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Purpose: Despite the challenge to directly target mutant KRAS due to its high GTP affinity,
some agents are under development against downstream signaling pathways, such as MEK
inhibitors. However, it remains controversial whether MEK inhibitors can boost current
chemotherapy in KRAS-mutant lung tumors in clinic. Considering the genomic heterogeneity
among patients with lung cancer, it is valuable to test potential therapeutics in KRAS mutation—
driven mouse models.

Experimental Design: We first compared the pERK1/2 level in lung cancer samples with
different KRAS substitutions and generated a new genetically engineered mouse model whose
tumor was driven by KRAS®12C the most common KRAS mutation in lung cancer. Next, we
evaluated the efficacy of selumetinib or its combination with chemotherapy, in KRASS12C tumors
compared with KRASG12D tumors. Moreover, we generated KRASG12C/p53R270H model to
explore the role of a dominant negative p53 mutation detected in patients in responsiveness to
MEK inhibition.

Results: We determined higher pERK1/2 in KRASC12C Jung tumors compared with KRASG12D
Using mouse models, we further identified that KRAS®12C tumors are significantly more sensitive
to selumetinib compared with Kras®12P tumors. MEK inhibition significantly increased
chemotherapeutic efficacy and progression-free survival of KRASG12C mice. Interestingly, p53 co-
mutation rendered KRASG12C |ung tumors less sensitive to combination treatment with
selumetinib and chemotherapy.

Conclusions: Our data demonstrate that unique KRAS mutations and concurrent mutations in
tumor-suppressor genes are important factors for lung tumor responses to MEK inhibitor. Our
preclinical study supports further clinical evaluation of combined MEK inhibition and
chemotherapy for lung cancer patients harboring KRAS®12C and wild-type p53 status.

Introduction

KRAS is a membrane-bound small GTPase that switches between active GTP-binding and
inactive GDP-binding forms, whose activity is tightly regulated by GTPase-activating
proteins (GAP) and guanine nucleotide exchange-factors (GEFs) in normal cells (1). KRAS
gain-of-function mutations are present in approximately 30% of all cancer types, with high
prevalence in lung cancer, colon cancer, and pancreatic cancer (1). In cancer cells, these
mutations keep KRAS persistently in the active state and activate downstream signaling. In
lung cancer, most KRAS mutations are missense mutations with substitutions at codons 12
(91%), 13 (5%), or 61 (0.3%; ref. 2), and KRAS is mutated in approximately 30% of lung
adenocarcinomas (3). In lung adenocarcinomas with £GFR mutations and ALK
rearrangements, small-molecule tyrosine kinase inhibitors (TKIs) have shown superior
benefits over chemotherapy (4, 5). However, there is no current therapy targeting mutant
KRAS directly, and chemotherapies remain the standard of care for patients with lung
cancer with KRAS mutations. Recently, the immunotherapy has become a novel treatment
option for this group of patients (6,7), thanks to the development of immune checkpoint
inhibitors.

Overactivation of the mitogen-activated protein kinase (MAPK) pathway is a key feature of
KRAS-mutated lung cancer. Although different KRAS mutations share some common
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signaling, such as the KRAS-Raf-MEK-ERK cascade, some substitution-specific
characteristics lead to unique therapeutic responses (8). Therefore, tumor heterogeneity
remains a challenge in treating KRAS-mutant lung cancer. Most KRAS mutations in lung
cancer reside in codon 12, with major populations including G12C (44%), G12D (17%), and
G12V (23%) of all KRAS mutations (9). KRASCE12C tumors show greater MEK-ERK
dependence compared with KRASG12D and may thus be more sensitive to MEK inhibitors
(8, 10). Besides the difference between substitutions, genetic alterations concomitant with
KRAS, such as in TP53and STK11, make KRAS-mutant tumors more heterogeneous
(11,12). These co-occurring genomic changes could also lead to different therapeutic
responses and may render KRAS-mutant tumors even more chemoresistant (11, 12). This
may be one mechanism leading to inconsistent outcomes among clinical trials for KRAS
mutant lung cancers.

Multiple inhibitors are being explored to target MEK/ERK and PI3K/AKT (13), two major
signaling pathways downstream of KRAS. MEK inhibitors have been widely tested in
multiple cancer types, including lung cancer (14, 15), and trametinib and cobimetinib have
both been approved to treat BRAF~mutant melanoma (16, 17). Although no MEK inhibitors
are currently approved for lung cancer treatment, selumetinib and trametinib are two
potential therapeutic MEK inhibitors. Selumetinib is an ATP-independent and orally active
inhibitor for MEK1/2 (18) with demonstrated efficacy in tumor types, including
neurofibroma, thyroid cancer, and lung cancer (19-22). In KRAS-mutant lung cancers,
clinical trials are evaluating the efficacy of selumetinib either as a single agent or in
combination with standard chemotherapy. A phase Il clinical trial indicated better efficacy of
selumetinib plus docetaxel in comparison with docetaxel alone (21). In contrast, a phase 11l
clinical trial in KRAS-mutant lung cancer did not show benefit in patients treated with
docetaxel combined with selumetinib compared with docetaxel alone (22). However,
inconsistency with previous class 1 trial results may be due to multiple mechanisms, such as
genomic heterogeneity within recruited patients with lung cancer with KRAS-mutant
tumors. Besides, there were some evidence showing that not all KRAS-mutant tumor cells
are dependent on KRAS in both lung and pancreatic cancers (23, 24), providing another
mechanism for different responses to MEK inhibition. Therefore, these results do not rule
out the possibility that selumetinib may be efficacious in a subset of patients with KRAS-
mutant tumors. Thus, clinical progress may benefit from evaluating the efficacy of MEK
inhibitors in genetically engineered mouse models (GEMM) with a clear genomic signature
to identify potential responders to MEK inhibition.

To address an unmet clinical need to compare the efficacy of MEK inhibitors against
different KRAS mutations, we used two KRAS-mutant GEMMs, KRASG12C and KrasG12D,
to test the efficacy of selumetinib in combination with cisplatin/pemetrexed chemotherapy.
Furthermore, we also evaluated the effect of p53 co-mutation on the response of KRASG12C.
mutant lung cancer to selumetinib and chemotherapy combinations. Taken together, our
results shed light on further clinical evaluation of MEK inhibitors in a genetically selected
subset of patients with lung cancer with KRAS-mutant tumors.
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Materials and Methods

Mouse generation

pBabe K-Ras 12V plasmid was purchased from Addgene (#12544), and G12C mutation was
introduced using a Quick-Change kit (Agilent, #200521). Kozak and Stul sites were
introduced to human KRAS®12C by PCR and digested with a Sz blunt cutter. Coding
region of hKRASC12C with the Kozak sequence (GCCGCCACC) was introduced into pGV
at the £coR| cloning site using blunt-end cloning. Sequencing-confirmed pGV-hKRASG12C
vectors were co-electroporated with plasmid-expressing FLP recombinase into mouse ES
cells, and positive clones were identified by PCR. Positive ES clones were injected into
mouse blastocysts for chimera generation. Chimera mice were crossed with wild-type mice
to generate mice with germline mutations. The mouse gDNA was used as PCR template and
the KRASC12C sequence was confirmed with sanger sequencing. The genotyping
primersusedare: KC-forward: GAAGTTATCTCGACGCTGATCAG and KC-reverse:
GCTGTATCGTCAAGGCACTC. A detailed strategy was previously described (25).
p53R270H (mutant homologous to human p53R273H) and Kras®12P were obtained from The
Jackson laboratory were bred as previously described (11,26-28). All animal experiments,
including breeding and treatment studies, were performed with approval of the DFCI
Animal Care and Use Committee.

Generation of NIH3T3 cell lines

KRASC12C and KRASC12D retroviral plasmids were created by point mutagenesis of the
pBABE KRASWT plasmid (Addgene, plasmid #75282). Retroviruses were generated by co-
transfection of pPBABE plasmids together with pAmpho plasmid into 293T cells using
FUGENE HD transfection reagent (Promega). Retro-viruses were transduced into NIH3T3
murine fibroblast cells, and transduced cells were selected with puromycin (1 pg/mL) for 2
weeks.

Quantitative PCR.—Total cellular RNA (1 pg), extracted by RNeasy Mini Kit (QIAGEN)
was reverse-transcribed by random primers using Quantitect Reverse Transcription Kit
(Quiagen, Cat#205313) according to the manufacturer’s instructions. The reverse
transcription reaction (1 pL) was then subjected to PCR amplification using PowerUp SYBR
Green Master Mix (Thermo Fisher). PCR signals were recorded in technical triplicates on a
StepOnePlus Cycler (Applied Biosystems) and analyzed using the StepOne version 2.2
software (Applied Biosystems). Primer sets were the following:

i Murine ActinB Fw: GGCTGTATTCCCCTCCATCG-Murine ActinB Rev:
CCAGTTGGTAACAATGCCATGT

ii. Human KRAS Fw: GGACTGGGGAGGGCTTTCT-Human KRAS Rev:
GCCTGTTTTGTGTCTACTGTTCT

Growth assessment by IncuCyte.—Growth rate of KRAS®12C and KRASG12D
NIH3T3 cells was assessed as previously described (29). Briefly, cells (1 x 103) were seeded
in 96-well plates in 100-uL DMEM complete medium. The following day, plates were
incubated in the IncuCyte Zoom for real-time imaging, with three fields imaged per well
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under x10 magnification every 2 hours for a total of 150 hours. Data were analyzed using
the IncuCyte Confluence version 1.5 software, which quantified cell surface area coverage
as confluence values. IncuCyte experiments were performed in triplicate. A single
representative growth curve is shown for each condition.

NIH3T3 allograft and selumetinib treatment

We injected 10% NIH3T3 cells expressing KRASC12C or KRASC12D into 6-week-old female
SHO mice (Crl:SHO-PrkdcSCidHrr; Charles River Laboratories). Treatments were started
when tumor volume reached approximately 250 mm3. Selumetinib (AZD6244;
ARRY-142886) was purchased from Selleckchem (S1008) and dissolved in 0.5%
methylcellulose with 0.4% polysorbate-80. Tumor-bearing mice were administered 25
mg/kg selumetinib by oral gavage twice daily, and tumor volume was measured and
calculated as length x width x width/2.

Cell proliferation assay

Cell proliferation and growth assays were performed with colorimetric MTS assays as
previously described (30). Briefly, cells were seeded in 96-well plates at a density of 500
cells/well in DMEM containing 10% FBS. Once adherent, cells were treated with increasing
doses of the indicated drugs (10 nmol/L-10 pmol/L) for 72 hours and then analyzed by MTS
colorimetric assay. All experimental points resulted from three to six replicates, and all
experiments were repeated at least three times. Data were graphically plotted using
GraphPad Prism 5 for Windows (GraphPad Software). Each point (mean £ SEM) represents
growth of treated cells compared with untreated cells.

Western blot

Frozen lung tumor nodules or NIH3T3 cells were homogenized in RIPA buffer (Thermo
Fisher Scientific) supplemented with Halt Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific) and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Approximately
20 ug of protein extracts were separated by SDS-PAGE (Bio-Rad), transferred to a PVDF
membrane, and blotted with primary antibodies raised against pERK (Cell Signaling
Technology), ERK (Cell Signaling Technology), p-actin (Cell Signaling Technology), HA-
Tag (6E2; Cell Signaling Technology, Cat), HSP90 (H114; Santa Cruz Biotechnology),
phosphorylated MEK (Cell Signaling Technology), and MEK (Cell Signaling Technology).
Secondary anti-mouse or anti-rabbit antibodies were purchased from Amersham.
Quantification was done using ImageJ.

3D murine-derived organotypic tumor spheroids

Lung tumor nodules from GEMMs were dissected and transferred to 10-cm dishes (on ice)
with RPMI-1640 medium. Nodules were cut into small pieces and digested with collagenase
at 37°C for 30 minutes. Spheroid fractions (40-100 um) were collected for further ex vivo
culture as previously described (31, 32). The 40 to 100 pm spheroid fraction was centrifuged
and pellets were suspended with type | rat tail collagen (Corning) before injection into the
central region of a 3D cell culture CHIP (DAX-1, AIM Biotech PET LTD.). The device was
incubated at 37° C for 30 minutes, and then murine-derived organotypic tumor spheroids
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(MDOQOTS) were treated with cisplatin (500 nmol/L) and/or selumetinib (500 nmol/L) in
RPMI-1640 medium with 10% FBS on day 0. DMSO was used as a control. Fresh medium
with drugs was changed on day 1 and 3, and live/dead staining was performed on day 6.

Live/dead staining

Live/dead staining of 3D MDOTS was performed using Nexcelom ViaStain acridine orange/
propidium iodide (AO/PI) staining solution (Nexcelom, CS2-0106) as previously described
(32). MDOTS were incubated with AO/PI reagents for 20 minutes in the darkness, and then
images were taken with a Nikon Eclipse 80i fluorescence microscope equipped with z-stack
(Prior) and a CoolSNAP CCD camera (Roper Scientific). Total area of each dye was
measured to quantify live/dead cells.

GEMM treatment studies

Cisplatin and pemetrexed were purchased from Dana-Farber Cancer Institute Pharmacy.
KRASC12C KrasG1l2D, or KRASC12C/p53R270H mice were monitored by MRI for tumor
development after intranasal induction with adeno-Cre (2.5 x 106 pfu for KRASCG12C and
KRASC12C/p53R270H: 5 % 106 pfy for Kras®12P mice). Tumor-bearing mice were dosed
with selumetinib (25 mg/kg, twice daily), either alone or in combination with pemetrexed
(50 mg/kg) and cisplatin (4 mg/kg), and monitored by MRI every 2 weeks. Cisplatin and
pemetrexed were dosed intraperitoneally once a week for 6 weeks. For mice under cisplatin/
pemetrexed treatment, 400 UL of saline was dosed intraperitone-ally twice every week to
offset the nephrotoxicity.

Patient samples and immunohistochemistry analysis

The study included 66 lung cancer patient samples from Tongji Hospital (Shanghai, China).
Clinicopathological characteristics are listed in Supplementary Table S1. Operation or
biopsy samples were obtained from treatment-naive lung cancer patients and tissue samples
were genotyped for KRAS mutation subtype using Human KRAS Gene 7 Mutations
fluorescence PCR diagnostic kit (Beijing Accb Biotech Ltd.). All patients provided written
informed consent. Tissue collection and the following tissue studies were approved by the
Ethical Committee of Tongji Hospital (Shanghai, China). Tissue samples were fixed with
4% paraformaldehyde and embedded in paraffin for sectioning. Tissue sections were stained
via standard immunohistochemical protocols for phospho-p44/42 MAPK (Erk1/2; Thr202/
Tyr204; D13.14.4E; XP rabbit mAb #437, Cell Signaling Technology), phospho-MEK1/2
(Ser221; 166F8; rabbit mAb #2338, Cell Sig mAb #4060, Cell Signaling Technology).
Results were independently scored by two pathologists using multiplicative quick systems
(33). Briefly, the expression score of each marker was calculated by multiplying a score
indicating percentage of positively stained cells within tumor cells counted (1 = 0%—4%; 6 =
80%—-100%) by the intensity grade of staining (0 = negative; 1 = weak; 2 = moderate; 3 =
strong).

Clin Cancer Res. Author manuscript; available in PMC 2019 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Results

Page 7

Human lung tumors harboring KRAS®12C mutation are associated with higher ERK1/2
phosphorylation

Previous studies have demonstrated that different substitutions within mutant KRAS leads to
altered association with downstream MAPK and AKTsignaling pathways (8). To investigate
the canonical signaling pathways mediated by different KRAS mutations, we analyzed 66
genotype-confirmed treatment-naive human lung cancer samples (KRASC12C 1= 20;
KRASCG12D = 20: KRASC12Y =11 and KRASW, 7= 15; Supplementary Table S1) by
immunohistochemical staining for pERK1/2, pMEK1/2, and pAKT. Staining results showed
that ERK1/2 phosphorylation was significantly higher in KRASG12C Jung tumors compared
with other KRAS subtypes (Fig. 1A and B). Both KRAS®12C and KRASC12Y tumors
showed higher MEK phosphorylation compared with KRASG12D and KRASW! tumors (Fig.
1A and B). However, there was no significant difference in AKT phosphorylation levels
across the three subtypes of KRAS-mutated tumors. These data suggest that KRASG12C
tumors was preferentially associated with ERK1/2 activation compared with other mutant
KRAS tumors and we, therefore, reasoned that this may result in heterogeneous therapeutic
response.

Isogenic cell lines expressing KRASG12C indicates higher sensitivity to selumetinib in vitro

and in vivo

To test the efficacy of MEK inhibitors against KRAS mutations with different substitutions,
we next transduced NIH3T3 mouse fibroblast cells with retrovirus expressing either human
KRASC12C or KRAS®12D and generated isogenic KRAS cell lines after puromycin
selection. We confirmed the hKRAS expression was comparable at both the transcriptional
level (Supplementary Fig. S1A) and at protein level (Supplementary Fig. S1B). The growth
of both isogenic cell lines was monitored with IncuCyte live cell analysis and there was no
significant difference between these two lines (Supplementary Fig. S1C). Next, we treated
these isogenic cell lines with increasing doses of MEK inhibitor selumetinib for 3 days and
calculated 50% growth inhibition (Glsg) for each mutation. This 7 vitro assay demonstrated
that KRASC12C cells (Glsp = 72 nmol/L) were more sensitive to selumetinib inhibition
compared to KRASC12D cells (Glsq = 150 nmol/L; Fig. 2A and B). We further treated these
cell lines with selumetinib at 10 nmol/L for 12 hours and found that KRASG12C js more
sensitive to selumetinib treatment than KRASCG12D, as shown by pERK1/2 reduction (Fig.
2C). Next, we transplanted these isogenic NIH3T3 cell lines into immunodeficient SHO
mice and treated mice with 25 mg/kg selumetinib /n vivo. Consistent with /n vitro
proliferation assays, we observed significantly increased sensitivity to MEK inhibition in
KRASCG12C tumors compared with KRAS®12D tumors (Fig. 2D).

Cre-induced KRASC12C expression drives development of lung adenocarcinoma in vivo

To test the efficacy of MEK inhibition against KRAS®12C jn vivo, we first generated a

GEMM with inducible expression of hKRASCG12C, We electroporated mouse ES cells with a
DNA construct containing LoxP-Stop-LoxP-hKRASC12C and then injected these positive ES
cells into blastocysts to get chimeras. The chimera mice were further crossed with wild-type
mice to generate germlines. We intranasally delivered adeno-Cre virus into adult KRASG12C
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mice to initiate hKRAS®12C expression specifically in murine lung epithelial cells (Fig. 3A).
MRI monitoring showed that lung tumors appeared after 6 weeks (Fig. 3B). Furthermore,
IHC staining with unique adenocarcinoma and squamous cancer markers demonstrated these
KRASC12C tumors were positively stained by adenocarcinoma markers TTF1 and SPC and
negatively stained for squamous cell carcinoma (SCC) marker p63 (Fig. 3C). This histology
was consistent with the fact that most KRAS-mutant lung tumors are adenocarcinomas.
Long-term monitoring showed the growth kinetics of these tumors (Fig. 3D) and indicated
that mice had a median survival time of 14.7 weeks after adeno-Cre induction (Fig. 3E).

KRASC12C mouse lung tumors show higher ERK1/2 phosphorylation

To compare pERK1/2 levels between KRASC12C and Kras®12P tumors, we harvested lung
tumors from KRASC12C and Kras®12P mice and stained tissues for ERK1/2
phosphorylation. ERK phosphorylation was significantly stronger in KRASE12C tumors than
Kras®12D tumors (Fig. 4A and B), which was consistent with data from patients with
KRAS-mutant lung cancer. Meanwhile, KRASC12C and Kras®12P tumors indicated similar
AKT phosphor-ylation levels (Fig. 4A and B).

KRASCG12C mouse lung tumors indicate better response to selumetinib

A three-day pharmacodynamics (PDs) study of selumetinib treatment in tumor-bearing
KRASC12C and Kras®12P mice indicated that selumetinib treatment efficiently suppressed
ERKZ1/2 phosphorylation in both KRAS-mutant mouse strains and more significant pERK
reduction occurred in KRASCG12C tumors (Fig. 4C and D). Western blotting also confirmed
higher ERK1/2 phosphorylation in KRAS®12C tumors than Kras®12P tumors, despite similar
KRAS expression levels. Further, after just one week of selumetinib treatment, KRASG12C
mice had significantly reduced tumor volumes compared to vehicle controls (Fig. 4E;
Supplementary Fig. S2A-S2C). In contrast, selumetinib treatment had no significant effect
on tumor volumes of Kras®12P mice. Thus, selumetinib demonstrated greater short-term
antitumor efficacy in KRAS®12C mice, whereas Kras®12P |ung tumors were more resistant
to selumetinib treatment.

Anti-tumor efficacy of cisplatin/pemetrexed chemotherapy plus selumetinib in KRASG12C
lung tumors

Platinum-based doublet chemotherapy, such as cisplatin plus pemetrexed, remains the best
regimen for patients with KRAS-mutant lung cancer or those without known driver
mutations. To test the efficacy of cisplatin/pemetrexed and its combination with selumetinib
in KRASC12C and Kras®12D tumors, we cultured mouse lung tumors using 3D murine-
derived organotypic tumor spheroids (MDOTS; ref. 32) and added cisplatin (500 nmol/L)
and/or selumetinib (500 nmol/L). Selumetinib augmented chemotherapy-induced apoptosis
in KRASC12C tymors (Fig. 5A and B).

Next, we treated KRAS®12C mice with cisplatin/pemetrexed chemotherapy alone or
selumetinib alone or in combination and evaluated the antitumor efficacy by MRI every 2
weeks from the first week (Supplementary Fig. S3A). MRI quantification of tumor volumes
showed that addition of selumetinib significantly increased the efficacy of cisplatin/
pemetrexed chemotherapy (Fig. 5C; Supplementary Fig. S3B and S3C). Mice treated with
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cisplatin/pemetrexed plus selumetinib showed sustained responses for at least 7 weeks.
However, cisplatin/pemetrexed treatment alone had little efficacy, and mice began dying
after week 7 (Fig. 5C). Treatment with selumetinib alone showed some efficacy after 1
week; however, the tumors relapsed afterwards with the following treatment (Fig. 5C).
Overall, mice treated with selumetinib in addition to cisplatin/pemetrexed chemotherapy had
significantly prolonged progression-free survival compared with treatment with either
selumetinib or cisplatin/pemetrexed alone (Fig. 5D). These /in vivo experiments together
with 3D MDOTS culture data demonstrated that MEK inhibition could increase the
antitumor efficacy of chemotherapy in KRASCG12C Jung cancers.

Resistance to cisplatin/pemetrexed plus selumetinib combination by p53 co-mutation in
KRASC12C tumors

To evaluate the effect of co-occurring mutations in KRASG12C in response to selumetinib,
we crossed KRASC12C mice with a p53R270H strain to generate KRASCG12C/p53R270H (K Cp)
mice (Fig. 6A). KCP mice had a shorter median overall survival time of 9 weeks compared
with KRASC12C mice (Supplementary Fig. S4A). KCP tumors also showed similarly strong
PERK1/2 levels as KRAS®12C tumors (Supplementary Fig. S4B and S4C). Treatment of
tumor-bearing KCP mice with cisplatin/pemetrexed plus selumetinib showed that KCP lung
tumors were less sensitive to combination treatment (Fig. 6B; Supplementary Fig. S5)
compared with KRASC12C tumors with wild-type p53 as tumors began to relapse after 3
weeks. Besides, the selumetinib alone also showed less efficacy in KCP mice, compared
with in the KRASCG12C model. Moreover, cisplatin/pemetrexed plus selumetinib treatment in
KCP mice showed no significant benefit for progression-free survival compared with
cisplatin/pemetrexed alone (Fig. 6C). These data show that co-occurring genomic events,
especially commonly mutated tumor suppressors, can dramatically alter the KRASG12C
tumor responses. This emphasizes the need to subdivide KRASG12C patients based on the
status of concurrent tumor suppressors, such as p53 and STK11, to select potential
responders to MEK inhibition.

Discussion

Although previous studies indicated a potential benefit for MEK inhibition in KRAS-mutant
lung cancer (21, 34), the recent phase 111 SELECT-1 clinical trial did not show better
progression-free survival in KRAS-mutant lung cancer patients treated with selumetinib plus
docetaxel compared with docetaxel alone (22). However, it remains an important question
whether a subset of KRAS-mutant lung cancer patients could benefit from MEK inhibitor
treatment. Using our newly generated KRAS®12C Jung cancer mouse model, we compared
responses to MEK inhibitor selumetinib between KRASCG12C and Kras®12P Jung tumors.
Our data reveal that, compared with Kras®12P, KRAS®12C tumors are more sensitive to
selumetinib either alone or in combination with cisplatin/pemetrexed. Importantly, a
combination of cisplatin/pemetrexed and selumetinib significantly improved survival of
KRASC12C mice. Furthermore, we identified that concomitant p53 mutation renders
KRASC2C Jung tumors less sensitive to selumetinib and cisplatin/pemetrexed combination
treatment, which may be one of the potential reasons underlying negative results in the
SELECT-1 clinical trial. Our current study also indicates that KRAS®12C tumors have higher
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ERK1/2 phosphorylation than KRAS®12D or KRAS®12Y tumors and demonstrates the
benefit of adding selumetinib to cisplatin/pemetrexed chemotherapy in KRASG12C mouse
models of lung cancer, thus shedding light on future screening for responders to MEK
inhibition in patients with KRAS-mutant lung cancer.

Though rarely found in other cancer types, ©12C substitution is the most common KRAS
mutation in NSCLC (9). A previous study indicated that patients with lung cancer with
KRASC12C or KRASC12Y mutations in the BATTLE trial had worse progression-free
survival than those with other KRAS mutations or wild-type KRAS under enrolled
treatments (8). Therefore, it is of great significance to boost the responses of current
chemotherapies in this subset of patients with lung cancer. Our previous study demonstrated
the benefit of adding MEK inhibitor selumetinib to docetaxel chemotherapy in Kras®12D
lung cancer (11). Our current results show that KRASG12C tumors have both higher ERK1/2
phosphorylation and better response to selumetinib treatment.

It is of note that the two GEMMs used in this research, KRAS®12C and KrasG12D were
generated with different strategies. In the newly generated KRAS®12C mice, two wild-type
mouse Krasalleles remain intact, and a single copy of human KRAS with a 612C mutation
was inserted at the COL 1A locus. In Kras®12D mice, one allele of wild-type mouse Kraswas
endogenously replaced with Kras®12P | and the other allele remains wild-type (28). Thus,
KRASC12C and Kras®12D mouse tumors were driven by human KRASC12C and mouse
KrasC12D | respectively. Mouse and human KRAS have very high homo-logy, with only five
out of 188 different amino acids, four of which reside in the C-terminal membrane-binding
motif. To further address this concern, we generated NIH3T3 cells expressing human
KRASC12C or human KRASG12D and used these isogenic cell lines in allograft studies to
compare their responses with selumetinib. Isogenic cell data indicated better selumetinib
response in KRAS®12C tumors than KRAS®12P tumors, which was consistent with efficacy
data from GEMMs.

Another concern may be that there is an additional wild-type Krasallele in KRASC12C mice,
which could lead to higher KRAS expression. However, we found similar KRAS expression
in tumor nodules from the two mouse models, indicating that different downstream signaling
mostly resulted from different KRAS mutations. In addition, patient sample analysis also
indicated greater ERK phosphorylation in KRASG12C tumors than in KRASG12D or
KRASC12Y tumors, which was consistent with mouse data. Taken together, KRASG12C and
Kras®12D GEMMs were good /n vivo models to compare responses to KRAS therapeutics.

Docetaxel was used in our previous selumetinib study (11) and the SELECT-1 trial.
Pemetrexed-based regimens have been clinically used to treat lung adenocarcinoma as the
taxane-based chemotherapy drugs such as docetaxel indicated higher potential for
neurotoxicity (35). Therefore, we used cisplatin/pemetrexed chemotherapy in our current
GEMM treatment study. Actually, all these chemotherapeutic drugs are used commonly in
clinics to treat patients with KRAS-mutant lung cancer, although the drugs target tumor cells
via different mechanisms. Docetaxel has microtubule depolymerizing capacity (36), and
cisplatin, an alkylating-like agent, can crosslink DNA and interfere with DNA replication
and mitosis (37). Pemetrexed can inhibit enzymes in thymidylate synthesis, thus suppressing
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DNA replication and repair (38). As MAPK signaling may play different roles in these
processes, MEK inhibitors may also cooperate with these chemotherapeutic drugs via
different mechanisms, leading KRAS-mutant tumors to respond differently to MEK
inhibition. The molecular mechanism underlying the synergy between MEK inhibitors and
different chemotherapeutic drugs needs further investigation. In addition, a previous report
indicated that MEK inhibition could overcome cisplatin resistance in squamous cell
carcinoma (39). Furthermore, another study identified cisplatin treatment could increase
ERK phosphorylation and contribute to chemoresistance in melanoma (40). Whether
cisplatin is better synergized with selumetinib than docetaxel remains an open question to be
addressed both pre-clinically and clinically.

Genomic co-alteration in tumor suppressors may decrease response of KRASG12C tumors to
selumetinib, as indicated by our treatment results in KRAS®12C/p53R270H mice, There is
hope that KRASCG12C combined with wild-type p53 status could be used as a marker to
screen potential responders, although this possibility requires further clinical evaluation. It is
also helpful for retrospective studies to analyze the correlation between p53/STK11 status
and progression-free survival data for previous clinical trials, including SELECT-1. Our data
also indicate a positive correlation between ERK1/2 phosphorylation and MEK inhibitor
efficacy, and it will be meaningful to further evaluate this correlation in KRAS-mutant lung
cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Although a few clinical trials have used MEK inhibitors to treat KRAS-mutant lung
cancers, it remains unclear whether MEK inhibition could clinically benefit current
therapeutics in at least a subset of patients with lung cancer with KRAS-mutant tumors.
This study identified higher ERK1/2 phosphorylation in KRAS®12C-mutant lung tumors
compared with KRASCG12D or KRASC12V tumors. Using both in vitro isogenic cell lines
and in vivo GEMMstudies, we further demonstrated that KRAS®12C tumors are more
sensitive than KRASG12D tumors to the MEK inhibitor selumetinib either alone or in
combination with cisplatin/pemetrexed chemotherapy. Moreover, p53 co-mutation
rendered KRASC12C tumors insensitive toMEKinhibition. Our current research provides
evidence that different activating point mutations of KRAS display differential sensitivity
to MEK inhibition and that patients with lung cancer with KRASG12C/p53Wt tumors may
therapeutically benefit from MEK inhibition plus chemotherapy, which needs to be
further evaluated in the clinic.
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Figure 1.
The ERK1/2 phosphorylation in KRAS-mutant human lung tumors. A, Representative

images of immunohistochemical staining for pERK1/2, pMEK1/2, and pAKT in
KRASC12C KRASG12D KRASC12Y and KRASW! human tumor tissue samples. Scale bars,
200 or 50 um. B, Multiplicative quick scores for quantification of pERK1/2, pMEK1/2, and
PAKT staining in KRASC12C KRASC12D KRASC12V and KRASWt human tumor tissue
samples. *, P< 0.05; *** P < 0.001; n.s., not significant.
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In vitroand in vivo sensitivity of isogenic cell lines to selumetinib treatment. A, Cell
viability as measured by MTS colorimetric assays of NIH3T3-KRAS®12C and NIH3T3-
KRASC12D cells after treatment with increasing doses of selumetinib for 3 days. B,
Concentration of selumetinib that caused 50% growth inhibition (G150) of NIH3T3-
KRASG12C and NIH3T3-KRASC12D cells after treatment with increasing doses of
selumetinib for 3 days. C, NIH3T3 cells transduced with either KRASC12C or KRASCG12D
were treated for 12 hours with selumetinib (10 nmol/L), lysed and blotted with the indicated
antibodies. D, 10% NIH3T3-KRASC12C or NIH3T3-KRASC12D cells were injected into

female SHO mice. Mice were treated with 25 mg/kg selumetinib when tumors reached
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approximately 250 mm3. Tumor volume was measured twice every week until the end of
treatment. **, P<0.01; ***, P<0.001.
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Figure 3.
Cre-induced KRASC12C expression drives development of mouse lung adenocarcinomas. A,

Schematic of transgene insertion strategy to generate inducible LSL-KRASC12C mice via
intranasal adeno-Cre induction. B, Representative MRI images and H&E-stained lung tissue
sections of KRASC12C mice, 6 or 8 weeks after adeno-Cre inductionp; scale bars, 50 pm. C,
Representative images of immunohistochemistry staining of KRASG12C tumors with H&E,
adenocarcinoma markers TTF1 and SPC, or squamous cancer marker p63; scale bars, 200 or
50 um. D, Tumor growth curve based on MRI results of KRASG12C Jung tumors after
adeno-Cre induction. E, Overall survival of KRAS®12C mice after adeno-Cre induction.
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Figure 4.
ERK1/2 phosphorylation and selumetinib efficiency in KRASS12C and Kras®12P mouse

lung tumors. A, Representative images of immunohistochemistry staining of pERK1/2 and
pAKT in lung tissues of KRASCG12C and Kras®12P mice; Scale bars, 50 pm. B,
Quantification of immunohistochemistry staining scores for pPERK1/2 and pAKT in
KRASC12C and Kras®12D |ung tissue samples. (7= 8 for each group; C, Western blots of
pharmacodynamic markers from tumor nodules of KRAS®12C and Kras®12D mice treated
with 25 mg/kg selumetinib or vehicle for 3 days (n= 5-6 for each group). D, Relative
pPERK1/2 level normalized to KRAS in the samples from (C) was quantified using ImageJ.
E, MRI-based tumor volume changes of KRASC12C or KrasG12D mice treated with 25
mg/kg selumetinib monotherapy for a week. Each dot represents one mouse; *, £< 0.05; **,
P<0.01; ***, P<0.001; n.s., not significant.
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Figure5.
Antitumor efficacy of cisplatin/pemetrexed chemotherapy alone or in combination with

selumetinib in KRASCG12C mouse lung tumors. A, Representative images of live/dead cell
staining of 3D murine-derived organotypic tumor spheroid (MDOTS) cultures of KRASG12C
lung tumors treated with vehicle control or selumetinib (500 nmol/L) and/or cisplatin (500
nmol/L) for 6 days; scale bars, 100 um. B, Quantification of live/dead cell staining with each
treatment. (7= 5 for each group; C, Volume change of KRAS®12C tumors 1 to 7 weeks after
indicated treatment. Each dot represents one mouse. D, Progression-free survival of
KRASC12C mice treated with cisplatin/pemetrexed alone, selumetinib alone or their
combination. *, £< 0.05; **, £<0.01; ***, < 0.001; n.s., not significant.
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Figure 6.
Effect of p53 co-mutation in KRAS®12C mouse lung tumors on efficacy of cisplatin/

pemetrexed treatment alone or in combination with selumetinib. A, Schematic of
KRASC12C/p53R270H preeding strategy. B, KCP tumor volume change 1 to 3 weeks after
treatment with cisplatin/pemetrexed alone (/7= 8), selumetinib alone (n7=5) or in their
combination (n7=6). Each dot represents one mouse. C, Progression-free survival of KCP
mice treated with cisplatin/pemetrexed alone, selumetinib alone or their combination.
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