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Abstract

Ovarian cancer (OC) is the single most deadly form of women's cancer, typically presenting as an advanced
disease at diagnosis in part due to a lack of known risk factors or genetic markers of risk. The KRAS oncogene
and altered levels of the microRNA (miRNA) let-7 are associated with an increased risk of developing solid
tumors. In this study, we investigated a hypothesized association between an increased risk of OC and a var-
iant allele of KRAS at rs61764370, referred to as the KRAS-variant, which disrupts a let-7 miRNA binding site in
this oncogene. Specimens obtained were tested for the presence of the KRAS-variant from nonselected OC
patients in three independent cohorts, two independent ovarian case-control studies, and OC patients with
hereditary breast and ovarian cancer syndrome (HBOC) as well as their family members. Our results indicate
that the KRAS-variant is associated with more than 25% of nonselected OC cases. Further, we found that it is a
marker for a significant increased risk of developing OC, as confirmed by two independent case-control anal-
yses. Lastly, we determined that the KRAS-variant was present in 61% of HBOC patients without BRCAI or
BRCA2 mutations, previously considered uninformative, as well as in their family members with cancer. Our
findings strongly support the hypothesis that the KRAS-variant is a genetic marker for increased risk of de-
veloping OC, and they suggest that the KRAS-variant may be a new genetic marker of cancer risk for HBOC

families without other known genetic abnormalities. Cancer Res; 70(16); OF1-7. ©2010 AACR.

Introduction

Ovarian cancer (OC) is the second most common gyneco-
logic malignancy, but the most common cause of death from
gynecologic malignancies (1). More than 90% of OCs are ep-
ithelial OCs, which are believed to arise from the epithelial
component of the ovary or from the fimbriated end of the
fallopian tubes (2). Epithelial OC is the fifth leading cause
of cancer death in females in the United States, with more
than 15,000 women dying yearly of this disease (1).
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There are few identified risk factors for epithelial OC, ex-
cept for aging. More than 90% of cases arise after menopause,
with half of all OC cases diagnosed after age 63 (3). An inher-
ited risk component exists for developing OC, as first-degree
relatives of OC patients more frequently develop the disease
than the general population, whose risk is 1/71 (4). Known
familial cases make up approximately 10% of all OC cases,
with the rest considered sporadic.

One of the best-studied hereditary syndromes linked to
familial OC is hereditary breast and ovarian cancer syn-
drome (HBOC). HBOC is associated with mutations in the
tumor suppressor genes BRCAI and BRCA2. Although the
discovery of BRCAI and BRCAZ2 represented a significant
advance in understanding familial OC predisposition, these
genes account for less than half of familial excess risk of OC
(5). HBOC patients who test negative for BRCAI and BRCA2
mutations are referred to as “mutation negative” or “unin-
formative.” Additional gene alterations explaining any signif-
icant proportion of the remaining familial risk for OC have
not been identified, and it has been hypothesized that the
remaining genetic risks for familial OC are due to combina-
tions among many loci of alleles that confer low-penetrance
susceptibility (6).

Although common cellular tumor suppressors and onco-
genes such as p53, AKT, RAS, c-MYC, and their associated path-
ways are thought to cooperate to lead to the development of
OC (7), there have been no known germline mutations in these
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genes previously associated with OC. A study using a tagging
single-nucleotide polymorphism (SNP) approach to identify
moderate/low-risk susceptibility alleles of the proto-oncogenes
BRAF, ERBB2, KRAS, NMI, and PIK3CA (8) found no evidence
of OC association with these SNPs. Only when stratified by
histologic subtype did one common variant allele have bor-
derline evidence of association with epithelial OC (8). A recent
genome-wide association study (GWAS) of tagging SNPs in
thousands of OC patients and controls identified a region of
the genome associated with OC; however, the studied variant
alleles in this region were not within known genes, and these
alleles predicted a decrease in OC risk (9).

The lack of the identification of powerful biomarkers of OC
risk in these studies using the tagging SNP approach likely
reflects inherent limitations of this approach; the SNPs stud-
ied are not representative of all SNPs, do not capture less
common variants, and are rarely functional, but rather are
SNPs that act as markers identifying common haplotypes.
The tagging SNPs associated with disease risk thus far have
been found to have only modest predictive power and ac-
count for a small fraction of heritability. Many believe that
the study of functional and less heterozygous SNPs through
candidate gene studies or more focused analyses is necessary
to find important, less common variants with greater predic-
tive power (10-12).

MicroRNAs (miRNA) are a class of ~22-nucleotide non-
coding RNAs that are evolutionarily conserved and function
by negatively regulating gene expression by binding to par-
tially complementary sites in the 3’ untranslated regions
(3'UTR) of target mRNAs. MiRNAs are aberrantly expressed
in virtually all cancers, where they function as a novel class of
oncogenes or tumor suppressors (13). Because miRNAs are
global gene regulators, even small aberrations in miRNA le-
vels or their target sites can lead to important cellular
changes. In support of this concept, emerging evidence
shows that SNPs within miRNAs or miRNA binding sites
can be functional and act as powerful biomarkers of cancer
risk when one allele alters miRNA function or binding char-
acteristics (14-16).

The let-7 family of miRNAs has been shown to play an im-
portant role in many cancers (17-19). let-7 regulates multiple
OC oncogenes, including KRAS and ¢-MYC (20). We previous-
ly identified a germline SNP in the 3'UTR of the KRAS onco-
gene (rs61764370). The variant, derived allele, referred to as
the KRAS-variant, is relatively uncommon: It is almost absent
in East Asians and Native Americans, is uncommon in Afri-
cans, and has a minor allele frequency of about 7% in popu-
lations of European descent, based on the genotyping of
more than 2,400 samples representing 46 geographic popula-
tions (14). The KRAS-variant is functional and was previously
shown by us to disrupt binding of let-7 to KRAS, leading
to increased KRAS levels in in vitro assays (14). The KRAS-
variant was initially found to be a genetic marker of
increased susceptibility to non-small-cell lung cancer (NSCLC)
in two U.S. case-control studies, where it was identified in 18%
to 20% of NSCLC patients versus 12% to 14% of noncancerous
U.S. ethnicity-matched control populations (14). Of note, in
people the KRAS-variant is almost always heterozygous in both

normal and tumor tissues. In addition, lung tumors with
the KRAS-variant were found to have lower let-7 levels,
which has previously been shown to be a biomarker of poor
outcome (21). The KRAS-variant was subsequently shown
to be a genetic marker of poor outcome in head and neck
cancer (22).

Because of the importance of both let-7 and KRAS in
human solid tumors, we evaluated the frequency of the
KRAS-variant in patients with other solid tumor types. The
KRAS-variant was present in fewer than 18% of all patients
with other solid tumor types tested and in control popula-
tions matched for ethnicity (z > 17,000 individuals tested).’
In contrast, the KRAS-variant is present in more than 25%
of patients with epithelial OC. Through case-control analysis,
we here show that the KRAS-variant seems to be a genetic
marker of risk for developing OC for the general female pop-
ulation (P < 0.020). Also, the KRAS-variant is strongly associ-
ated with uninformative HBOC families, being present in 61%
of those tested (n = 31), and segregates with their family
members with cancer (P < 0.001). These findings suggest that
the KRAS-variant represents a new genetic marker of OC risk
and may account for genetic risk in a number of HBOC
families previously considered uninformative.

Materials and Methods

Samples from New Haven, Connecticut

Samples from patients with OC at Yale/New Haven Hospi-
tal were recruited and collected from fresh frozen tissue
(n = 12), DNA isolated from paraffin-embedded formalin-
fixed tissue (n = 23), blood (n = 71), or saliva (n = 51) between
2007 and 2009 (total n = 157; Supplementary Table S2).
Because we have previously extensively validated that the
KRAS-variant is not somatic but germline (identical in patient's
normal and tumor tissues; ref. 14), we collected primarily germ-
line DNA for these studies from either blood or saliva. Patient
data were collected including age, ethnicity, and family history
of cancer. OC subtype was established by pathologic classifica-
tion, with only epithelial OC cases included in this study.

OC patients from HBOC families were recruited through
the Yale Cancer Center Department of Genetics, and one in-
dividual was included from each family as the index case for
statistical analysis.

Controls (all female) were recruited from Yale/New Haven
Hospital beginning in 2008 from healthy friends and associ-
ates of patients; none were genetically related to the patient.
All control DNA samples were derived from saliva. None of
the controls had any prior diagnosis of cancer (other than
nonmelanoma skin cancer). Information on age, ethnicity,
and family history was recorded.

Samples from Turin, Italy

Between October 1991 and February 2000, there were 264
patients who underwent surgery for ovarian tumors at the
Department of Gynecology, Gynecologic Oncology Unit, at
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the University of Turin in Italy, and tissue was collected after
Institutional Review Board (IRB) approval. All patients were
Italian of European ancestry. Of these patients, 23 were diag-
nosed with metastatic cancer, 19 with benign tumors, 6 with
OC of nonepithelial origin, and 1 with endometriosis. Epithe-
lial ovarian tumors from the remaining 215 patients were in-
cluded in this study. Additional details on these samples are
available (17). DNA from these samples was supplied for
these studies.

Samples from Brescia, Italy

Tumor samples for DNA extraction were collected from
100 patients with epithelial OC at the Division of Gynecologic
Oncology at University of Brescia, Italy, between September
2001 and December 2008 after IRB approval. All patients were
of European ancestry. Clinical data were collected from med-
ical records and were available for all patients. Fifty-nine pa-
tients were followed from the date of first surgery until death
or May 5, 2009. Patients who received neoadjuvant chemo-
therapy were excluded from nonstatic parameters such as
debulking, residual disease, and progression-free survival
(PFS). DNA from these samples was supplied for these studies.

Case-control analysis

The Yale cases and controls were selected from those with
complete information from Yale/New Haven Hospital (n =
100 and 101, respectively). All were women and were
matched for age and ethnicity. For the controls that had their
ovaries removed for benign reasons, their age at ovarian re-
moval was recorded as their age of testing for this study.

The Connecticut case-control study was approved by the
Connecticut Department of Public Health and all 32 hospitals
that participated. Potential cases were English-speaking wom-
en from Connecticut, diagnosed at 35 to 79 years of age with
OC between September 1, 1998 and February 28, 2003, with
new primary invasive epithelial ovarian tumors. Controls were
arepresentative sample of the general population of the study
area and identified by list-based random digit dialing meth-
ods. Cases and controls were matched for age and ethnicity.
Cases and controls with prior cancer were excluded from the
analysis. Further details are available (23). DNA samples used
in this study included 320 cases and 328 controls.

Statistical methods

For numerical variables (such as age), linear models were
used to compare the differences between case and control
groups. x* and exact methods were performed to determine
the distribution of ethnicity in cases and controls. Hardy-
Weinberg testing was analyzed using the ALLELE procedure.
Survival analyses were performed using Cox proportional ha-
zards regression model. The association of the KRAS-variant
with OC was determined using logistic regression modeling.
All statistical analyses were performed using SAS version
9.1.2 (SAS Institute).

Detection of the KRAS-variant
DNA was collected using standard isolation methods from
tissue, blood, buccal cell samples, or saliva. Only the Connec-

ticut case-control underwent DNA amplification before test-
ing. The KRAS-variant was assayed using an allele-specific
primer and a PCR-based TaqMan assay using standard tech-
niques. Validation of this assay through duplicate testing and
sequencing was previously performed and reported (14). As
previously shown, the KRAS-variant is almost always in the
heterozygous state in its carriers, with less than 3% to 5%
of any population containing the variant in the homozygous
form (14). We thus combined the two genotypes in this
work together and referred to both as people “carrying” the
KRAS-variant.

Calculation of positive predictive value

The positive predictive value (PPV) is calculated by com-
paring the percentages of KRAS-variant-carrying and non-
carrying patients with OC and without OC and multiplying
by a lifetime risk of 1.4% of developing OC to determine
the difference in lifetime cancer risk. Control frequency is
based on the Yale controls. PPV is then the lifetime cancer
risk of KRAS-variant-carrying patients (with OC) over the
total KRAS-variant-carrying people.

Results

The KRAS-variant and ovarian cancer risk

We tested women diagnosed with epithelial OC who pre-
sented at Yale/New Haven Hospital for surgery (n = 157) for
the KRAS-variant and discovered that more than 27% carried
this variant allele. Because this was a significantly higher fre-
quency than previously shown in any normal or cancerous
population [18% (refs. 14, 22) and >9,000 additional people
tested),m we validated this finding in two additional, inde-
pendent cohorts of epithelial OC patients. The first was from
a University Hospital in Northern Italy at the University of
Turin (n = 215), and 26% of patients carried the KRAS-variant
in this cohort. The second was from Brescia, Italy (z = 100),
and again 25% of these OC patients carried the KRAS-variant.
The frequency of the KRAS-variant was thus significantly
higher in these OC cohorts than in any group previously
studied, including noncancerous controls collected at Yale/
New Haven Hospital (Fig. 1).

To investigate if the KRAS-variant predicts an increased
risk of developing OC for nonselected female populations,
we performed case-control analyses. The Yale case-control
contained 100 cases and 101 controls and showed a signifi-
cantly increased risk of developing OC for KRAS-variant car-
riers by multivariate analysis [odds ratio (OR), 2.46; 95%
confidence interval (95% CI), 1.14-5.29; P = 0.020]. These find-
ings were validated in a second independent case-control:
The Connecticut OC case-control consists of 320 patients
and 328 controls and also showed a significant increased risk
of developing OC for the KRAS-variant carriers by multivari-
ate analysis (OR, 1.7; 95% CI, 1.11-2.63, P = 0.016; Table 1).
These findings suggest that the KRAS-variant may be a

107, Weidhaas, unpublished data.
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Figure 1. The KRAS-variant is found frequently in patients with OC
compared with controls. Patients from three separate cohorts were
tested for the presence of the KRAS-variant and frequency of carriers
depicted with the number tested in parentheses.

genetic marker of an increased risk of developing OC in
nonselected women.

Ovarian cancer variables and the KRAS-variant

We evaluated the distribution of the KRAS-variant in the
different subtypes of epithelial OC. We found that the prev-
alence of the KRAS-variant varied between subtypes, being
highest in nonmucinous cancers and rarely found in patients
with mucinous OCs (P < 0.05; Table 2).

We studied a range of variables to see if there were spe-
cific characteristics segregating OC patients carrying the
KRAS-variant versus those without. We found that there was
not a significant difference in patient age at first surgery,

tumor grade, residual tumor size, debulking, stage of OC
presentation, response to platinum-based chemotherapy,
or PFS (hazard ratio, 1.12; 95% CI, 0.71-1.76; Supplementa-
ry Table S1A-E). The trend toward worse PFS for OC pa-
tients carrying the KRAS-variant may suggest an effect of
the KRAS-variant on OC outcome and may warrant further
study.

Because the KRAS-variant is located in the 3'UTR of the
KRAS oncogene, we tested available tumor samples for KRAS
codon mutations (n = 6 non-KRAS-variant-carrying patients,
n = 10 KRAS-variant-carrying patients). Not surprisingly, as
nonmucinous OC rarely has activated KRAS, none of the
ovarian tumors tested had the common KRAS-activating
mutations. These observations agree with prior findings in
cancer samples by us (14) as well as others (24) that the
KRAS-variant is not enriched in tumors with other tumor-
acquired KRAS mutations.

Association of the KRAS-variant with HBOC

As the KRAS-variant seemed to be associated with OC risk
for sporadic OC, to further validate its role as a genetic
marker of OC, we next examined OC patients considered
to be at high risk for having a familial genetic abnormality
with a family history consistent with HBOC. These patients
had either personal and/or family histories (first- or second-
degree relatives) of at least one additional case of OC and/or
breast cancer, all were of European ancestry, and all had
undergone BRCA mutation analysis. Sixty-seven patients fit
these parameters: 23 were positive for BRCAI mutations,
13 were positive for BRCA2 mutations, and 31 were uninfor-
mative (BRCAI and BRCA2 mutation negative). Overall, 8 of
36 (22%) of BRCA mutation carriers also were carriers of the
KRAS-variant: 7 of 23 (30%) of BRCAI-mutant carriers and 1

risk of developing OC

Table 1. Case-control results indicate that the KRAS-variant may be a genetic marker for an increased

Yale case-control

KRAS Univariate Multivariate* Case Control
OR (95% CI) OR (95% CI)
Nonvariant (T/T) 1.00 1.00 74 (74.0) 88 (87.3
Variant (G/G and G/T)* 2.38 (1.16-5.09) 2.46 (1.14-5.29) 26 (26.0) 13 (12.7
P 0.02 0.02
Connecticut case-control
KRAS Univariate Multivariate* Case Control
OR (95% CI) OR (95% CI)
Nonvariant (T/T) 1.00 1.00 225 (73.1) 272 (84.5)
Variant (G/G and G/T)* 2.01 (1.36-2.99) 1.7 (1.11-2.63) 83 (26.9) 50 (15.5)
P 0.0005 0.016

*Adjusted for age and race.

category.

TThe G/G genotype is found in less than 5% of cases and controls and is thus combined with the G/T genotype for the variant
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Table 2. Prevalence of the KRAS-variant in OC patients by subtype

Subtypes n Non-KRAS-variant patients, T/T (%) KRAS-variant patients, G/T and G/G (%)
CC 22 14 (63.6) 8 (36.4)

MU 15 10 (66.7) 5 (33.3)

EN 52 37 (71.2) 15 (28.9)

SP 167 127 (76.1) 40 (23.9)

UN 37 30 (81.1) 7 (18.9)

MC 22 20 (90.9) 2 (9.1)

MC, mucinous.

NOTE: Patients from the Yale and two ltalian studies where subtype was documented.
Abbreviations: CC, clear cell; MU, malignant mixed Mullerian; EN, endometrioid; SP, serous papillary; UN, undifferentiated;

of 13 (8%) of BRCA2 mutant carriers. The differential associa-
tion of the KRAS-variant with BRCAI and BRCA2 may repre-
sent a biological modification of BRCA penetrance by the
KRAS-variant, a hypothesis that requires additional study.

Of the 31 uninformative HBOC patients with OC, 19 of 31
(61%) carried the KRAS-variant, a frequency significantly
higher than documented rates for either the healthy popula-
tion (14) or other OC patients (P < 0.0001, compared with
control). For a KRAS-variant-carrying uninformative HBOC
family member, this results in a PPV for developing OC of
6.78% (95% CI, 5.78-7.76). In contrast, the negative predictive
value for a negative KRAS-variant test in an uninformative
HBOC family member is 99.37% (95% CI, 99.22-99.53).

Families segregating the KRAS-variant

We tested at least two additional family members with
known cancer status in two of the uninformative HBOC fam-
ilies whose proband carried the KRAS-variant and was nega-
tive for BRCAI and BRCA2 mutations. In each of these
families, at least two relatives diagnosed with cancer also
carried the KRAS-variant (Fig. 2; Supplementary Fig. S1).

Finally, we compared the pedigrees of HBOC families with
a BRCAI mutation (n = 11), a BRCA2 mutation (n = 8), or the
KRAS-variant (n = 13) and recorded the demographics and
cancer types in their family members. We found that there
are unique familial profiles for each of these groups, which
differ by ethnicity, cancer type, and age of cancer onset, with

% o o ]
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d. 61 d. £0s
uterine vs breastca
ovarian ca

O——o% & M

0 % O—ok O

83 3 ’ 79 d.T78
dx 68 childhood  lung ca lung ca
alloplan tube ca
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45 49
pre cancerous
cells on cervix
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dx 65 dx 63
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36 44 45 40 49
45-53 tumor on TAH-BSO
no cancer optic nerve
no TAH/ESO for
daughters

Figure 2. An HBOC family with the KRAS-variant. Circles are women, squares are men. A black area within the symbol indicates the person had cancer.
A line through the symbol indicates the person has died. “d.” means dead, with the age indicated. “dx” means diagnosed with cancer, with the age
indicated. Star indicates tested for the KRAS-variant and a carrier. hx, history; ca, cancer.
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KRAS-variant ovarian families being significantly more likely
to be non-Jewish, have lung cancer in the family, and be older
at the time of their OC diagnosis than BRCA-mutant OC
patients (Fig. 3).

Discussion

Our results reveal that the variant allele at a polymorphism
in the KRAS 3'UTR, the KRAS-variant, is associated with the
risk of developing epithelial OC (OR, 2.46), is identified in
more than 25% of nonselected OC patients, and is found in
61% of OC patients from HBOC families previously consid-
ered uninformative for gene mutations. These findings sup-
port the hypothesis that the KRAS-variant is a new genetic
marker of an increased risk of developing OC and also sug-
gest that this allele of KRAS may be a new HBOC locus.

Although it may seem surprising that a single-nucleotide
variant could have such predictive power for disease risk,
the KRAS-variant represents an entirely different entity than
the tagging SNPs studied and used in GWAS. The KRAS-
variant was identified through a candidate-gene search. It
is functional and disrupts a /et-7 miRNA binding site that reg-
ulates the important human oncogene, KRAS (14). Perhaps
most importantly, the KRAS-variant has not been included
in prior GWAS platforms and has a minor allele frequency
of <7%, whereas surrounding KRAS SNPs studied in the
GWAS platforms have a minor allele frequency of >20%.""
Thus, even if the KRAS-variant is in linkage disequilibrium
with previously studied SNPs in this region, it was not possi-
ble to determine the association of the KRAS-variant with OC
risk through these prior studies.

The OC in KRAS-variant carriers has a similar phenotype
to the majority of epithelial OC and occurs primarily in post-
menopausal women. This is unlike the OC associated with
previously identified inherited genetic markers of OC risk,
such as BRCA mutations, which disrupt DNA repair pathway

"' K. Kidd, personal communication.

genes and are associated with early-onset cancer. This sug-
gests that the KRAS-variant may not act through altered DNA
repair, but perhaps instead creates an environment where al-
terations that occur normally with aging allow aberrant cell
growth and oncogenesis. In support of this hypothesis, we
previously reported that the KRAS-variant is associated with
increased KRAS levels in the background of lower let-7 levels
(14), and others have shown that let-7 levels decrease with
age (25). Although KRAS mutations have not been associated
with nonmucinous epithelial OC, the KRAS-variant may rep-
resent a novel form of KRAS activation and overexpression or
lead to disruption of the epidermal growth factor receptor
signaling pathway, a pathway frequently misregulated in
OC. Because the KRAS-variant, like disruption of other
miRNA binding sites in the 3'UTR of KRAS (20), does not
alter KRAS mRNA levels, and because we did not have access
to unprocessed tumor tissue for our studies, these hypotheses
require further validation in other patient cohorts.

Although our study is somewhat limited by the small num-
ber of uninformative HBOC patients, the frequent association
of the KRAS-variant with these patients and their family
members with cancer further strengthens the hypothesis that
the KRAS-variant is a genetic marker of OC risk. Identification
of new such markers of OC risk is critical for these uninfor-
mative families, as those who test positive in these families
will have a confirmed increased inherited risk, whereas those
who test negative will in fact be at a decreased risk of devel-
oping OC compared with the general female population, in-
formation that will be equally valuable to them.

Genetic risk factors for cancer have been historically very
difficult to identify, and those that are known are found in
very few patients and make up a small minority of cancer
cases (4). Because the 3'UTR of a gene is a critical regula-
tory region, we have proposed that this region is likely to
harbor variants, such as the KRAS-variant, that will be
associated with a large proportion of cancer cases and
can be as powerful as gene-coding mutations in shaping
disease risk (14). Our findings support this hypothesis and
reinforce that the role of such 3'UTR variants in familial
cancer syndromes should be intensively studied.
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