

In vitro cellular senescence was determined using the Senescence p-Galactosidase Staining
Kit (Cell Signaling) according to the manufacturers recommendations. Briefly, vehicle or
drug treated cells were washed with PBS and fixed in Fixative Solution for 10 minutes at
room temperature. Fixed cells were washed twice with PBS and then incubated with -
Galactosidase Staining Solution (pH 6.0) overnight at 37°C.

Quantitative RT-PCR

Cells were seeded 24 hours prior to give a confluency of 50%. Cells were treated with drugs
for 24 hours and RNA was extracted using the RNeasy Kit (Qiagen). cDNA was prepared
using the First Strand Synthesis Kit (Invitrogen) with oligo-dT primers. Quantitative PCR
was performed on a Lightcycler 480 using FastStart Sybr Green (Roche). mRNA expression
relative to GAPDH was calculated using the Delta-Delta threshold cycle (Ct) method.
Human primers used: BCL-XL F 5’-agccttggatccaggagaa-3’, R 5”-ageggttgaagegttect-3”;
BIM F 5’-gatccttccagtgggtatttctctt-3°, R 5”-actgagatagtggttgaaggectgg-3”; DUSP6 F 5 -
cgactggaacgagaatacgg-3’, R 5'- ttggaacttactgaagccacct-3"; ETV4A F 5'-
gcagtttgttcctgatttcca-3”, R 5”-actctggggctecttettg-3'; ETV5 F 5”-cctacatgagagggggttatttc-37,
R 5’-cgtcaaagtataatcggggatct-3”; GAPDH F 5”-aacagcgacacccatccte-3’, R 57-
cataccaggaaatgagcttgacaa-3’; MCL-1 F 5”-aagccaatgggcaggtct-3', R 5'-
tgtccagtttccgaageat-3”; PUMA F 5”-gacctcaacgcacagtacga-3”, R 57-
gagattgtacaggaccctcca-3”; p21 F 5”-ccgaagtcagttecttgtgg-3”, R 5”-catgggttctgacggacat-3;
FOXM1 F 5’-actttaagcacattgccaage-3”, R 5”-cgtgcagggaaaggttgt-3”; BIRC5 F 5”-
geccagtgtttettetgett-37, R 5”-aaccggacgaatgcttttta-3”; CLASPN F 5'-
gaagagaaagaggaagaactagagga-3’, R 5’-cactactaagaaggaattctgcagtc-3”.
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RNAI gene knockdown

A427 cells with shRNA knockdown of BIM and PUMA were previously described(28).
A427 cells with stable TP53 knockdown were generated by infecting with lentivirus
harboring pLKO TP53 shRNA (TRCN0000003756) followed by selection in puromycin.
Knockdown of TP53 mRNA and p53 protein was determined by quantitative RT-PCR and
western blotting, respectively. SiRNA gene knockdown was performed by transfection of
cells with the following siRNAs (Qiagen): BIM (Hs_BCL2L11 5), PUMA (Hs_BBC3 2).

Mouse xenograft studies

All mouse studies were conducted through Institutional Animal Care and Use Committee—
approved animal protocols in accordance with institutional guidelines. For A427 and DV-90
xenograft studies, cell line suspensions were prepared in 1:1 matrigel:PBS and 5x10° cells
were injected unilaterally into the subcutaneous space on the flanks of athymic nude
(Nu/Nu) mice (6-8 weeks). Xenograft tumors formed within 2—3 weeks and were allowed to
grow to approximately 350 mm3. CR-IGR-0032-P was obtained from Lariboisiére Hospital,
France upon patient consent for providing surgical tumor samples to CReMEC and for
HIV1, HIV2, Hepatitis B virus and Hepatitis C virus, HCV serological status testing. The
PDX models was established in CB17/ICR-Prkdc severe combined immunodeficiency
(SCID)/Crl mice (Charles River). Animals were implanted unilaterally and solid tumors
were allowed to grow for 28 days, at which point they had reached approximately 150-200
mm?3. Tumors were measured with electronic calipers and the tumor volume was calculated
according to the formula V = 0.52 x L x W2, Mice with established tumors were randomized
to drug treatment groups using covariate-adaptive randomization to minimize differences in
baseline tumor volumes. Tumor numbers and volumes at the time of treatment initiation
were: A427 — vehicle (N=7) 369+/-24 mm3, pimasertib 15 BID (N=7) 377+/-77 mm3,
pimasertib 30 QD (N=7) 358+/-38 mm?3, SAR405838 200 QW (N=7) 341+/-45 mm3,
pimasertib 15 BID + SAR405838 200 QW (N=7) 379+/-53 mm3, pimasertib 30 QD +
SAR405838 200 QW (N=7) 354+/-29 mm?3; DV-90 vehicle (N=9) 313+/-42 mm3,
pimasertib 15 BID (N=6) 354+/-35 mm3, SAR405838 200 QW (N=8) 364+/-58 mm3,
pimasertib 15 BID + SAR405838 200 QW (N=7) 373+/-42 mm3; CR-IGR-0032-P — vehicle
(N=8)161+/-25 mm3, pimasertib 30 QD (N=8) 185+/-19 mm3, SAR405838 200 QW (N=8)
177+/-25 mm3, pimasertib 30 QD + SAR405838 200 QW (N=8) 181+/—-21 mm3.
Pimasertib was dissolved in 0.5% carboxymethyl cellulose/0.25% Tween-20. SAR405838
was prepared in PEG200/TPGS (98%/2%). Drug treatments were administered by oral
gavage. Investigators performing tumor measurements were not blinded to treatment group.
Sample size (minimum N=7 per treatment group) was chosen to verify satisfactory inter-
animal reproducibility.

Cleaved caspase-3 immunohistochemistry

Formalin fixed paraffin embedded xenograft tumors were sectioned, de-paraffinized and re-
hydrated through xylene and alcohol washes. Antigen retrieval was performed. Slides were
blocked in goat serum and Avidin D. Slides were incubated with cleaved caspase-3 antibody
(Cell Signaling) overnight at 4°C. Slides were blocked with biotin, incubated with rabbit
biotinylated secondary antibody for 1 hour, washed in PBS, incubated with an Avidin D,
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horseradish peroxidase, and developed with DAB coloring reagent. Slides were counter-
stained in hemotoxylin.

In vivo cellular senescence

Snap frozen xenograft tumor tissue was embedded in OCT, sectioned into 5 micron sections
and stained using the Senescence p-Galactosidase Staining Kit (Cell Signaling) with an
adapted protocol. Frozen tissue slides were placed in Fixative Solution for 10 minutes at
room temperature. Fixed cells were washed three times with PBS for 60 second and then
incubated with B -Galactosidase Staining Solution (pH 6.0) overnight at 37°C. Cells were
then counter-stained in hemotoxylin.

Generation of resistant cell lines

DV-90, GP5d, LS174T and LoVo PSR resistant cell lines were generated by continuous
treatment of parental cells with 1 pM pimasertib + 1uM SAR405838 or continuous
pimasertib with intermittent SAR405838 (3 days on, 4 days off). Resistant colonies were
selected with cloning rings and expanded independently. After resistant colonies were
established, all resistant cell lines were cultured in the continuous presence of pimasertib
and SAR405838. For drug sensitivity studies, western blot and gene expression studies, cells
were removed from drug for 48—72 hours prior to experiment, except when indicated
(continuous drug (CD) samples).

RNA-Sequencing

Total RNA was isolated using the RNeasy Mini Kit (Qiagen). 200ng of total RNA was used
for each sample for a strand-specific RNA-seq library preparation using the Ovation
Universal RNA-Seq System 1-96 (NuGEN Technologies, 0402-A01) and implemented on
the Agilent Bravo liquid handling system according to the manufacturer’s recommended
procedures. Resulting libraries were pooled at an equimolar concentration and 50bp single-
end sequencing data was generated with an lllumina HiSeq 2500 sequencer. RNA-Seq data
processing was performed using Sanofi’s NGS data analysis framework called Synapse.
RNA-Seq reads were initially mapped and aligned to GRCh38 using STAR (45) aligner (v.
2.4.0h1). Then mapped reads were assembled into possible transcripts by using Cufflinks
(46) (v2.2.1) with the reference gene annotation GENCODE v21. A read summarization
tool, featureCounts (47) was used to count the number of reads mapped to each of genes
annotated in GENCODE v21. The data have been deposited in NCBI’s Gene Expression
Omnibus and are accessible through GEO Series accession number GSE99015.
Differentially expressed transcripts were identified using EdgeR (48). Synergy-associated
genes were defined as those whose expression increased or decrease by 2-fold comparing to
the vehicle control and 1.5-fold comparing to both single-agent groups. Ingenuity pathway
analysis was used to perform functional analysis on synergy-associate genes. IPA identified
the over-representation in a define set of genes, which could be known targets of a regulator,
using a Fisher’s exact test. Based on the gene expression pattern, it predicted the activation
states of upstream regulator with a confidence z-score. A linear regression model was used
to calculate the correlation between gene expression log fold change after drug treatment
and inhibition of proliferation, induction of apoptosis and cell cycle arrest data (p < 0.01).
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Drug synergy evaluation

Cells were seeded into 96 well plates and treated with varying concentrations of pimasertib,
SAR405838 or combination according to a modified ray design. Cell proliferation/viability
was determined at time zero and after 72 hours using the CellTiter-Glo assay. Each data
point was determined in triplicate, with individual replicates performed on separate plates to
account for inter-plate variability. We estimated synergy in each cell line with a Hewlett
model, using the methods of Ritz and Streibig (49) in R (50). The Hewlett model assesses
the curvature of an isobologram for 2 compounds with an exponent A, in the following way:

) -2
ED50mixture=((f, /ED50,,)/*+(f,, /ED50,,)"/*)

where fa and 7z denote the mixture fraction of each compound respectively. Fitted values of
A >> 1 denote synergy, and fitted values of A << 1 denote antagonism. We assessed the
statistical significance of A with a 1-tailed #test The results were always statistically
significant, with resulting p-values on the order of 10712 — 10725, corresponding to A fitted
values ranging from +2 to +5, which are strong effect sizes.

Targeted cell line genotyping

A custom sequencing panel was developed using XGEN® Lockdown® Probes (Integrated
DNA Technologies) including entire coding sequences (CDS) and untranslated regions
(UTR) of 7 genes, TP53, KRAS, NRAS, HRAS, BRAF, PTEN and MDMZ. Whole genome
sequencing (WGS) libraries were made using the KAPA Hyper Prep Kits (KAPA
Biosystems, Catalog # KK8504) using 100 ng of gDNA, following the Rapid Protocol
Version 2.1 from IDT using a total of 1 ug of WGS library; the hybridization reaction was
incubated at 65°C (lid 80°C) for 18-24 hours. Sequencing was performed the [llumina Hi-
Seq platform. In order to retain high-quality base calls, sequencing reads were trimmed
down to 75bp and adapter sequences were removed by using Trimmomatic(51). Then the
sequencing reads were mapped to the human reference genome hgl19 with the Novoalign
(v3.0205 — http://www.novocraft.com/). The alignment was further refined using the indel
realigner, ABRA (52), to increase mapping/alignment accuracy and consequently
performance for detection of insertion and deletion (INDEL) mutations. MuTect (53),
LoFreq (54) and Pindel (55) were used for single nucleotide variant (SNV) and INDEL
detection. ONCOTATOR (56) was used for annotating the SNVs and INDELSs. Silent
mutations or variants affecting protein non-coding sequences were excluded from the final
analysis.

Data and statistical analysis

Data were analyzed using GraphPad Prism software (GraphPad Software). G150 values were
calculated using a four parameter variable slope model. Western blot band quantitation was
performed using SynGene Gene Tools Software. Correlation calculations comparing gene
expression levels were determined by quantitative RT-PCR, and apoptosis and cell cycle
arrest were determined using the Spearman’s correlation test. For RNA-seq linear regression
correlation, p < 0.01 was considered significant. Unless otherwise specified, data displayed
are mean and standard error. Comparisons between groups (e.g., experimental versus
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ntrol) were made using paired or unpaired #tests, unless otherwise noted. Variance
tween comparison groups were verified to be equivalent. Pvalues below 0.05 were
nsidered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sensitivity of KRAS mutant NSCL C and CRC cell linesto SAR405838, pimasertib or
combination

A, TP53wild-type (orange) and 7P53 mutated/deleted (cyan) were treated with
SAR405838, pimasertib or the combination for 72 hours and cell viability determined. For
combination dose response, equimolar concentrations of each drug were used. Data are
mean of three independent experiments. P values were calculated using t-test. B,
Comparison of G150 values for SAR405838, pimasertib or combination for individual cell
lines in Figure 1A. 7P53wild-type and mutated/deleted cell lines are denoted by orange and
cyan boxes, respectively. NSCLC and CRC cell lines are denoted by light and dark gray
boxes, respectively.
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Figure 2. Pimasertib + SAR405838 induces cell cycle arrest and apoptosis, leading to anti-tumor
activity in vitro and in vivo

A, Cell cycle analysis of 7P53wild-type versus mutant KRAS mutant NSCLC cell lines
after treatment with pimasertib, SAR405838 or combination. Cells were treated with 1 yM
pimasertib, SAR405838 or combination, and cell cycle populations were determined. % S
phase was calculated by dividing the percentage of cells in S phase after drug treatment with
that of vehicle treated cells. P values were calculated using t-test. B, Cells were treated with
1 uM pimasertib, SAR405838 or combination for 72 hours, and apoptosis determined by
annexin V staining. Data is mean and standard error of 3—4 independent experiments. C,
Cells were treated with 1 uM pimasertib, SAR405838 or combination and relative cell
viability determined by RealTime-Glo viability assay at 0.5, 1, 2 and 3 weeks. Each line
represent a replicate pool of cells. D, Mice bearing established A427 or DV-90 xenograft
tumors were treated with pimasertib, SAR405838 or combination (animals per treatment
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arm: A427 N=7, DV-90 N=6-9). Tumor response is expressed as the percentage change
from the baseline tumor volume at the time of treatment initiation (Day 0). Baseline tumor
volumes are listed in Methods. ***P < 0.001, **P < 0.01, *P < 0.05. E, Response of patient-
derived colorectal carcinoma xenograft CR-IGR-0032-P tumors after treatment with
pimasertib, SAR405838 or combination (N=8 animals per treatment arm). Abbreviations:
QD = daily, BID = twice daily, QW = once weekly, mpk = mg/kg.
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Figure 3. Relative expression of BCL-2 family proteins correlates with apoptotic sensitivity to
MEK + MDM2 inhibitor combination

A, BIM/BCL-XL (x-axis) and PUMA/BCL-XL (y-axis) expression ratios were determined
from RNA-seq data for KRAS mutant NSCLC cell lines treated with vehicle (VEH),
pimasertib, SAR405838 or combination (10 nM, 100 nM, 1000 nM) for 24 hours. “ZERO”
= control cells harvested at the time of addition of either drug or vehicle. Inset, Baseline
expression ratios replotted showing only untreated (ZERO) and vehicle (VEH) cells. B,
Cells were treated with the indicated equimolar concentrations of pimasertib + SAR405838
for 24 hours and harvested for western blotting. For BIM blots, BIMg (MW = 25 kDa) is
shown. C, Cells were treated with 1 uM pimasertib, SAR405838 or combination for 24
hours and harvested for western blotting. D, Cells were treated with 1 uM pimasertib,
SAR405838 or combination for 24 hours and mRNA transtript levels were determined by
guantitative RT-PCR. Data shown are mean and standard error of three independent
experiments. E, A427 cells were transfected with siRNA targeting BCL-2 family proteins
and caspase-3/7 activation and protein expression levels were determined 48 and 24 hours
after drug treatment, respectively. *P < 0.05, **P < 0.01 t-test.
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Figure 4. Acquisition of TP53 mutationsis a frequent mechanism of acquired resistanceto the
MEK+MDM 2 inhibitor combination

A, KRAS mutant NSCLC (DV-90) and CRC (GP5d, LoVo, LS174T) cell lines were made
resistant to SAR405838 (orange, continuous or intermittent exposure) + pimasertib (blue,
continuous exposure). Frequency and identity of 7253 mutations in resistant (PSR) clones
isolated from each experiment are indicated (WT = wild-type). B, Mutations observed in
resistant PSR clones mapped to the 7P53 gene structure. C, DV-90 PSR clones (A=13) were
treated with SAR405858 for 72 hours and cell viability was determined. D, PUMA and p21
MRNA expression after treatment with vehicle or SAR405838 + pimasertib DV-90 PSR
clones. CD denotes cells that were cultured continuously in the presence of SAR405838 +
pimasertib. E, PSR clones were treated with vehicle or pimasertib + SAR405838 for 24
hours and lysates harvested for western blotting.
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Figure5. Differential MEK inhibitor resistance underlies differential responseto other MEK -
based combination ther apies

A, GP5d PSR clones were treated with pimasertib + navitoclax and cell viability monitored
over time with Real Time-glo assay. Blue and green indicate resistant and sensitive clones,
respectively. B, GP5d PSR clones were treated with 1 uM pimasertib, navitoclax (ABT) or
combination for 72 hours and cell viability was determined. Data are normalized to vehicle
control and are the mean and standard error of three independent experiments. *P < 0.05 t-
test. C, DV-90 PSR clones (A=20) were treated with pimasertib or SAR405838 + pimasertib
for 72 hours and cell viability was determined. Colored lines highlight clones depicted in
panels D-G, gray lines indicate remaining clones. D, DV-90 PSR clones were treated with 1
UM SAR405838 + pimasertib and cell viability monitored over time with RealTime-glo
assay. E, DV-90 PSR clones were cultured in the absence of drug for 72 hours and then
treated with vehicle or 1 pM SAR405838 + pimasertib for 24 hours and lysates harvested for
western blotting. F, Cells were cultured in the absence of drug for 72 hours and then treated
with 1 pM pimasertib + SAR405838 and harvested for western blotting at the indicated time
points. Fresh media and drug were exchanged 24 hours prior to final 96 hour time point. G,
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Cells were treated with 1 UM pimasertib, BGJ398, sapitinib (light blue), afatinib (dark blue)
or combinations for 3-5 days to achieve equivalent cell doublings and cell viability was
determined. Data are mean and standard error of three independent experiments. *P < 0.05,
**P < 0.01 t-test. H, DV-90 PSR #8 cells were treated 1 UM concentrations of the indicated
inhibitors (sapitinib, light blue; afatinib, dark blue) for 24 hours and lysates harvested for
western blotting.
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