1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

> " NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Carnicer. 2013 June 15; 119(12): 2268-2274. doi:10.1002/cncr.28039.

The Prognostic and Predictive Value of KRAS Oncogene
Substitutions in Lung Adenocarcinoma

Liza C. Villaruz, MD?, Mark A. Socinski, MD?, Diana E. Cunningham?, Simion I. Chiosea,
MD3, Timothy F. Burns, MD, PhD?Y, Jill M. Siegfried, PhD#, and Sanja Dacic, MD, PhD3
lUniversity of Pittsburgh Cancer Institute, University of Pittsburgh, School of Medicine/
Hematology-Oncology

2University of Pittsburgh Cancer Institute Biostatistics
SUniversity of Pittsburgh Medical Center, Department of Pathology

4University of Pittsburgh Medical Center, Department of Pharmacology

Abstract

Background—The prognostic and therapeutic implications of the spectrum of KRASoncogene
substitutions in lung cancer remain poorly understood. The objective of this study wasto
determine if KRASoncogene substitutions differed with regard to prognosis or predictive valuein
lung adenocarcinoma.

Methods—KRA Soncogene substitutions and mutant-allel e specific imbalance (MASI) were
determined in patients with lung adenocarcinoma and associations with overall survival (OS) and
recurrence free survival (RFS), and chemotherapy interactions were assessed.

Results—KRASmutational analysis was performed on 988 lung adenocarcinomas, and 318
KRASmutations were identified. In this predominantly early stage cohort (78.6% stage I-111), OS
and RFS did not differ by the type of KRASsubstitution (OS, p=0.612; RFS P=0.089). There was
atrend toward better OS in the subset of patients with KRAScodon 13 mutations (p=0.052),
which was not significant in multivariate analysis (p=0.076). RFS did not differ by codon typein
univariate analysis (p=0.322). There was a marked difference in RFS based on the presence of
MASI in univariate (p=0.004) and multivariate analysis (p=0.009). A test for interaction was
performed in order to determine if the effect of chemotherapy on OS and RFS differed based on
the type of KRASsubstitution, codon type or the presence of MASI. There were no differencesin
the effects of chemotherapy for any of variables examined.

Conclusions—KRAScodon 13 mutations and MA S| are candidate biomarkers for prognosis
that may be useful to incorporate in prospective studies evaluating novel therapiesin KRAS
mutant lung adenocarcinoma.
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Introduction

Lung cancer is the leading cause of cancer-related mortality in the United States.X Non-small
cell lung cancer (NSCLC) accounts for 85% of all lung cancers, while small-cell lung cancer
accounts for about 15%.2 Historically treated as a single disease entity, the identification of
driver mutations and the devel opment of molecularly targeted agents against the goidermal
growth factor receptor (EGFR) and the angplastic lymphoma kinase (AL K) fusion oncogene
have permanently shifted the landscape of NSCL C therapy toward a personalized approach.

Data from the Lung Cancer Mutation Consortium indicate that of 1,000 tumors from
patients with lung adenocarcinoma, mutations in the v-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog (KRAS were the most prevalent of the driver mutations, found in 25%
of al cases.3 The presence of a KRASmutation is thought to have prognostic implications
with regard to survival; in ameta-analysis of studies assessing KA Smutationsin lung
adenocarcinomas, the presence of a RASmutation was associated in a 50% relative increase
in the risk of death.# However, the prognostic implications of R4 Smutations have not been
validated in a prospective fashion.

The predictive properties of KRASmutations were explored in amolecular analysis of the
patients included in the JBR.10 clinical trial which evaluated the role of cisplatin and
vinorelbine in the adjuvant setting. In this analysis, KRASmutations were neither
prognostic of survival nor predictive of adifferential benefit from adjuvant chemotherapy.
Retrospective studies in the metastatic setting have failed to demonstrate a differential
chemotherapy effect based on the presence or absence of a KRASmutation.57 The
predictive value of individual KRASoncogene substitutions was explored a pooled analysis
of trials evaluating the addition of cetuximab to chemotherapy in the trestment of metastatic
colorectal cancer.8 In this study, patients with a G13D K/RASoncogene substitution derived
greater benefit from cetuximab-based chemotherapy compared to patients with G12D and
other KRASoncogene substitutions, suggesting clinical heterogeneity amongst subtypes of
KRASmutations.

Furthermore, the significance of KRASgene copy humber change is uncertain. It has been
observed that KRASmutations may be associated with a higher KRA Sgene copy
number.2-11 The combination of mutations and copy number gain may result in an
imbalance between the wild-type alele (W) and the mutant alele (M), in which may result
in M being predominant over the W, a scenario defined as mutant allele specific imbalance
(MASI).12 The incomplete dominance of M over W is most frequently aresult of selective
amplification of the M, but may also be due to the presence only of M in the absence of the
W, asin acquired uniparental disomy, which frequently leads to complete MASI.13 Recent
reports suggest that the combination of a KRASmutation and copy humber gain may be
associated with adverse outcome in lung and colon adenocarcinoma patients,12:14.15

The aim of the present study was to assess if the spectrum of KRASoncogene substitutions
differed with regard to their clinical behavior, looking specificaly at the type of KRAS
amino acid (AA) substitution present, the presence of a codon 12 versus 13 mutation or the
presence or absence of MASI.

Material and Methods

This was a retrospective analysis of banked tumor specimens collected from patients with
newly diagnosed lung adenocarcinoma at the University of Pittsburgh Medical Center
(UPMC) between 2005 and 2011. All formalin-fixed, paraffin-embedded specimens
remaining after compl ete pathologic signout of the case were considered for inclusion in the
study and were selected on the basis of meeting a minimum tissue requirement of 300 cells/
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sample. Guided by hematoxylin and eosin (H& E) stained slides, tumor targets containing
more than 70% tumor cells were manually microdissected from the 4-pm unstained
histologic sections. KRAScodons 12 and 13 mutational analysis was then performed as
previously described.16 Briefly, DNA wasisolated from each target using the DNeasy tissue
kit (Qiagen, Vaencia, CA) according to the manufacturer’ s instructions. PCR products were
sequenced in both the sense and antisense directions using the BigDye Terminator v3.1
cycle sequencing kit on an ABI 3130 automated sequencer (Applied Biosystems, Inc., Foster
City, CA, USA) according to the manufacturer’ sinstructions. The sequences were analyzed
using Mutation Surveyor software (SoftGenetics, LLC, State College, PA, USA). Cases
were classified as mutated or wild type for KRASbased on the sequencing results. MAS
was determined in a semi-quantitative fashion on sequencing electropherograms and was
defined as a KRASmutant peak greater than wild-type peak on (M>W) or a mutant peak
equal to wild-type peak (M=W), and no MASI was defined as a mutant peak lessthan a
wild-type peak (M<W) (Figure 2a).

Baseline demographics, staging and smoking history were obtained through areview of the
medical record in the UPMC Medical Archival System. First-line treatment data, follow-up
data with regard to first recurrences and survival were collected through the UPM C Network
Cancer Registry. Recurrence free survival (RFS) and OS were calculated from the date of
surgery (in stage | to 111 patients) or the date of a diagnostic biopsy (in stage IV patients) to
the date of recurrence or death, respectively. Patients with less than 30 days of follow-up
were excluded from the survival analyses. Those patients that did not experience the event
of interest were censored at the date of their last follow-up. Survival probabilities were
estimated using the Kaplan Meier Method. Cox proportional hazard models were used to
examine the effects of the KRASmutations and MASI on OS and RFS, while controlling for
age, gender, race, smoking history, stage and use of chemotherapy. Only significant factors
were |eft in the final model with the type of KRASmutation or MASI. A test for interaction
was used to determine if the effect of the KRASmutation or MASI was modified by the use
of chemotherapy both in resected Stage | to 111 disease (either neoadjuvant or adjuvant
chemotherapy) and in the metastatic setting. This study was conducted under an exemption
approved by the University of Pittsburgh Institutional Review Board.

Using theinclusion criteria of 300 cells/'sample, 988 tumor specimens collected between
2005 and 2011 were sequenced for KRASmutations. Of those tumors, 318 (32.2%)
harbored KRASmutations, the majority of which were of codon 12 (298, 93.7%).
GLY—CY S AA substitutions were the most common codon 12 (139, 46.6%) and codon 13
(10, 58.8%) oncogene substitutions (Table 1). This was a predominantly early stage cohort,
consisting of 143 (45.0%) stage | patients, 52 (16.4%) stage |1 patients, 55 (17.3%) stage |11
patients, and 64 (20.1%) stage |V patients (Table 1). The median follow-up time was 24.3
months (range 0-6.5 years).

OS did not differ by the type of KRASAA substitution either in univariate (p=0.612; Figure
1a) or multivariate analysis adjusting for age and stage (p=0.287). Similarly, RFS did not
differ by the type of KRASAA substitution either in univariate (p=0.089; Figure 1b) or
multivariate analysis adjusting for stage (p=0.126). Interestingly, there was a trend toward
better OS in the subset of patients with KRAScodon 13 mutations (p=0.052; Figure 1c),
however this was not statistically significant in multivariate analysis adjusting for age and
stage (p=0.076). In addition, RFS did not differ by codon type either in univariate (p=0.322;
Figure 1d) or multivariate analysis adjusting for stage (p=0.318). However, RFS differed
significantly by MASI both in univariate (p=0.004; Figure 2b) and multivariate analysis
controlling for stage (p=0.009). Controlling for stage, MAS! as defined by M>W (hazard
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ratio 2.42; 95% confidence interval, 1.06-5.52) or M=W (hazard ratio 3.96; 95% confidence
interval, 1.37-11.44) was associated with a greater risk of recurrence compared with no
MASI (M<W) (Figure 2c).

We next examined whether KRASmutation subtypes differed with regard to predictive
value for chemotherapy benefit. A test for interaction was performed in order to determine if
the effect of chemotherapy on OS differed based on the type of KRASAA substitution
present, the codon type or the presence or absence of MASI. Adjusting for age and stage,
there were no differences in the effects of chemotherapy for any of variables examined (AA
substitution, p=0.795; codon type, p=0.438, and MASI, p=0.598) on OS (Table 2). A similar
test for interaction was performed in patients with resected stage | to stage 111 disease for
RFS to exploreif differences existed with regard to the effects of chemotherapy in the
neoadjuvant and adjuvant setting. In this analysis, there was no interaction between the AA
substitution (p=0.357), the codon type (p=0.790) or MASI (p=0.392) and chemotherapy
benefit (Table 3).

Discussion

In the largest published series of KRASmutant lung adenocarcinomas to date, we report no
differencesin prognosis based on the type of KRASAA substitution present, atrend toward
better survival amongst patients with KRA Scodon 13 mutations compared with codon 12
mutations and a markedly negative prognosis associated with the presence of KRASmutant
allele-specific imbalance. It isimportant to note that this was alargely early stage cohort
which islikely areflection of the minimum tissue requirement needed for inclusion in this
analysis.

In cell line models, KRAScodon 12 mutations appear to be a more potent oncogenic driver
compared with codon 13 mutations, inducing a higher level of resistance to apoptosisand a
predisposition to anchorage-independent growth.1” Remarkably, in the small number of
patients with codon 13 mutationsin this study, there was a trend toward better OSin
univariate analysis, which did not remain significant in multivariate analysis adjusting for
age and stage. In the molecular analysis of 1,532 patients included in the LACE meta-
analysis, atota of 300 KRASmutations were identified. KRASmutations neither
considered as awhole nor considered as subsets of AA substitutions or codon types were
found to have prognostic value in the resected early stage setting.181° Ultimately, KRAS
codon 13 mutations are infrequent in number (24 codon 13 mutations in the LACE meta-
analysisand 17 in the present study). As such, arobust analysis to further delineate the true
prognostic value of KRAScodon 13 in lung adenocarcinomawill require pooling of codon
13 mutations across ingtitutions in order to obtain an adequate number of cases.

In the relapsed metastatic setting, an analysis of KRASAA subgtitutions in patients treated
on the Biomarker-integrated Approach of Targeted Therapy for Lung Cancer Elimination
(BATTLE) trial demonstrated 48 KRA Smutations amongst 268 tumors profiled. The
presence of aGLY —CY Sor GLY —VAL substitution at codon 12 was associated with
significantly worse progression free survival (PFS) compared to the other KRASAA
substitutions or wild-type KRAS20 Sixty-four patients with KRASmutant stage |V disease
were included in the present analysis, and we were unable to demonstrate an association
between KRASAA substitution subtypes and survival (both OS and RFS) in amultivariate
analysis controlling for stage. It should be noted that the BATTLE clinical trial reflectsa
refractory NSCL C population which is distinct from the present population which represents
apredominantly early stage and first line metastatic cohort. Cell line data indicate that codon
12 GLY—CYSand GLY—VAL mutations are associated with activated Ral signaling and
decreased factor-dependent Akt activation.2? The difference in the prognostic significance
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of individual AA substitutions between the present study and the BATTLE analysis may be
areflection of adistinct biology between the relapsed metastatic setting and the adjuvant or
first line metastatic setting.

Soh et a. and others previously demonstrated that direct sequencing is avalid method for
quantifying MASI using several techniques, including subcloning, plasmid mixture
experiments, and restriction fragment length polymorphism combined with band intensity
measurement on gel electrophoresis.11:121521.22 gtromal contamination is of concern in the
determination of MASI in tumor specimens,; however review of H& E slides and manual
microdissection limits the proportion of non-tumor DNA in a given sample. The presence of
remaining non-tumor DNA would randomly affect all specimens, and non-tumor DNA
increases the wild-type peak and decreases the mutant to wild-type peak ratio thereby
decreasing the ability to detect MASI on sequencing el ectropherograms.

We demonstrated that the presence of KRASmutant MASI was associated with a markedly
inferior RFS compared to the absence of MASI. In prior studies, we demonstrated that the
presence of MA S| was also associated with worse OS, mirroring the adverse RFS with
MASI seen in the present study.?! The presence of MASI is frequently associated with
KRASamplification as demonstrated by FISH studies.?! This suggests that the KRAS
mutant/wild-type peak ratio seen on sequencing electropherograms is representative of the
actual KRASmutant allele/wild-type allele ratio within the tumor. Thisaleic imbalanceis
areflection both of the post-transcriptional dosage of the KRASdllele and its concomitant
kinase activity. While amplification may account for KRASMASI, other potential
mechanisms may include uniparenta disomy, chromosome 12 hyperdiploidy, or KRAS
homozygous mutation. The implications of KRASMASI will require prospective validation
as abiomarker of prognosis.

In the present study, there was no suggestion of a predictive value for chemotherapy benefit
amongst the subtypes of KRASAA substitutions, the subtypes of KRAScodons or amongst
the subpopul ations with or without MASI. In both the JBR.10 clinical trial and the LACE
meta-analysis, KRASmutations considered as a whole were not associated with differential
chemotherapy effectiveness.>18 |n an analysis of the patientsincluded in the LACE meta-
analysis by KRASmutation subtypes, the subset of patients with KRAScodon 13 mutations
fared worse with adjuvant chemotherapy relative to the observation arm.19 In drawing a
comparison to the LACE meta-analysis, KRAScodon 13 mutations in the present study
were associated with a non-statistically significant trend toward worse OS and RFS with
chemotherapy compared with no chemotherapy. However, the number of patientsin these
sub-analysesis small and the resultant confidence intervals wide.

The major limitation of these predictive analyses (which also appliesto the prognostic
analyses) is that this represents a biomarker analysis which was not conducted in the context
of aprospective randomized clinical trial. Comparisons in this study were made between
KRASmutation subtypes and not relative to a wild-type population, limiting our ability to
draw conclusions from our predictive analyses. However, the aims of this study wereto
ascertain if there were differences in prognosis and predictive benefit between different
types of KRASmutations and not necessarily between KRASmutant and KRASwild-type
lung adenocarcinomas. The KRASwild-type population isin and of itself amolecularly
heterogeneous population, that is, there are a significant proportion of patients who are
KRASwild-type, but whose tumors harbor other oncogenic drivers, such as EGFR
mutations or ALK translocations amongst others.® Therefore, we chose to focus the present
analyses on a purely KRASmutant cohort. The present study is meant to be hypothesis
generating, and incorporation of these candidate biomarkers in a prospective fashion in
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clinical trial design will be necessary to define the true predictive value of KRASmutation
subtypes.
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Kaplan-Meier surviva curvesfor patients with KRASmutations. (A) overal surviva by

KRASamino acid substitution, (B) recurrence free survival by KRASamino acid

substitution, (C) overall survival by KRAScodon type and (D) recurrence free survival by

KRAScodon type.
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Figure2.

Assessment of recurrence free survival and mutant allele-specific imbalance (MASI) (A)
defined on sequencing electropherograms as either a KRA Smutant peak equa to the wild-
type peak (M=W) or a KRASmutant peak greater than the wild-type peak (M>W). (B)

Kaplan-Meier survival curve for recurrence free survival and KRASMASI and (C) a

multivariate analysis of recurrence free survival and MASI adjusting for stage.
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Clinical and pathologic features of patients with KRA Smutant lung adenocarcinoma

Age(median, range) 67 (39-92)
Male 129 (40.6%)
Female 189 (59.4%)
White 291 (91.5%)
Black 21 (6.6%)
Smoking status

Current Smoker 102 (32.1%)
Former Smoker 143 (45.0%)
Never smoker 18 (5.7%)
Unknown 55 (17.3%)
Stage

I 143 (45.0%)
I 52 (16.3%)
n 55 (17.3%)
v 64 (20.9%)
KRAS mutation

Codon 12 298 (93.7%)
Codon 13 17 (5.3 %)
Codon 12

GLY—CYS 139 (46.6%)
GLY VAL 59 (19.8%)
GLY—>ASP 46 (15.4%)
Other 40 (13.4%)
Unknown 14 (4.7%)
Codon 13

GLY—CYS 10 (58.8%)
GLY—>ASP 6 (35.3%)
GLY VAL 1 (5.9%)
MASI

M>W 19 (6.0%)
M=W 17 (5.3%)
M<W 180 (56.6%)
Unknown 102 (32.1%)
Sage I-111*

Chemotherapy 72 (22.6%)
No chemotherapy 160 (50.3%)
Stage |V — 1% line thera}oy* *
Chemotherapy 56 (17.6%)
No chemotherapy 12 (3.8%)
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*

All patients with stage | to |11 disease underwent a surgical resection, with the exception of 7 (2.2%) patients who received concurrent
chemoradiotherapy and who were not included in interaction models for chemotherapy benefit. Chemotherapy for stage 111 disease includes both
adjuvant and neoadjuvant chemotherapy. An additional 11 (3.5%) patients had an unknown treatment history.

*

*
All stage IV patients treated with chemotherapy in the 1t line setti ng received conventional chemotherapy with the exception of one patient who
received erlotinib.
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The effect of chemotherapy on OS by KRASoncogene substitution and MASI adjusting for age and stage

CT (No. deaths/No. patients) | No CT (No. deaths/No. patients) | Hazard Ratio | 95% Confidence Interval
GLY—CYS 32/63 24/71 0.53 (0.27, 1.05)
GLY—VAL 8/19 10/34 0.62 (0.23,1.72)
GLY—ASP 11/24 5/22 0.64 (0.21, 2.00)
GLY—ALA 8/10 2/14 1.56 (0.30, 8.25)
Other 4/6 4/8 0.75 (0.17, 3.26)
Test for interaction AA substitution X treatment, P=0.795
Codon 12 65/120 48/147 0.58 (0.33,1.02)
Codon 13 1/6 /11 1.69 (0.10, 28.03)
Test for interaction codon X treatment, P=0.438

M<wW 32/70 16/94 0.83 (0.35,1.97)

M=wW 5/6 4/8 0.66 (0.15,2.82)
M>W 5/8 5/10 0.41 (0.10, 1.63)

Test for interaction MASI X treatment, P=0.598

Abbreviation: CT, chemotherapy; AA, amino acid; MASI, mutant allele-specific imbalance.
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The effect of chemotherapy on RFS by KRA Soncogene substitution and MASI in patients with resected stage
| to 11 disease, adjusted for stage

CT (No. recurrences/No. patients) No CT (No. recurrences/No. Hazard Ratio | 95% Confidence Interval
patients)
GLY—CYS 9/27 18/64 0.47 (0.17, 1.30)
GLY—VAL 5/10 7132 1.06 (0.28,3.99)
GLY—ASP 3/12 2/22 1.00 (0.16, 7.60)
GLY—ALA 1 114 7.65 (0.45, 130.19)
Other 3/5 3/7 1.19 (0.23, 6.24)
Test for interaction AA substitution X treatment, P=0.357
Codon 12 23/56 33/141 0.90 (041, 1.97)
Codon 13 1/3 18 1.33 (0.08,22.18)
Test for interaction codon X treatment, P=0.790
M<W 17/36 16/91 117 (0.46, 2.96)
M=w 0/0 4/8 0.53 (0.10, 2.95)
M>W 2/3 6/10 0.53 (0.10, 2.95)

Test for interaction MASI X treatment, P=0.392

Abbreviation: CT, chemotherapy; AA, amino acid; MASI, mutant allele-specific imbalance.
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