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Summary

Background—We previously identified a functional variant in a /et-7microRNA (miRNA)
complementary site in the 3”-untranslated region of the KRAS oncogene (rs61764370) which is
associated with cancer. We aimed to investigate the association of this KRAS variant with breast
cancer and tumour biology.

Methods—We assessed frequency distributions of the KRAS variant in 415 patients with
histologically confirmed breast cancer and 457 controls from Connecticut, USA (study group 1)
and association of this variant with breast-cancer subtypes in 690 Irish women with known
oestrogen receptor (ER), progesterone receptor (PR), and HER2 statuses, and 360 controls (study
group 2). We pooled data for study groups 1 and 2 with a cohort of 140 women with triple-
negative breast cancer and 113 controls to assess the association of the KRAS variant with triple-
negative breast cancer risk, and genome-wide mRNA and specific miRNA expression in patients
with triple-negative breast cancer.

Correspondence to: Dr Joanne Weidhaas, Department of Therapeutic Radiology, Yale University, New Haven, CT 06880, USA
joanne.weidhaas@yale.edu.

Authors contributed equally
Contributors TP participated in study design, experimentation, writing, preparation of figures, and statistical analysis. HH
participated in study design, experimentation, and writing. RL did the analysis of mMRNA and microRNA expression. FKK did
statistical analysis. AHof did experiments and statistical analysis. AHol did data analysis. JD, KG, CP, and SN did experiments.
JWMM was involved in sample collection and writing. MJH provided data and participated in writing the report. MK participated
clinically in sample provision and edited the manuscript. DZ provided statistical analysis. YZ provided samples, experiments, and
statistical analysis. DT participated in mRNA expression analysis and edited the manuscript. LH supplied samples and edited the
manuscript. NM supervised experimental work and manuscript editing. FS assisted in study design and writing. JW designed the
study, and participated in analysis, writing, and oversight of the project.
Conflicts of interest FS and JW have patented intellectual property surrounding the KRAS variant through Yale University (New
Haven, CT, USA), and founded a company that has licensed this intellectual property from Yale University. All other authors declared
no conflicts of interest.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Paranjape et al. Page 2

Findings—Although frequency distributions of the KRAS variant in study group 1 did not differ
between all genotyped individuals, eight (33%) of 24 premenopausal women with ER/PR-negative
cancer had the KRAS variant, compared with 27 (13%) of 201 premenopausal controls (p=0-015).
In study group 2, the KRAS variant was significantly enriched in women with triple-negative
breast cancer (19 [21%] of 90 cases) compared with 64 (13%) of 478 for luminal A, 13 (15%) of
87 for luminal B, and two (6%) of 35 for HER2-positive subgroups (p=0-044). Multivariate
analysis in the pooled study groups showed that the KRAS variant was associated with triple-
negative breast cancer in premenopausal women (odds ratio 2:307, 95% CI 1.261-4-219,
p=0-0067). Gene-expression analysis of triple-negative breast-cancer tumours suggested that
KRAS-variant positive tumours have significantly altered gene expression, and are enriched for
the luminal progenitor and BRCA1 deficiency signatures. miRNA analysis suggested reduced
levels of /et-7miRNA species in KRAS-variant tumours.

Interpretation—The KRAS variant might be a genetic marker for development of triple-
negative breast cancer in premenopausal women, and altered gene and miRNA expression
signatures should enable molecular and biological stratification of patients with this subgroup of
breast cancer.

Funding—US National Institutes of Health.

Introduction

The heterogeneity of breast cancer is shown in the variable risk factors, treatment responses,
and outcomes of patients. Breast tumours are classified into oestrogen-receptor (ER)
positive and/or progesterone-receptor (PR) positive, HERZ (ERBBZ2) amplified, and triple-
negative tumours (ie, ER/PR negative and HER2 negative).! Gene expression and receptor
profiling further classifies breast cancer into four biological subgroups: luminal A (ER and/
or PR receptor positive, HER2 negative), luminal B (ER and/or PR receptor positive, HER2
positive), HER2 positive (ER/PR negative, HER?2 positive), and basal-like tumours (triple-
negative breast cancer).

Triple-negative breast cancer is the most aggressive subgroup, with the poorest cause-
specific survival at 5 years.2 Transcriptional profiling studies suggest there is further
heterogeneity within triple-negative breast cancers and these tumours can be categorised into
two broad subgroups: triple-negative tumours that express epidermal growth factor receptor
(EGFR) or cytokeratin (CK) 5/6 and are therefore termed basal-like, and triple-negative
tumours that do not express EGFR or CK5/6. Basal-like triple-negative tumours are marked
by a younger age of onset than are non-basal-like forms and low expression of BRCAI; the
basal-like phenotype is common in carriers of the BRCAI mutation.3 An aberrant luminal
progenitor cell population (that might be ER positive) could be the target for transformation
in BRCA1-associated basal tumours.* Although prognostic gene-expression markers are
highly divergent, several modules such as DNA repair deficiency, signatures of immune
response, or transition from epithelium to mesenchyme are commonly noted in a subset of
these tumours.® Identification of the drivers of these transcriptional modules is a promising
approach for discovery of specific and personalised therapies.

Association of the triple-negative breast cancer phenotype with young age of onset and an
absence of association with known risks or reproductive factors® supports the notion that
there are genetic risks for development of this cancer.” Unfortunately, few genetic markers
of such increased risk exist. Although BRCAI mutations are often associated with triple-
negative tumours, these mutations are rare and account for only 10-15% of patients with
triple-negative breast cancer, dependent on ethnic background and family history.8:°
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MicroRNAs (miRNAS) are a novel class of small non-coding RNAs that regulate gene
expression by base pairing with sequences within the 3’-untranslated region (UTR), 5'-
UTR, and coding sequence regions of target mMRNAs, causing mRNA cleavage or
translational repression.1%11 miRNAs are misregulated in every cancer studied so far
including breast cancer, in which certain miRNA changes (specifically reduced /et-7) are
found in breast tumour-initiating cells, suggesting that low /et-7expression allows self-
renewal and proliferation of these cells? and probably increases risk of breast cancer.

Because miRNAs are global gene regulators, inherited variations in miRNASs are associated
with increased cancer risk. Evidence is accumulating that polymorphisms disrupting miRNA
coding sequences®® or 3’-UTR miRNA binding sites are strong predictors of cancer risk,
including breast cancer.1415> However, none of the previously identified miRNA-altering
polymorphisms has been associated with triple-negative breast cancer, or with altered gene
or miRNA expression in tumours.

We previously identified a novel germline polymorphism (rs61764370) in a let-7 miRNA
complementary site within the 3’-UTR of the KRAS oncogene, which is referred to here as
the KRAS variant. We showed that the KRAS variant is associated with low concentrations
of /et-7in tumours and altered KRAS regulation in lung cancer.16 Other groups reported that
the KRAS variant predicts poor cancer specific outcome in head and neck cancerl’ and
altered drug response in colon cancer,18:19 suggesting that this variant has biological
relevance. Recently we showed that the KRAS variant is enriched in ovarian cancer and is
most frequently associated with patients from families with hereditary breast and ovarian
cancer.20 On the basis of this evidence, we aimed to assess the role of the KRAS variant in
breast-cancer risk and tumour biology.

Study populations

In this case-control study and genetic analysis, we assessed data from four cohorts (figure
1). To assess frequency distributions of the KRAS-variant genotype, we assessed individuals
from the Yale Breast Cancer Study (study group 1), who were enrolled in a breast cancer
case-control study in Connecticut, USA; the study was approved by the Yale institutional
review board as previously described.1 Briefly, patients were aged 30-80 years and had
incident, histologically confirmed breast cancer and no history of cancer (other than non-
melanoma skin cancer). ER and PR statuses were established for all cases but HER2 statuses
were not known and not obtainable. Controls were recruited either from Yale-New Haven
Hospital (New Haven, CT, USA) or Tolland County, CT, USA. Controls from the Yale—
New Haven Hospital underwent breast-related surgery for histologically confirmed benign
breast diseases. Controls from Tolland County were identified either through random-digit
dialling (for individuals aged <65 years) or through the Health Care Finance Administration
files (=65 years). Informed consent and data for family histories of cancer, reproductive
history, demographic factors, and blood sample were obtained from all participants. 415
cases and 457 controls had DNA samples available for this study, which were obtained
between 1990 and 1999.

To define the association of the KRAS variant with receptor status and breast cancer
subtype, we assessed a cohort of 690 Irish women diagnosed with breast cancer with
complete receptor status and subtype classification. Patients from this cohort (study group 2)
had histologically confirmed breast cancer and were recruited from the west of Ireland after
appropriate ethical approval from the Galway University Hospital (Galway, Ireland) ethics
committee. Informed consent and a detailed family history of breast cancer or ovarian
cancer, and a blood sample were obtained from all cases. We included 710 cases of breast
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cancer of all stages and histological types, apart from preinvasive carcinomas. ER, PR, and
HER?2 statuses were established for all samples by use of standard histopathological analysis
and immuno histochemistry, and confirmed by fluorescence in-situ hybridisation for HERZ2
positivity. Although gene-expression analysis was not done, these samples were classified as
luminal A, luminal B, HER2, or triple-negative breast cancer by receptor status (see
webappendix p 1). 690 of 710 patients had complete information and were assessed in this
study. The 360 controls in this cohort were healthy women from the same geographical area,
and were mainly older than 60 years, with no selfreported personal history of any cancer and
no family history of breast cancer or ovarian cancer. Cases and controls were mainly
recruited from July, 2006, to July, 2010.

To establish whether the KRAS variant predicted an increased risk of development of triple-
negative breast cancer, we did a pooled analysis of a cohort of patients with triple-negative
breast cancer and controls from Yale (study group 3) and patients with triple-negative breast
cancer and controls from study group 2 and controls from study group 1. Patients in study
group 3 were receiving treatment either at Yale—New Haven Hospital or at the Bridgeport
Hospital (Bridgeport, CT, USA). After approval by the Yale Human Investigation
Committee, tissue or saliva specimens were obtained from 156 patients. Complete data were
available for 140 patients who were diagnosed in 1990-2007 and were included in this
study. 130 cases of triple-negative breast cancer had samples of tumour available before any
treatment for gene and miRNA-expression analysis, 78 of whom were also genotyped for
the KRAS variant. 113 controls in this cohort were healthy women who presented to the
Yale-New Haven Hospital and who had no personal history of cancer apart from non-
melanoma skin cancer and were recruited between 2000 and 2007. We obtained clinical
information, age, ethnic origin, and family history for all cases and controls. Webappendix p
2 summarises basic information for the aforementioned three cohorts.

To assess association of the KRAS variant with BRCA mutations in ER-negative tumours,
we analysed BRCAI-mutation carriers with breast cancer and known KRAS-variant status
from our previous study of the Rotterdam population. The Rotterdam population has been
described?! but, briefly, consisted of Dutch patients with breast cancer and documented
BRCAI mutations who were identified by investigators at the Erasmus University through
the Rotterdam Family Clinic (Rotterdam, Netherlands).

For KRAS-variant genotyping assays, we genotyped DNA from all samples for the KRAS
variant with a custom TagMan SNP genotyping assay (Applied Biosystems, Carlsbad, CA,
USA). On the basis of a previous study,® we regarded samples that were heterozygous or
homozygous for the variant G allele as positive for the KRAS variant.

For gene-expression analysis, we measured genome-wide mRNA expression in 78 patients
from the Yale triple-negative cohort who were also tested for the KRAS variant. We isolated
total RNA from tissue specimen with the RecoverAll total nucleic acid isolation kit (Applied
Biosystems) and hybridised to the whole-genome DASL assay (HumanRef-8 version 3.0,
Illumina, San Diego, CA, USA). Data preprocessing and statistical analysis were done with
the lumi package in Bioconductor/R software. Gene-expression data from three whole-
genome DASL runs were combined and processed together. Samples with less than 30%
detectable probes and probes that were detectable in less than 10% of the samples were
discarded before quantile-normalisation. 74 samples and 18345 probes remained after
filtering.
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For miRNA analysis, we produced arrays with the Multiplex RT and TagMan low density
array human miRNA panel-real-time PCR system (Applied Biosystems) as per the
manufacturer’s protocol.22 We examined expression levels of miRNAs of interest.

Statistical analysis

Genotype distributions of all cases and controls were tested for Hardy-Weinberg equilibrium
and were found to be in equilibrium. We did unconditional logistic regression to estimate the
relative risk associated with every genotype. Controls were adjusted for age (continuous)
and ethnic origin (white, black, Hispanic, or other). The population was stratified by
menopausal status (estimated by age <51 years or >51 years), and separate risk estimates
were obtained by ER and PR statuses with multinomial logistic regression with a three-level
outcome variable coded as O for controls, 1 for cases with ER-positive and/or PR-positive
tumours, and 2 for ER/PR-negative tumours. We did tests for interaction with a Wald x 2,
comparing the parameter estimates obtained for every genotype in cases of ER-positive and/
or PR-positive disease compared with ER/PR-negative disease.

Patients in study group 2 were stratified according to subtypes of breast cancer and a XZ test
was done with GraphPad Prism4 software to calculate p values, odds ratios (ORs), and 95%
Cl. The dominant model was used for all genetic association analysis because of the low
frequency of the KRAS variant.

We compared categorical variables (eg, ethnic origin, stage, and study site) between study
groups with a Xz test or two-sided Fisher’s exact test, and continuous variables (eg, age)
with a ftest. We calculated ORs and 95% CI for the KRAS variant in controls and cases of
triple-negative breast cancer with an unconditional logistic regression model with a binary
outcome variable. Multivariate logistic regression analyses with a binary outcome variable
coded as controls and cases included variables such as KRAS-variant status, age, ethnic
origin, and study site. The population was also stratified by age group, and separate logistic
regression analyses were done for patients aged 51 years or younger (premenopausal group)
or older than 51 years (postmenopausal group). Statistical analyses were done with SAS
version 9.1.3.

Pathway activation was measured as correspondence with previously published expression
signatures and axes derived from principal component analysis of the expression set.
Principal component analysis was used to separate biological from technical sources of
information in the gene-expression dataset. Every component was characterised by
correspondence to RNA quality, the structure of a batch effect, and biological annotations of
the contributing probes (ie, probes with expression profiles that have high absolute
projection values for the specified component). Signatures of gene expression are provided
as lists of genes and their changes in expression in a specific condition. Such signatures are
especially valuable for noisy data because they require coordinated differential expression of
multiple probes, typically in the order of 100. Because mMRNA was extracted from formalin-
fixed, paraffin-embedded (FFPE) blocks that were up to 20 years old, analysis of the data set
with a signature approach was justified.23 We calculated signature scores as Pearson
correlation between the respective signature vector of gene contributions and a sample’s
expression profile for these genes. Association of the KRAS variant with the outcomes
described by the respective signature was analysed by a paired Kolmogorov-Smirnov test
between signatures scores of KRAS variant and wild-type samples. Differential gene
expression was assessed with a linear model, taking into account technical batch artifacts as
an offset. Model fitting and empirical Bayesian error moderation of the fold changes were
performed with the LIMMA package for R.24
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We analysed miRNA expression in eight batches of 46 miRNAs and two endogenous
controls. miRNA expression was normalised on the basis of the geometric mean of all
expressed samples: a miRNA was judged to have been expressed if threshold fluorescence
was detected after fewer than 35 cycles and when the geometric mean cycle number of all
expressed miRNAs was subtracted. miRNAs that were not expressed in more than two
thirds of all samples were removed, followed by scale-normalisation in all remaining
threshold-cycle values.

Role of the funding source

Results

There was no funding source for this study. The corresponding author had full access to all
the data in the study and had final responsibility for the decision to submit for publication.

Overall, frequency distributions of the KRAS-variant genotype did not differ between cases
and controls who were genotyped from study group 1 (figure 1, table 1). However, the
KRAS variant was significantly associated with breast cancer in premenopausal patients
with ER/PR-negative tumours (table 1). This association was not observed for
postmenopausal women. Eight (33%) of 24 premenopausal women with ER/PR-negative
cancer had the KRAS variant, compared with 27 (13%) of 201 controls and four (9%) of 44
premenopausal women with cancer that was positive for ER and/or PR (webappendix p 10).
Thus, the KRAS variant might be a genetic marker of increased risk of development of
receptor-negative breast cancer for premenopausal women.

In study group 2, 478 women had luminal A breast cancer, 87 had luminal B disease, 90 had
triple-negative disease, and 35 had HER2-positive disease. 98 (14%) of 690 breast-cancer
cases from this cohort had the KRAS variant, but prevalence varied between the breast
cancer subtypes: the KRAS variant was significantly enriched in women with triple-negative
breast cancer (19 [21%] of 90 cases) compared with 64 (13%) of 478 for luminal A, 13
(15%) of 87 for luminal B, and two (6%) of 35 for HER2-positive subgroups (p=0-044;
figure 2). This association with triple-negative breast cancer was also noted in women
younger than 51 years (p=0-033, figure 2).

By comparison of cases of triple-negative breast cancer from groups 2 and 3 and controls
across all three cohorts (n=1160), we did not note a significant difference between cases or
between controls for the prevalence of the KRAS variant (webappendix p 3). However, there
were significantly more non-white women in the controls from study groups 1 and 3 than
there were in the study group 2, which allowed assessment of the association of the KRAS
variant in non-white women with triple-negative breast cancer in the multivariate analysis.
After controlling for age, ethnic origin, and study site, the KRAS variant did not predict an
increased risk of development of triple-negative breast cancer for all women in multivariate
analysis (table 2, webappendix p 4). However, the KRAS variant was associated with a
significantly increased risk of development of triple-negative breast cancer in the 361
premenopausal women in this pooled group in multivariate analysis (table 2, webappendix

pp 5-6).

Because BRCA1 coding sequence mutations are associated with risk of triple-negative
breast cancer, and because we noted an apparent enrichment of the KRAS variant in BRCAI
mutation-carriers with breast cancer,?! we aimed to establish whether the association of the
KRAS variant with premenopausal triple-negative breast cancer was due only to its
association with carriers of BRCAI mutation. Of 36 women with triple-negative breast
cancer from cohort 2 and 3 who were BRCA tested, 25 (69%) were BRCA negative and 11
(31%) were BRCA positive. Of these patients, eight (32%) BRCA-negative women
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harboured the KRAS variant compared with three (27%) women who were BRCA positive.
These findings suggest that the KRAS variant is associated with an independent group of
patients with triple-negative breast cancer without BRCA mutations.

Although we did not note an association between KRAS-variant status and ER or PR
negative statuses in the Rotterdam population cohort,21:23 we had not considered
menopausal status. In this study, we did not note an enrichment of the KRAS variant in 126
premenopausal BRCAZ-mutation carriers who had ER/PR-negative breast cancer compared
with all 268 BRCA1-mutation-carriers from the Rotterdam cohort (21-8% vs23-5%,
p=0-95). These findings again support the notion that association of the KRAS variant with
premenopausal triple-negative breast cancer is independent of its association with BRCA1
mutations.

However, to further assess potential biological interaction between the KRAS variant and
altered BRCA1 expression in triple-negative disease, we appraised BRCAI expression
levels in 74 triple-negative tumours from study group 3 (figure 1). We noted that those
patients with the KRAS variant had significantly reduced BRCAI expression compared with
KRAS-variant-negative triple-negative tumours (p=0-06 for probe 1 [ILMN_2311089] and
p=0-01 for probe 2 [ILMN_1738027], figure 3). Furthermore, the KRAS variant was
significantly associated with a gene expression signature of decreased BRCA1 activity
(p=0-04).2% These findings suggest that, although the KRAS variant is not restricted to
patients with triple-negative breast cancer with known BRCAI mutations, there might be
some biological interaction between the KRAS variant, altered BRCA1 expression or
functionality, and development of triple-negative breast cancer.

We compared signalling pathways in triple-negative breast-cancer tumours that were
KRAS-variant positive with those that were KRAS-variant negative from patients in study
group 3. Although analysis of KRAS mRNA did not vary by KRASvariant status, this
finding agrees with the other publications about the effect of miRNA binding to the KRAS
3’-UTR.16:26 However, we noted an increase in both an NRAS mutation?” and a MAP-
kinase activation signature?8 (table 3) in tumours with the KRAS variant. This supports the
notion that the KRAS variant alters gene expression of canonical RAS pathways, and is to
our knowledge the first in-vivo evidence that the KRAS variant leads to continued altered
downstream gene expression in tumours with which it is associated.

Because we had previously noted altered concentrations of /ez-7miRNA in lung tumours
with the KRAS variant, we examined /et-7 concentrations in triple-negative breast cancer
tumours with the KRAS variant. Consistent with our previous findings, we noted lower
concentrations of all /et-7miRNA family members in KRASvariant-associated tumours
(figure 4).

To establish how the KRAS variant integrates with known gene-expression signatures of
triple-negative breast cancer, we assessed known signatures that are differentially expressed
in such tumours. We found that KRAS-variant tumours have several features of triple-
negative and basal-like tumour biology, including decreased oestrogen signalling in a main
component derived from our expression set (p=0-04). Furthermore, KRAS-variant tumours
have a luminal progenitor signature (p=0-04), which has been suggested* as a candidate
progenitor for basal-like breast cancer (table 3, webappendix p 11). Within the luminal
progenitor and the BRCA mutation-like signatures, markers of cell adhesion, tissue
invasion, proliferation, and angiogenesis (such as a5 integrin, DUSP6, and aurora kinase B)
were differentially regulated (webappendix p 7). This finding is in agreement with the slight
enrichment by functional annotations that we noted in three of 41 genes for wound healing
(p=0:02), three of 151 genes for glycan expression (p=0-05), and four of 148 genes for MEK
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activation (p=0-009) on the basis of the differentially expressed genes in a linear model
comparing KRAS variant versus non-variant for the dataset (figure 5, webappendix pp 8-9).

Discussion

Our data suggest that a germline polymorphism in the KRAS3'-UTR (the KRAS variant) is
a genetic marker of increased risk of development of triple-negative breast cancer in
premenopausal women. Because study group 1 was small and only assessed patients with
known ER and PR statuses, we validated this association in larger case-control groups with
full receptor status. Most importantly, we show that patients with triple-negative breast
cancer who have the KRAS variant have tumours with distinct gene-expression patterns
compared with patients without this variant, suggesting that the mutation might drive
specific pathways that influence tumour biology and could modify tumour development.
The KRAS variant could ultimately be of value in subclassifying tumours into meaningful
biological subgroups to both predict prognosis and help to direct treatment in the future

(panel).

The finding of reduced /et-7concentrations in triple-negative breast cancer tumours that are
associated with the KRAS variant, as has been reported in lung cancer, is notable. Studies
suggest that KRAS overexpression, through NFxB, can lead to induction of L/N-28 (a
negative regulator of /et-7) and lowering of /et-7expression.2%-31 These conclusions suggest
a potential mechanism whereby /et-7is lowered in premalignant tissue and, ultimately,
tumours associated with the KRAS variant. Furthermore, /et-7regulates proliferation of
breast-like stem cells,12 and low /et-7concentrations could allow expansion of this group of
cells, potentially increasing breast-cancer risk in women with the KRAS variant. The
association we noted of the KRAS variant with triple-negative breast cancer risk only in
premenopausal women suggests a meaningful interaction between the KRAS variant and
hormonal exposure. Such associations and potential mechanisms need additional validation
in large cohorts and tumour-initiation models.

Although more than half of breast tumours that carriers of the BRCAI mutation develop are
triple-negative subtype,32 BRCAI mutations are rare and thus only account for about 10—
15% of all cases of triple-negative disease.8:? Up to 23% of premenopausal patients with
triple-negative breast cancer have the KRAS variant, without an apparent significant
enrichment in BRCA mutation carriers in these cohorts or in young ER/PR-negative
BRCAI-mutation carriers.23 However, the KRAS variant is associated with a BRCA1
mutation-like gene-expression signature, supporting the notion that there might be increased
oncogenic risk in the presence of the KRAS variant and high KRAS expression and low
BRCA1 expression, either through mutation or other mechanisms.

We previously showed the KRAS variant affects the regulation of KRAS expression in
vitro, promoting high KRAS concentrations.16 The KRAS oncogene is an important
upstream mediator of the MAPK pathway, and its overexpression can lead to increased
activation of the RAF/MEK/MAPK pathway, thereby promoting tumorigenesis. We showed
here that patients with the KRAS variant and triple-negative breast cancer show activation of
the MAPK pathway (table 3). Oh and colleagues3? reported that hyperactivation of MAPK
in breast cancer cells decreases ERa expression leading to a negative phenotype, which is in
agreement with our finding that the KRAS variant is associated with even lower oestrogen
signalling in these histologically ER-negative tumours. MAPK activation has been
implicated in oestrogen-independent tumour growth and insensitivity to anti-oestrogen
treatment,3* and might be a mechanism by which the KRAS variant drives the development
of triple-negative breast cancer more than other breast cancer subtypes. The role of the
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KRAS variant in tumorigenesis and its specific association with triple-negative breast cancer
remains to be delineated.

The KRAS variant is a biomarker of poor outcome in several cancers, including head and
neck cancer,1” and is a biomarker of poor response to targeted therapies in colon cancer.18
Our finding that patients with the KRAS variant and triple-negative breast cancer have a
luminal progenitor signature and differential expression of angiogenic and metastatic
markers within the signature suggests that tumours harbouring the KRAS variant might be
an aggressive subgroup of this cancer. Follow-up studies will be necessary to establish the
effect of the KRAS variant on outcome in patients with triple-negative breast cancer and
patients with breast cancer in general.

Our study suggests that the KRAS variant is associated with tumours that maintain unique
gene-expression patterns. Although investigations remain to be done to establish the
mechanisms of development of triple-negative breast cancer in women who are KRAS
variant positive, our findings give insight into crucial steps and pathways required for
transformation and tumour development in these women. We believe our results are
meaningful steps towards understanding of the mechanisms of gain of function miRNA-
disrupting polymorphisms in cancer biology, which seem to be distinct in function from
previously discovered genetic markers of cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel: Research in context
Systematic review

Examination of inherited variants in microRNAs (miRNA) and miRNA binding sites that
predict cancer risk is a new and rapidly growing area of research. However, the effect of
these miRNA disrupting variants on tumour biology has not been assessed. Because other
investigators have shown the potential of the KRAS variant to act as a biomarker of poor
outcome or poor response to targeted chemotherapy agents, we postulated that this
altered biology may be noted in gene and miRNA differences in tumours. Our aim was to
understand if miRNA disrupting variants, such as the KRAS variant, could both be
associated with tumour risk and tumour biology as notable in differences in gene and
miRNA expression.

Interpretation

Our study shows that altered tumour gene-expression patterns can be partly accounted for
by inherited variants that disrupt miRNAs binding sites. This finding could explain how
such variants can act as biomarkers of cancer outcome and response to therapy, and
suggests that such variants might be a simple way to subclassify tumours into
biologically relevant subgroups. Our conclusions provide evidence that baseline genetic
differences between patients can predict genetic differences in their tumours, which is an
exciting direction of study in oncology.
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Figure 1. Study groups
TNBC-=triple-negative breast cancer. ER=o0estrogen receptor. PR=progesterone receptor.

Lancet Oncol. Author manuscript; available in PMC 2012 November 04.



Paranjape et al.

Page 14
A B
304 b Y
12/45
25 '
g 19/90
g 20
: /87 33/219
o 13,
£ 15+ 64/478 E
£
£ 10
g 235
5
0 T 1
Luminal A~ Luminal B Triple HER2+ Luminal A Luminal B Triple HER2+
(13-4%)  (149%)  negative  (57%) (151%)  (132%)  negative
(21-1%) (26:7%)

Figure 2. Distribution of the KRAS variant in breast-cancer subtypes in all women (A) and
premenopausal (<51 years) women (B) from study group 2

Data are numbers of cases diagnosed with breast-cancer subtype/numbers of patients tested

for the KRAS variant. *p=0-044 versus all other subtypes. Tp=0-033 versus all other
subtypes.
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Figure 3. BRCAL gene expression among the KRAS-variant positive and KRAS-variant negative
cases of triple-negative breast cancer
Y-axes are in arbitrary units. (A) BRCA1 probe 1, p=0.06. (B) BRCAI probe 2, p=0-01.
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variant negative cases of triple-negative breast cancer
Y-axes are in arbitrary units.
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Figure 5. Heat map of KRAS variant differentially expressed genes in patients with triple-

negative breast cancer, analysed by LIMMA model

The 50 most significant genes were used for the clustering; p<0-0001 for clustering. KRAS-
variant samples are dark green, wild-type samples are light green. White have unknown

KRAS-variant status.
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Table 2

Association of the KRAS-variant in 230 patients with triple-negative breast cancer compared with 930
controls from pooled analysis of study groups 1-3

Odds ratio (95% Cl)  p value

All ages
Univariate analysis
KRAS variant 1.162 (0-797-1-694) 0-4363
Multivariate analysis
KRAS variant 1.352 (0-901-2-028) 0-1455
Age 0-913 (0-942-0-967)  <0-0001
Ethnic origin 2:536 (2:784-5-999)  <0-0001

Premenopausal women

Univariate analysis

KRAS variant 1.879 (1-067-3-310) 0-029
Multivariate analysis

KRAS variant 2:307 (1-261-4-219) 0-0067

Age 0-913 (0-871-0-956)  0-0001

Ethnic origin 2:536 (1.582-4-067) 0-0001

Age, ethnic origin, menopausal status, and study site were adjusted in a logistic regression model. G/G phenotype occurs in less than 5% of cases
and controls and was combined with the G/T phenotype.
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Table 3

Association of the KRAS-variant with pathway signatures in tumours of patients with triple-negative breast
cancer and positive KRAS-variant status

Signature expression Kolmogo\r/(;\llimirnov p
NRAS Upregulated 0-02
BRCA mutant-like ~ Upregulated 0-04
Luminal progenitor ~ Upregulated 0-04
MAPK (Creighton)  Upregulated 0-06
PCA oestrogen Downregulated 0-04

Signature scores were computed as Pearson correlation between the signature vector of gene contributions and each sample’s expression profile for
these genes. The Kolmogorov-Smirnov test was used to analyse the association of the KRAS-variant with signature activation.
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