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Extensive sequence variation in the
3" untranslated region of the KRAS gene
in lung and ovarian cancer cases

Minlee Kim', Xiaowei Chen'?, Lena J Chin', Trupti Paranjape®, William C Speed*, Kenneth K Kidd*, Hongyu Zhao*#,
Joanne B Weidhaas?, and Frank J Slack'*

'Department of Molecular, Cellular, and Developmental Biology; Yale University; New Haven, CT USA; 2Program in Computational Biology and Bioinformatics; Yale University
School of Medicine; New Haven, CT USA; *Department of Therapeutic Radiology; Yale University School of Medicine; New Haven, CT USA; *Department of Genetics;
Yale University School of Medicine; New Haven, CT USA
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While cancer is a serious health issue, there are very few genetic biomarkers that predict predisposition, prognosis,
diagnosis, and treatment response. Recently, sequence variations that disrupt microRNA (miRNA)-mediated regulation of
genes have been shown to be associated with many human diseases, including cancer. In an early example, a variant at
one particular single nucleotide polymorphism (SNP) in a let-7 miRNA complementary site in the 3’ untranslated region
(3" UTR) of the KRAS gene was associated with risk and outcome of various cancers. The KRAS oncogene is an important
regulator of cellular proliferation, and is frequently mutated in cancers. To discover additional sequence variants in the
3’ UTR of KRAS with the potential as genetic biomarkers, we resequenced the complete region of the 3’ UTR of KRAS in
multiple non-small cell lung cancer and epithelial ovarian cancer cases either by Sanger sequencing or capture enrichment
followed by high-throughput sequencing. Here we report a comprehensive list of sequence variations identified in cases,
with some potentially dysregulating expression of KRAS by altering putative miRNA complementary sites. Notably, rs712,
rs9266, and one novel variant may have a functional role in regulation of KRAS by disrupting complementary sites of

various miRNAs, including let-7 and miR-181.

Introduction

KRAS is a member of the RAS GTPase family known to
regulate a variety of biological processes, including cellular
proliferation and apoptosis.! The mutations in the coding region
of the KRAS gene, which result in hyper-activation of the protein,
are one of the major oncogenic mutation classes found in human
cancer.! For example, about 17% of lung cancer, the leading
cause of cancer mortality worldwide, and 14% of ovarian cancer,
the most common cause of gynecologic cancer mortality, contain
KRAS activating mutations (statistics from CDC, and ref. 2).
However, limited treatment options and the heterogeneous
nature of cancer pose a challenge in targeting this pathway. In
addition, there are very few genetic biomarkers known to predict
cancer risk, prognosis, diagnosis, and treatment sensitivity.

Mounting evidence in recent studies suggests that variants at
single nucleotide polymorphisms (SNPs) in the 3" untranslated
region (3’ UTR) have the potential to be such genetic
biomarkers.>® microRNAs
gene expression at the post-transcriptional level by binding to
complementary sites in the 3" UTR of target messenger RNAs

(miRNAs) negatively regulate
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(mRNAs). A recent computational study identified 175351
SNPs in human 3" UTRs.” Due to strong negative selection,
not only conserved miRNA binding sites,*’ but also the entire
3" UTRs with miRNA target sites have fewer SNPs compared
with non-miRNA target 3" UTRs," indicating the importance
of 3" UTR sequence integrity on the function of miRNAs.
Despite this evolutional constraint, about 5% of SNPs that
are predicted to reside in the seed region of validated miRNA
binding sites' potentially disrupt miRNA-mediated regulation.
As seen in earlier studies of Tourette syndrome'? and muscular
hypertrophy,'® destroying and creating miRNA complementary
sites by a rare and yet functional SNP can cause a deleterious
outcome.

Since longer 3" UTRs contain more miRNA complementary
sites,' the 4.5 Kb 3" UTR of KRAS may exhibit a greater
complexity and dependence on regulation by miRNAs. KRAS
is predicted to be targeted and regulated by many miRNAs,
including the tumor-suppressive /ez-7 family of miRNAs through
10 putative /et-7 complementary sites (LCSs) in its 3" UTR.®
An inverse relationship between /le-7 and KRAS protein levels in
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human lung tumor samples was confirmed." In addition, in vivo
delivery of lez-7 prevented and inhibited lung tumor growth in a
mouse model of Kras-induced lung cancer by inhibiting cellular
proliferation.!*"

Polymorphic miRNA-mediated regulation of KRAS in cancer
has been shown through a rare SNP (rs61764370) identified in
a let-7 complementary site in its 3" UTR.?® The derived allele
at rs61764370 was found to be associated with an increased
risk of non-small cell lung cancer, epithelial ovarian cancer and
triple-negative breast cancer.?** Reduced survival was observed
in oral cancer®® with the variant, but not in NSCLC cases.?* In
addition, the variant was associated with adverse overall survival
in metastatic colorectal cancer cases treated with anti-EGFR
therapy” and better outcome in early-stage colorectal cancer
cases.?® Table S1 summarizes additional associations between
rs61764370 (or other known SNDPs) in the KRAS 3" UTR and
diseases.

Since the 3" UTR has often been neglected in previous
searches for disease-associated variants, discovery of rare but
functional variants in the 3" UTR may provide a new insight
to understanding initiation and progression of cancer. To
identify additional variants in the 3" UTR of KRAS that have
the potential to be novel genetic biomarkers for non-small cell
lung cancer (NSCLC) and epithelial ovarian cancer (EOC),
we resequenced the entire 3" UTR of KRAS using 2 different
sequencing approaches. We performed direct Sanger sequencing
of lung tumor DNA from NSCLC patients, and target
enrichment and high-throughput sequencing of germline DNA
of EOC patients. Here we report multiple sequence variants in
the KRAS 3" UTR identified in NSCLC and EOC patients. We
found that 2 known SNPs, rs712 and rs9266, and 1 novel variant
may play a role in the regulation of KRAS. Further analysis of
these sequence variants will determine their potential functional
roles in predicting cancer risk and outcome.

Results

The polymorphic 3’ UTR of the KRAS gene
The annotated 3" UTR of the KRAS transcript variant B,
which is the predominant isoform, is 4549 bp long (UCSC

Genome Browser’®), ranging from base pairs 25358180 to
25362728 on chromosome 12 in the reference human genome
(GRCh37/hg19). NCBI dbSNP build135 (dbSNP135)” reports
a total of 56 SNPs in this region (Fig. 1). Among 56 previously
reported SNPs (known SNDs) in the 3" UTR of KRAS, 17 SNPs
reside in predicted high-confidence miRNA complementary sites
(see “Materials an Methods”; Table S2).

New sequence variation identified in the 3’ UTR of KRAS
in NSCLC cases

To examine the sequence variability in NSCLC cases, we
amplified and sequenced the entire 3" UTR of the KRAS
gene from genomic DNA derived from lung tumor samples
of a maximum of 70 NSCLC cases described previously? (see
“Materials and Methods”). Due to the limited availability of
DNA from the matching normal adjacent tissues, only tumor
DNA was analyzed. Our 3" UTR resequencing revealed a total
of 44 sites with sequence variations, which included 22 known
SNPs. The remaining 22 variants were not previously reported;
therefore, they were presumed to be either novel germline SNPs or
somatic mutations, as the genomic DNA used here was obtained
from tumor samples (Fig. 2A; Table S3).

More than 70% of NSCLC cases contain the derived alleles
(non-ancestral alleles) at rs4597149, rs712, rs4963858, rs13096
rs1137188, rs8720, rs12587, and rs12245. A few novel variants,
including novel variant 4, novel variant 17, and novel variant 20
also have the derived alleles that show a frequency of almost 50%
(Fig. 2A; Table S3).

The sequence variants identified and enriched in the 3’
UTR of KRAS in EOC cases

We captured the 3" UTR of the KRAS gene from germline
DNA of 31 EOC cases of European descent using a NimbleGen
Capture array and sequenced the captured KRAS 3" UTR DNA
using Illumina next generation technology (see “Materials
and Methods”). We identified sequence variations at a total of
22 sites, which included 21 known SNPs and 1 novel variant
(Fig. 2B; Table S4A). In order to minimize false positives, we
only included novel variants that were identified by 2 different
SNP calling methods, SAMtools and GATK. The 7 potential
novel variants that were only identified by SAMtools are shown

in Table S4B.
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Figure 1. The known SNPs and variants identified in our cancer cases in the KRAS 3’ UTR. The KRAS gene is located on the minus strand of chromosome
12 from base pairs 25358180 to 25403864 (GRCh37/hg19). The 3’ UTR of the KRAS transcript variant B spans from base pairs 25358180 to 25362728. All
known SNPs from dbSNP135 are included in this figure in black. The sites with sequence variation identified in our NSCLC and EOC cases are labeled in
red. The figure was generated and modified from the UCSC Genome Browser.
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To determine whether any particular sequence variants
appeared more frequently in cases compared with controls, we
measured a fold enrichment of a derived allele at each variable
site. We compared the allele frequency of the derived allele at
the variable site found in our cases to the allele frequency from

European populations reported in the 1000 Genomes Project.’®
We were unable to measure the actual enrichment of the 3 known
SNPs identified in EOC cases, rs61763589, rs191137453, and
rs61764371, because the derived allele frequency was not found
in European controls in the 1000 Genomes Project. For all other
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Figure 2. The sequence variation identified in our NSCLC and EOC cases. All sites with the sequence variation identified in cases were mapped to their
relative positions in the 3" UTR of KRAS. (A) The height of each bar represents the percent frequency of the derived allele at the variable sites in NSCLC
cases. The blue bar represents known SNPs, the red bar represents novel variants (or somatic mutations), and the bar with a circular end represents a
site within high confidence miRNA complementary sites. (B) The height of blue bars represents the fold enrichment of the derived allele at known SNP
sites in our EOC cases vs. reference European controls from the 1000 Genomes Project. The height of red bar represents the derived allele frequency of
a novel variant in cases. For 3 known SNPs in green bars, the allele frequencies of the derived alleles in European controls were 0; therefore, the height
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sequence variants, no variant was highly enriched in our cases
(Table S4A).

The derived alleles at the variable sites in cancer cases may
alter predicted miRNA complementary sites

To examine the effects of the derived alleles at the variable
sites on miRNA complementary sites, we first determined
whether the sequence variants identified reside in predicted
high-confidence miRNA complementary sites. We first utilized
2 web-based databases, Patrocles” and miRNASNP* to
predict whether a given sequence variant could result in gain
or loss of miRNA complementary sites. However, since these
databases cataloged only a few known SNPs, we computationally
predicted the effects of the derived allele at all the variable sites
identified using the miRanda target prediction algorithm with
a selected target/query sequence (see “Materials and Methods”).
Tables S6 and S7 list all miRNA complementary sites that
are predicted to be gained and lost by the derived alleles at the
variable sites by the miRanda algorithm. Since not all miRNA
complementary sites predicted by the miRanda algorithm are
in our list of high-confidence miRNA complementary sites, we
first selected common miRNA complementary sites predicted
by the miRanda algorithm with the ancestral alleles and in our
high confidence miRNA complementary sites. To specifically
determine whether the derived alleles were predicted to disrupt
miRNA complementary sites, we compared those common

Table 1. The common SNPs identified in both NSCLC and EOC cases

miRNA complementary sites to miRNA complementary sites
with the derived allele predicted by the miRanda algorithm.

Among the 44 variable sites identified in NSCLC cases, 21
reside within miRNA complementary sites, and for 8 of those,
the derived alleles may alter the predicted sites (Table S6). In
EOC cases, among a total of 22 variable sites identified, 9 reside
in miRNA complementary sites (Table S7). The derived alleles
at 2 of those 9 sites may disrupt predicted sites (Table S7). There
were 17 common known SNDPs found in both cancer sets, and 8
of them reside in miRNA complementary sites (Table 1). The
derived alleles at 2 SNPs, rs712 and rs9266, out of 8 are predicted
to disrupt the putative miRNA complementary sites, including
let-7 and miR-181. Notably, all patients who had the derived
allele at rs9266 also had the derived allele at rs712.

rs712*G and rs9266*C are widely distributed in world
populations

To determine the prevalence of the derived alleles at rs712
(rs712*G) and at rs9266 (rs9266*C) across general world
populations, we combined allele frequency data for rs712 and
159266 previously entered in the Allele Frequency Database
(ALFRED).” Data exist for a total of 2385 healthy individuals
from 45 populations representing several different regions
of the world (Fig. 3A). The frequency of the derived alleles at
rs712 and rs9266 varied among different populations, but both
exhibited a very similar general trend: the frequency of this

Chr12 % freq of the freq of the Ado
SNP ID derived allele derived allele Putative miRNA complementary sites LCS bingin
hg19 in NSCLC in EOC 9
miR-422a, miR-330-5p, miR-3125, miR-
1 25362552 rs712 754 0.597 877, miR-378bc, miR-1299, miR-193b, miR- * *
200b,c, miR-429
2 25362217 rs9266 68.5 0.581 miR-181abcd, miR-4262, miR-132 *
3 25361756 rs61763590 7.1 0.081 miR-133ab, miR-421
4 25361646 rs7960917 16.7 0.113
5 25361142 rs7973450 20.0 0.129 miR-143, miR-302c* *
6 25361091 rs4597149 90.9 1 miR-410, miR-340, miR-376¢c *
7 25361074 rs7973623 16.4 0.129 miR-501-5p *
8 25360224 rs61764370 214 0.97 miR-18ab *
miR-599, miR-148a,b, miR-152,
9 25360138 rs4963858 98.5 1 miR-199a,b-5p
iR- iR- iR-. * - ¥
10 | 25359841 rs13096 85.9 0.565 miR-101, miR-144, miR-493" let-7a-2", *
let-7g*
I 25359577 rs61764371 33 0.032 let-7 family, miR-202 * *
miR-129-5p, miR-876-5p, miR-421,
12 25359352 rs1137188 71.2 0.581 miR-511, miR-513b, miR-624, miR-541%,
miR-1290

13 25359328 rs1137189 51.7 0.597 miR-32* miR-380 *
14 25358969 rs1137196 37.7 0.516 miR-129-5p
15 25358943 rs8720 73.8 0.581 miR-2115*
16 25358828 rs12587 85.9 0.597 miR-425
17 25358650 rs12245 84.4 0.435 miR-421, miR-143

Seventeen known SNPs were commonly identified in both NSCLC and EOC cases. LCS, let-7 complementary sites
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allele increased across Eurasia with distance from Africa but was ~ Since we have previously genotyped another /ez-7 disrupting
lower in Native American populations. East Asian populations  SNP, rs61764370, from world populations,” we compared the
generally exhibited the highest frequency of the derived alleles.  frequencies of the derived alleles at 2 /Jet-7-disrupting SNPs,
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Figure 3. Frequencies of the derived alleles at rs712, rs9266 and rs61764370. (A) Individual allele frequencies for the derived alleles at rs712 (blue), rs9266
(red), and rs61764370 (green) in samples of normal individuals from 45 populations are combined from ALFRED. (B) The same data for 2 let-7-disrupting
SNPs, rs712 and rs61764370, as in (A), are presented in stacked bar format as the frequencies of the 3 haplotypes inferred to be present in these 45 popu-
lations. There is no evidence for the presence of the GG haplotype comprised of the derived alleles at both SNPs.
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rs712 and rs61764370 (Fig. 3A). While the derived allele at rs712
was generally frequent in Asian populations, the derived allele
at rs61764370 (rs61764370*G) was very rarely found outside of
Europe and Africa.

rs712 is identified in a haplotype of SNPs across the KRAS
gene

To examine haplotypes of SNPs across the KRAS gene in world
populations, we first generated haplotypes that contain rs712 and
1561764370, which are 2328 bp apart. Only 3 genotypes were
identified, and a haplotype that contained the derived alleles
at both rs712 and rs61764370 in cis was absent (Fig. 3B). To
examine the haplotypes with additional SNPs in the KRAS gene,
we included 11 other SNPs that we had previously genotyped
(Fig. S1). These 11 SNPs include 5 SNPs in an adjacent intron, 1
SNP in the 3" UTR of the KRAS transcript variant A, 4 SNPs in
the 3" UTR of the KRAS transcript variant B, and 1 SNP in an
intergenic region of the 3’ UTR of KRAS. In all of the 8 common
haplotypes that were identified, the derived alleles at rs712 and
1561764370 were never found together in cis, confirming that
rs712*G is not a marker for rs61764370*G. In our NSCLC and
EOC cases, we also noticed that rs712*G and rs61764370*G
were never definitively found together in cis. Approximately
10% of our cancer cases were heterozygous at both SNP sites,
and the presence of the derived alleles at both sites in cis would
be unlikely according to the haplotype inference from genotypes
based on an EM algorithm implemented in PLINK (http://pngu.
mgh.harvard.edu/purcell/plink).*

The derived alleles at rs712 and rs9266 alter luciferase
reporter expression

To test whether the presence of the derived alleles at rs712
and rs9266 have an effect on KRAS reporter expression, we
generated 4 luciferase reporter constructs containing a fragment
of the 3" UTR of KRAS with: (1) no derived alleles (KRAS-WT);
(2) the derived allele at rs712 (KRAS-rs712*G); (3) the derived
allele at rs9266 (KRAS-rs9266*C), and (4) the derived alleles
at both rs712 and rs9266 (KRAS-rs712*G/rs9266*C). We did
not observe statistically significant differences in luciferase
expression when the 4 reporters were individually transfected in
Caov3 (ovarian adenocarcinoma epithelial cell line) and A549
(lung adenocarcinoma epithelial cell line) (data not shown).
However, we reproducibly observed ~15% and 9% derepression in
luciferase expression with KRAS-rs712*G and KRAS-rs9266*C,
respectively, compared with KRAS-WT in HelLa (cervical
adenocarcinoma epithelial cell line) (Fig. 4A). In addition, the
presence of the derived alleles at both varying sites exhibited an
additive effect, an approximately 30% derepression in luciferase
expression.

To determine how the derived alleles at rs712 and rs9266
disrupt the miRNA complementary sites, the minimum free
energy (mfe) required to form a duplex between a complementary
site and a miRNA and predicted RNA structures were examined
by RNAhybrid** and Mfold,” respectively. Specifically, the high
confidence complementary sites for miR-378, miR-3125, and
miR-877, predicted to be disrupted by rs712*G, and such sites for
miR-181 and miR-4262, predicted to be disrupted by rs9266*C
were examined (Table S6). In addition, since rs712 affects the

www.landesbioscience.com

last nucleotide of lez-7 complementary site 1 (LCS1), and ler-7d is
the only /ez-7 family member miRNA that is predicted to form a
base pair at this position with the ancestral allele, the LCS1//et-74
duplex was also examined. While the presence of the derived
allele disrupted the base paring specifically at the SNP site in
all target/miRNA duplexes, the derived alleles did not appear
to substantially alter the minimum free energy required to form
these duplexes (Fig. $2). When a 74-nt sequence with the derived
allele or the ancestral allele at each varying site was individually
folded into a secondary structure of mRNA, the predicted RNA
structure was altered by rs712*G, but not by rs9266*C (Mfold)®
(Fig. S3A and B). Especially, the seed region of LCS1 shifted from
a stem to a loop by rs712*G (Fig. S3A). Since we observed the
additive derepression on reporter expression when both rs712 and
9266 had the derived alleles, the secondary structures of a 657-
nt sequence, which was the actual length of the 3" UTR of KRAS
in the reporters, were examined using the UEA sRNA tools.*
As seen in the predicted structures with the 74-nt sequence, only
1s712*G altered the secondary structure significantly (Fig. S3C).

The novel variant 1 from EOC cases affects 3' UTR function
in luciferase reporter assays

Since 1 variant was identified as novel in EOC cases by
2 different stringent SNP calling methods and resided in an
Argonaute binding site, the effect of the derived allele at this
varying site was determined by luciferase reporter assays. We
observed ~15% derepression in luciferase reporter expression with
the variant (KRAS-novel 1*T) as compared with its non-variant
reporter (KRAS-WT) in Hela cells (Fig. 4B). The predicted
secondary structures of a 657-nt sequence with and without the
variant remained unchanged (data not shown). However, the
variant may weaken the formation of a duplex between miR-23a
or the miR-181 family and the target region with the varying site.
(Fig. S4).

Discussion

Using 2 different sequencing methods, we have sequenced the
entire 3" UTR of KRAS, which spans approximately 4.5 Kb, and
identified a wide range of sequence variations in multiple NSCLC
and EOC cases. Although our conclusions were hampered by some
limitations in the type of DNA sequenced in NSCLC cases and a
small number of samples in EOC cases, we found that the derived
allele at 2 known SNPs, rs712 and 159266, identified in both
NSCLC and EOC cases, and 1 novel variant in EOC cases could
disrupt regulation of KRAS. In addition, although no variant was
found to be enriched in EOC cases with statistical significance,
detecting the derived allele at rs61763589, rs191137453, and
1561764371 exclusively in our EOC cases and not in European
populations in the 1000 Genomes Project suggests that these
variants have the potential to be enriched in cancer and potentially
alter KRAS expression. All 3 SNPs reside in complementary sites
of miRNAs, such as miR-580,7% miR-26ab,**" the lez-7 family,
and miR-202, that play an important role in tumorigenesis. In
particular, rs61763589 is within tumor-suppressive let-7'°"* and
miR-202* complementary sites, which are also in our list of
high confidence miRNA complementary sites.
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For rs712, rs9266, and novel variant 1, we observed statistically
significant differences in luciferase reporter expression between
one with the derived allele at the SNP site and the other with the
ancestral allele in HeLa (cervical adenocarcinoma cell line), but

not in Caov3 (ovarian adenocarcinoma cell line)
and A549 (lung adenocarcinoma cell line). Since
each cell line expresses different miRNA profiles,
we can expect changes in reporter expression only
if the cognate miRNAs that bind to regions with
the varying site are expressed in the cell line. Since
HeLa cells are known to have high /et-7, miR-
181, and miR-23 levels,*** disruption of these
miRNA complementary sites may account for the
dysregulation of KRAS reporter expression. Notably,
let-7, miR-181, and miR-23 have been implicated in
the development of various cancers.”””

Although we cannot exclude the possibility
that the derived alleles may also disrupt binding of
another endogenous miRNA or multiple miRNAs
in Hela, our result agrees with the previous
findings that reported the role of /e-7 and miR-
181 in KRAS regulation.’®® When several point
mutations were introduced to /ez-7 complementary
site 1 (LCS1) of the murine Kras 3" UTR,
derepression of luciferase reporter expression
was observed compared with its non-mutated
counterpart.®® Since LCS1 is highly conserved
across different vertebrate species, altering one or
multiple base pairs in LCS1 likely disrupts binding
of the lez-7 family, specifically lez-7d, to this site
and eventually leads to dysregulation of KRAS in
both humans and mice. In addition, a mutation in
the miR-181 complementary site where rs9266 is
located prevented binding of miR-181 and resulted
in derepression of luciferase reporter expression
in 2 glioblastoma cell lines, U251 and LN229.>®
Moreover, the RNA secondary structure may
also be implicated in cis-regulation of KRAS, as
1s712*G resulted in distinct secondary structures
compared with the predicted structures with
rs712*T. Altered RNA structure may affect the
accessibility of endogenous miRNAs and, thus,
miRNA-dependent regulation of KRAS.

In addition to the functional role of rs712
in KRAS regulation, one study reported that
the genotype of G/G, which corresponds to the
derived alleles at rs712, is associated with an
increased risk of oral squamous cell carcinoma
compared with the genotypes of T/T or G/T.!
However, the ancestral allele at rs712 was also
found to be associated with an increased risk of
gastric and colorectal cancers.®*® Since different
types of cells and tissues have different miRNA
profiles, the role of a specific SNP may vary
depending on the types of cancer. Therefore,
further case-control studies need to be performed
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to validate whether a variant at rs712 can be a predictor for the
risk of NSCLC and EOC as well.

Since previous studies reported
rs61764370 and various cancer risk and outcome, we
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Figure 4. The effect of the derived alleles at rs712 and rs9266, and one novel variant
on luciferase expression. (A) Four luciferase reporter constructs were generated with a
fragment of the 3" UTR of KRAS in psi-Check2. KRAS-WT: the ancestral alleles (T) at both
rs712 and rs9266. KRAS-rs712*G: the derived allele (G) at 712. KRAS-rs9266*C: the derived
allele (C) at rs9266. KRAS-rs712*G/rs9266*C: the derived alleles at both rs712 and rs9266.
Luciferase reporter assays in Hela cells indicated ~15% derepression in relative luciferase
activity in KRAS-rs712*G and ~9% depression in KRAS-rs9266*C compared with KRAS-WT.
In the presence of both derived alleles (KRAS-rs712*G/rs9266*C), ~30% derepression was
observed. Error bars: standard error of the mean. ***P value < 0.001; ****P value < 0.0001.
(B) KRAS-novel 1*T: the derived allele (T) at the varying site. Luciferase reporter assays in
Hela cells indicated ~15% derepression in relative luciferase activity in KRAS-novel 1*T
compared with KRAS-WT.
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hypothesized that a combination of the derived alleles at 2 Jez-
7-disrupting SNPs, rs712 and rs61764370, may be a novel risk
marker. Although approximately 10% of our cancer cases were
heterozygous at both rs712 and rs61764370, it would be very
unlikely to detect the derived alleles at both sites in cis. We will
need to examine the haplotypes of rs712 with rs61764370 or
other SNPs in a larger case-control study to test this hypothesis
that a combination of the derived alleles at 2 SNP sites may be a
novel biomarker for cancer risk.

This study has provided an exhaustive list of sequence
variations identified in the complete region of the 3’ UTR of
KRAS in multiple NSCLC and EOC cases. Although the list
presents promising candidate biomarkers for cancer risk and
progression, experimental validation is required to understand the
biological role of the individual SNT as well as the combination
of multiple common SNDPs. Investigating the effects of SNDs
on RNA structure may also reveal an additional mechanism by
which SNPs contribute to disease phenotype as suggested by an
earlier study.®® In addition, a larger case-control study will be
required to assess the association between a SNP and cancer risk
or outcome. Any functionally validated variants could serve as a
powerful and beneficial prognostic and diagnostic predictor in
the clinic.

Materials and Methods

Clinical study populations

Lung tissue samples from patients with a diagnosis of NSCLC
were collected following Yale University Human Investigation
Committee approval. Cases were chosen based on the availability
of frozen stored tissue from lung tumor resections from 1994
through 2003 and from recent cases with extra tissue available.
A maximum of 70 NSCLC patients were included in the analysis
fromastudy described previously.?* Thirty-one EOC patients were
drawn from a study described previously.? GYN59, GYN125,
and GYNI51 from the EOC study populations were known to
carry the derived allele at rs61764370%' and were included as
technical positive controls for the high-throughput sequencing.
All patients in the study provided their written informed consent
as approved by Yale University Human Investigation Committee.
Patient data were collected including age, ethnicity, and family
history of cancer.

Reference world population data

Normal population data were collected using DNA from
the anonymous samples that are part of the Kidd collection
of population samples.”” These samples of healthy adults
were collected with informed consent for studies such as this.
SNPs were typed using TagMan assays obtained from Applied
Biosystems using standard protocols. Haplotype estimation
was done using PHASE.?® Additional specifics on all aspects of
the reference populations, data collection, and analyses of the
haplotypes are given in Pelletier et al.?

DNA isolation and direct Sanger sequencing for NSCLC
cases

DNA was isolated from frozen and FFPE lung tissue using
the Dneasy Blood and Tissue kit (Qiagen). Depending on

www.landesbioscience.com

the availability of genomic DNA from tumor samples, 50-70
genomic DNA samples were sequenced. Segments of the KRAS
3" UTR were amplified using Pfu Turbo DNA polymerase
(Stratagene) or Phusion high-fidelity DNA polymerase (NEB)
and DNA primers specific to the sequence (Table S8). PCR
products were purified using the QIAquick PCR purification
kit, 96-PCR purification kit (Qiagen), or at the core sequencing
laboratory at the W.M. Keck Laboratory at Yale University and
sequenced using the same primers. Sequences of the each segment
were aligned to the annotated 3" UTR of the KRAS transcript
variant B from NCBI36/hgl8 refseq (NM_004985.3, chrl2:
25249447-25253995) using the SeqMan program (DNA Star).
Once GRCh37/hgl9 refseq was released, we confirmed that
there were no sequence differences and updated our sequence to
GRCh37/hgl9 refseq (chrl2: 25358180-25362728).

DNA isolation and capture enrichment and high-throughput
sequencing for EOC cases

Germline DNA was isolated from either blood or saliva
of EOC patients using the QiaAmp DNA Kit (Qiagen) or
the Oragene DNA Kit (DNA Genotek), respectively. The
coordinates of the KRAS 3" UTR was identified and submitted to
Roche Diagnostics for custom array design using the 2.1M (2.1M
probes) HX1 NimbleGen sequence capture array. Genomic
DNA was separately sheared to fragments compatible with the
Solexa sequencing system. Next, the individual genomic DNA
was denatured and hybridized to our custom NimbleGen DNA
array carrying sequences complementary to the 3" UTR. Finally,
the captured DNA was eluted and processed through standard
high-throughput sequencing on an Illumina platform at the
core-sequencing laboratory at the W.M. Keck Laboratory at Yale.
Individual samples were run per well of the flow cell along with a
standard positive control using a read length of 74 bp. All samples
were sequenced by paired-end sequencing. The raw sequencing
data have been deposited in the European Nucleotide Archive
(ENA) under accession number PRJEB4945. Individual targeted
sequences were mapped to the reference genome using BWA, and
then BWA mapping results were processed by SAMtools/Maq
to obtain the genotype for the target regions with parameters
-d8-D10000-11e-5-20-41e-7. The sequencing gave about 500x
read depth for each sample with a very low error rate. To increase
the accuracy of SNP calling, we used GATK (http://www.ncbi.
nlm.nih.gov/pubmed?term=20644199) to perform multi-sample
SNP calling after duplicate marking and local realignment.
GATK SNP calling was then compared with SAMtools output.
The overlapping calling set was considered to have higher chance
to be true positive SNPs. Among the SNPs identified as novel
only in SAMrtools, those with allele frequencies less than 0.016
were removed.

Predicting putative miRNA complementary sites

To predict miRNA complementary sites in the 3" UTR of
KRAS, all miRNA complementary sites that are conserved and
have a good mirSVR score from microRNA.org release August
2010, and all conserved miRNA complementary sites from
TargetScan release 6.1%' were combined. In addition, putative
let-7 complementary sites were obtained from 2 previous
publications.”>* Predicted miRNA complementary sites that
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overlapped with Argonaute binding sites were selected as
high-confidence miRNA complementary sites. To search for
Argonaute binding sites in the KRAS gene, sets from AGO 1-4
PAR-CLIP (Hafner 2010),*> AGO2 CLIP-SEQ (Kisher 2011),%
and AGO2 MNASE PAR-CLIP (Kishore 2011)3* were selected
in the doRiNA database.*

Predicting the effects of the derived allele at SNPs on
miRNA complementary sites

As a target sequence, a 49-nucleotide sequence that contained
the alternative alleles at the variable site and surrounding
24-nucleotide sequences from both ends were used. All known
human miRNAs found in miRBase release 18% were screened for
their complementary sites in each given target sequence using the
miRanda algorithm with default command line arguments, -sc
140-go-9-ge-4-en 1 (no energy filtering), as stated in the August
2010 release note.!

Luciferase reporter constructs and luciferase reporter assays

To make a luciferase reporter with the ancestral allele at rs712
and the derived allele at rs9266 (KRAS-rs9266*C), first 657 bp of
the KRAS 3" UTR (NCBI36/hgl8, chrl2: 25253338-25253995)
was amplified from a modified version of pGL3-KRAS wild-
type?® using the forward primer MKI1: 5-CCCGCTCGAG
ATACAATTTG TACTTTTTTC TTAAGGCATA C-3’ and
reverse primer MK2: 5-ATAAGAATGC GGCCGCGGCC
TTATAATAGT TTCCATTGCC TTG-3'". Since the original
pGL3-KRAS wild-type? contained the derived alleles at
rs712 and 159266, the reporter had been previously modified
by reverting the derived allele (the G allele) at rs712 to the
ancestral allele (the T allele) using site-directed mutagenesis

(Stratagene). The amplified product was cloned into psi-
Check2 (Promega) that has been digested with Xhol and
Notl. The luciferase reporter with the derived alleles at rs712
and rs9266 (KRAS-rs712*G/rs9266*C) was generated using
site-directed mutagenesis with the forward primer LCSIR:

5-GAGGAAAAAA AAACCTTCCA CTGTCATTT-3’
and the reverse primer MK59: 5-GGAAGTTTTT
TTTTCCTCGA AGTGCCAGT-3". The luciferase reporters
with the ancestral allele at rs9266 (KRAS-rs712*G and
KRAS-WT) were generated using the forward primer MK73:
5-GTTTGTCATC CCTGATGAAT GTAAAGTTAC-3" and
the reverse primer MK74: 5'-GTAACTTTAC ATTCATCAGG
GATGACAAAC-3'. KRAS-novel 1 was generated using the
forward primer MK102: 5'-GATTACTTCT TATTTTTCTT
ACTAATTGTG AATGTTGGTG TG-3" and the reverse
primer  MK103: 5-CACACCAACA TTCACAATTA
GTAAGAAAAA TAAGAAGTAA TC-3". HeLa cells were
cultured in RPMI (Gibco) with 10% fetal bovine serum (Sigma-
Aldrich) and 1X penicillin/streptomycin (Invitrogen). HeLa
cells were transfected with 5 ng of each luciferase reporter using
Lipofectamine 2000 (Invitrogen) and Opti-MEM (Gibco) for
24 h. Activities of Renilla and Firefly luciferase were measured
using the Dual-Luciferase Reporter Assay System (Promega)
and Wallac Victor 14202 (Perkin Elmer). Two-tailed # tests were
used to measure statistical significance of differences in reporter
expression.

Note Added in Proof

NCBI dbSNP has been updated to dbSNP138. Since our
analysis was done using dbSNP135, we have confirmed that
the SNDPs identified as novel in our study are not in the updated
database and remain novel.
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