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Abstract

Single nucleotide polymorphisms within microRNA (miRNA) binding sites comprise a novel

genre of cancer biomarkers. Since miRNA regulation is dependent on sequence complementarity

between the mRNA transcript and the miRNA, even single nucleotide aberrations can have

significant effects. Over the past few years, many examples of these functional miRNA binding

site SNPs have been identified as cancer biomarkers. While most of the research to date focuses

on associations with cancer risk, more and more studies are linking these SNPs to cancer

prognosis and response to treatment as well. This review summarizes the state of the field and

draws importance to this rapidly expanding area of cancer biomarkers.
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I. INTRODUCTION

Since the development of genomic sequencing, there has been an intense effort to identify

genetic mutations that can help us better predict, diagnose, and treat cancer. The most

frequently identified mutations in the genome are single nucleotide polymorphisms (SNPs),

variations of just one nucleotide. SNPs occur once every several hundred base pairs

throughout the genome.1 Until recently, the predominant focus for cancer causing SNPs has

been limited to nonsynonymous SNPs, those within the protein coding domain that alter the

amino acid sequence and, therefore, the protein structure and function of a gene. The

majority of SNPs, however, do not alter the amino acid sequence. More and more we are

finding that these so-called silent polymorphisms, many of which reside in non-coding

regions of the genome, are actually functional. Importantly, these non-coding regions

include microRNAs and microRNA target sites.

MicroRNAs (miRNAs) are a class of small (18–24 nucleotide) non-coding RNAs that

negatively regulate protein expression by directly binding to mRNA transcripts, typically the

3'-untranslated region (3'-UTR).2 This binding then induces transcript cleavage or
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translational repression depending on the level of complementarity between the miRNA and

mRNA.2 Computational analysis predicts that up to 1000 miRNAs exist within the human

genome and each miRNA can bind to up to 100 different sites.3,4 As a result, miRNAs are

predicted to regulate up to 30% of protein coding genes, and are implicated in almost all

cellular processes.4–6

Since miRNA regulation is dependent on sequence complementarity, it follows that

variation in either the mRNA or miRNA sequence will have significant effects. The most

critical region for complementarity is the seed region (nucleotides 2–7 from the 5'-terminus

of the miRNA).4,7 Aside from the seed region, other criteria have been established that can

enhance miRNA-mediated repression including complementarity at position 8 and the

presence of an adenosine residue opposite the first miRNA nucleotide.8,9 Any

polymorphism that interferes with these critical regions will affect miRNA regulation either

by disrupting or creating a miRNA binding site.10 In fact, miRNA binding site regions are

evolutionarily conserved such that there is a lower SNP density within miRNA binding sites

than in control sites.11 This suggests that there is a negative selective pressure on mutations

in these regions of the genome since they are critical for cellular function and survival.

II. The Search for MiRNA Binding Site SNPs

A large number of algorithms has been developed to identify miRNA targets5,6 as have

programs to identify SNPs that will affect miRNA binding.12,13 The program MiRanda5

takes into account the degree of complementarity and whether the seed sequence resides in

an evolutionarily conserved region. TargetScan4 identifies segments with perfect

complementarity to the seed region. RNA Hybrid14 calculates Gibbs Free Energy to

determine favorable binding interactions between miRNAs and mRNA transcripts. The

strength of binding, or Gibbs Free Energy, for both the wild type and variant alleles can then

be calculated in order to determine if a specific polymorphism will impact miRNA binding.

Once a suspected functional SNP has been recognized, case-control studies identify

associations between the SNP and cancer risk and survival studies identify associations with

outcome or response to treatment. The biological function predicted by in silico analysis can

be verified in vitro using luciferase reporter assays (Figure 1). This can also be done by

quantitating endogenous mRNA transcripts or protein expression within cell lines or tumor

tissue that contain either the wild type or variant allele.

Over the past few years, the search for this new genre of biomarkers has accelerated. SNPs

within miRNA binding sites have been found to be associated with Parkinson's Disease,15

rheumatoid arthritis,16 systemic lupus erythematosus,17 Crohn's Disease,18 and psoriasis,19

among others. Yu et al20 were one of the first groups to investigate cancer-associated SNPs

within miRNA binding sites. They conducted a genome-wide search for SNPs within

putative miRNA binding sites based on seed region complementarity, and then identified

those SNPs with cancer-associated aberrant allele frequencies. They verified this by

sequencing DNA from a cohort of tumor tissue specimens of various cancers compared to

control tissues. Using this method they identified 12 SNPs with aberrant allele frequencies
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in human tumor tissues. Since that time, many more SNPs within miRNA binding sites have

been found to be associated with almost all types of human cancers.

We will review the current research on functional SNPs within miRNA binding sites

identified as cancer biomarkers, starting with one of the first discovered and most

extensively studied SNPs, the KRAS variant.

III. The KRAS Variant

A. The KRAS Variant and Cancer Risk

One of the first discovered miRNAs, let-7, binds to the KRAS 3'-UTR and suppresses

KRAS, inhibiting cell growth.21–23 As such, let-7 acts as a tumor suppressor, and decreased

expression of let-7 has been described in many cancers.24 Chin et al25 conducted the first

study to identify SNPs that could modify let-7 binding using a group of non-small cell lung

cancer (NSCLC) patients. They sequenced all of the let-7 complementary sites (LCSs)

within the KRAS 3'-UTRs of these patients. One SNP (rs61764370) within LCS6, referred

to as the KRAS variant, was found to be disproportionately enriched in NSCLC patients

(present in 18–20%) compared to control populations (only 6%). Chin and colleagues25

further verified the association of the KRAS variant via two case-control studies. In

particular, they found the variant was associated with increased risk for NSCLC among

moderate smokers. The variant was not, however, found to be prognostic as there was no

association with NSCLC survival.26 Furthermore, the presence of this KRAS variant has

been shown to be independent of KRAS coding sequence mutations.27 The variant 'G' allele

(as compared to the wild type 'T' allele) disrupts let-7 binding, and thus prevents KRAS

suppression, leading to higher KRAS levels. It also induces lower let-7 levels via a still

undefined mechanism.25 Studies have suggested that KRAS over-expression, can lead to

induction of Lin-28, a negative regulator of let-7, potentially explaining these

observations.28 (Figure 2)

Ratner et al.29 found that the KRAS variant was also associated with increased risk for

developing epithelial ovarian cancer (EOC). This was consistent between three independent

cohorts and two case-control studies. In particular, the KRAS variant was present in 61% of

patients with a hereditary breast and ovarian cancer (HBOC) history who were previously

genetically uninformative (BRCA1/2 negative), suggesting that the variant may be a new

independent cancer risk biomarker for HBOC families. In a GWAS based cohort study of

sporadic ovarian cancer, Pharoah et al30 did not find a risk of EOC, although their cohort

was very diverse and contained no HBOC cohorts. This example illustrates a recurring issue

with miRNA binding site SNPs: that studies based on different patient populations can lead

to conflicting results. These contradictions likely stem from the fact that the effects of SNPs

within miRNA binding sites depend on the miRNA environment within a cell, or they are

“context dependent”MiRNAs are dynamically regulated in response to stimulants and

stressors, thereby making the impact of these variations all the more complex. Of note, a

recent study by Pilarski et al31 showed that the KRAS variant was particularly enriched

among uninformative (BRCA1/2 negative) patients with personal histories of both breast

and ovarian cancer, further validating the importance of the KRAS variant as a genetic

marker for HBOC families.
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The KRAS variant has also been found to be associated with triple negative breast cancer,

specifically for pre-menopausal women.32 Patients with the KRAS variant have triple

negative tumors with distinct gene expression patterns compared to other triple negative

breast cancer patients, suggesting that such variants may also be a way to subclassify tumors

into biologically relevant subgroups. Another study done by Cerne et al33 on a breast cancer

case control of only post-menopausal patients found that, among postmenopausal women

with a history of hormone replacement therapy, the KRAS variant was associated with

HER2-positive tumors and tumors of higher histopathologic grade. This association can also

be considered prognostic, since both of these characteristics are indicative of worse

prognosis. There have been several instances, thus far, identifying the KRAS variant as a

prognostic or predictive marker, as discussed more below.

B. The KRAS Variant as a Prognostic and Predictive Marker

The first such study showing that the KRAS variant is a prognostic marker was a head and

neck squamous cell carcinoma (HNSCC) case-control study,34 which found that although

the variant was not associated with overall risk for developing HNSCC, it was associated

with significantly reduced survival. This effect was greatest in cases of oral cavity

carcinomas. Another study35 examining the role of the variant and ovarian cancer outcome

found reduced overall survival among postmenopausal women carrying the variant. This

study further showed that ovarian cancer patients were platinum resistant, meaning they did

not respond to platinum chemotherapy, which is the primary agent used to treat ovarian

cancer, and which likely explains the worse outcome. These findings could help explain why

some case controls with longer patient accrual times, such as GWAS based cohorts, may

miss the association of the KRAS variant with cancer risk, as patients with the variant are

more likely to die of their disease before recruitment.

Graziano and colleagues36 studied metastatic colorectal cancer (CRC) patients, some of

whom also harbored KRAS protein-coding mutations, treated with cetuximab and

irinotecan. They found that patients with the KRAS variant had poorer overall and

progression free survival whether or not they were also KRAS mutant (KRAS protein-

coding mutation positive). On the other hand, a follow-up study found that among metastatic

CRC patients without KRAS protein-coding mutations, those with the KRAS variant had

better response to cetuximab monotherapy.37 These two studies suggest that the KRAS

protein-coding mutation status may determine the effects of the KRAS variant on response

to treatment, and the combination of treatment is likely to impact this effect.

When examining the impact of the variant on CRC prognosis, Smits et al.38 found that the

effect appeared to be stage-dependent, possibly reflecting inherent biological differences.

Patients diagnosed with early stage cancer with the KRAS variant, who had no adjuvant

treatment, had improved survival over those without the variant. Furthermore, harboring

KRAS or BRAF protein-coding mutations enhanced this effect. KRAS overexpression due

to the KRAS variant in combination with genetic alterations in genes in the Ras pathway

may induce tumor senescence, explaining this effect. In contrast, a later study39 found that

the KRAS variant was associated with reduced mortality in late stage colon cancer. The

difference in these two results may be explained by the differences in KRAS protein-coding
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mutation frequency. In the second study, there were a higher percentage of KRAS coding

sequence mutations among the later stage cancers than the earlier stage cancers. It may be

that the KRAS variant is protective when coupled with a KRAS protein-coding mutation. In

addition, the population of the first study generally did not receive treatment, in contrast to

the second study. Thus, this could also reflect a possible role for the KRAS variant in

treatment response, for which further studies are needed. All of these conflicting results add

credence to the idea that the effects of miRNA binding SNPs are context dependent.

IV. SNPs in miRNA Binding Sites as Cancer Risk Biomarkers

Most miRNA binding site SNP studies to date have followed the case-control study design,

and so the majority of our knowledge, thus far, centers on cancer risk. Following is a review

of those miRNA binding site SNPs (other than the KRAS variant) that are cancer risk

biomarkers.

A. Breast Cancer Risk

A number of studies have found associations between SNPs in miRNA binding sites and

breast cancer risk. Tchatchou et al40 identified 11 SNPs within predicted miRNA binding

sites located in the 3'-UTRs of genes involved in breast cancer and analyzed their impact in

a case-control study of high-risk familial breast cancer patients. They found that a SNP

within the estrogen receptor α gene (ESR1) disrupted miR-453 binding, and the variant

allele was associated with increased estrogen receptor expression and breast cancer risk.

Nicoloso et al41 used a general approach, first identifying all SNPs within miRNA binding

sites whose variant allele was calculated to affect the minimum free energy, or stability, of

the transcript by at least 8% compared to the wild type allele. They then tested these SNPs

within a breast cancer case-control study and found two SNPs associated with the breast

cancer patients: rs799917 within the BRCA1 coding region whose variant allele strengthens

miR-638 binding and rs334348 within the TGFBR1 3'-UTR whose variant allele strengthens

miR-628-5p binding. The effects of both of these SNPs were validated via luciferase

reporters and by measuring endogenous protein expression. Other studies have identified

SNPs in SET842 associated with increased risk of breast cancer among premenopausal

women, and in ATF143 associated with increased risk of breast or ovarian cancer among

carriers of BRCA2 mutations.

Pelletier et al44 focused on the BRCA1 gene, since BRCA1 coding sequence mutations are

well known to associate with familial breast cancer. They identified the rs8176318 SNP,

whose variant allele is associated with triple negative breast cancer, particularly among

African Americans. Pongsavee et al45 had previously identified this same SNP among a

Thai breast cancer population. Luciferase reporters revealed that the risk allele induced

decreased BRCA1 expression, phenocopying BRCA1 coding sequence mutations.45 This

approach of searching for a miRNA binding SNPs that will have a similar phenotype to a

previously-known protein coding mutation is an effective method for identifying new

functional variants.
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B. Hepatocellular Carcinoma (HCC) Risk

Two insertion/deletion polymorphisms have been associated with HCC risk. Gao et al46

identified rs3783553 in the 3'-UTR of interleukin-1α (IL1A). The variant (deletion) allele

creates new binding sites for both miR-122 and miR-378, suppressing IL1A expression, and

thereby attenuating the anti-tumor immunity of the IL1A cytokine and conferring HCC risk.

Chen et al47 identified a different insertion/deletion polymorphism in the 3'-UTR of β-

transducin repeat-containing protein (βTrCP). The 9 base pair insertion disrupts miR-920

binding and is associated with HCC risk in a Chinese case-control study. It is hypothesized

that the increased βTrCP expression results in translocation of NF-κB to the nucleus where

it activates antiapoptotic genes important for cell survival.

C. Colorectal Cancer (CRC) Risk

Landi et al48 selected SNPs within putative miRNA binding sites of genes known to be

involved in CRC. The eight top ranking candidate SNPs were further evaluated in a CRC

case-control study from the Czech Republic, one of the countries with the highest incidence

of CRC. Two polymorphisms (rs17281995 in CD86 and rs1051690 in INSR) were

associated with increased CRC risk. A second study using a case-control cohort from Spain

found a significant association between the INSR SNP, but only a weak association for the

CD86 SNP.49 Naccarati et al50 searched the 3'-UTRs of genes involved in DNA repair

pathways for SNPs that affect putative miRNA binding sites and also tested them in a Czech

Republic case-control study. They identified SNPs within RPA2 and GTF2H1 associated

with rectal cancer risk in particular. Of note, these SNPs only lie within predicted miRNAs

binding sites. Their biological function has not been validated by in vitro or in vivo studies.

D. Lung Cancer Risk

Xiong et al51 used an in silico approach to identify SNPs within the 3'-UTRs of genes

involved in small-cell lung cancer (SCLC) and investigated their impact on a Chinese SCLC

case-control study. The variant allele of the SNP within the L-MYC gene, MYCL1,

associated with increased risk. Luciferase reporter assays indicated that the variant allele

disrupts miR-1827 binding and suppresses MYCL1 expression. Yang et al52 identified a

different functional polymorphism in the 3'-UTR of the NBS1 gene that was found to be

associated with lung cancer in two independent Chinese case-control studies. The variant or

risk allele was shown to allow for miR-629 binding and suppress NBS1 expression. This

was validated via luciferase reporters as well as endogenous mRNA and protein expression

in tumor tissues. Furthermore, they showed that X-Ray radiation induced more chromatid

breaks in lymphocyte cells carrying the homozygous variant genotype, consistent with

increased cancer risk.

While still the minority, more and more miRNA binding site studies are focusing on cancer

prognosis and response to treatment, as compared to simply cancer risk. Investigators in the

field are realizing this is where the genetic information will have the greatest clinical utility.
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V. SNPs in miRNA Binding Sites as Prognostic Biomarkers

A. Breast and Ovarian Cancer Prognosis

Brendle et al53 were the first to identify a miRNA binding SNP as a breast cancer prognostic

biomarker. The SNP, within the 3'-UTR of integrin beta-4 (ITGB4), lies within a putative

miR-34a binding site. The variant allele is associated with poor survival and aggressive

tumor characteristics, including lymph node metastasis, high grade and high stage. Zhang et

al54 identified another prognostic SNP within the ryanodine receptor 3 (RYR3), a calcium

channel necessary for breast cancer cell growth, morphology, migration, and adhesion. That

variant allele disrupts miR-367 binding and is associated with poor progression free

survival.

Wynendaele et al55 identified rs34091 within the 3'-UTR of the MDM4 gene, which creates

a putative binding site for miR-191. The variant allele suppresses MDM4 expression and is

associated with delayed ovarian cancer progression and decreased tumor-related death. It is

suspected that overexpression of MDM4 promotes tumorigenesis by decreasing p53

function, and therefore suppressed MDM4 is protective.

B. Hepatocellular Carcinoma Prognosis

Guo et al56 identified the first SNP associated with HCC outcome. They found that carriers

of the variant allele in the SET8 3'-UTR had dramatically improved survival.

Immunostaining of patient tissues revealed that those patients harboring the variant allele

had decreased SET8 protein levels, consistent with their perfect seed region

complementarity for miR-502. Depletion of SET8 activates the proapoptotic and checkpoint

functions of p53, inducing a protective effect. This is the same SNP that Song et al42

identified as conferring increased risk of breast cancer, and was one of initial cancer

associated SNPs discovered by Yu et al20, further supporting its significance.

C. Bladder Cancer Prognosis

Luo et al57 identified the first prognostic miRNA binding SNP for bladder cancer in the 3'-

UTR of the HOXB5 gene associated with risk of high grade and high stage bladder cancer.

HOXB5 is over-expressed in bladder cancer tissues and promotes cell proliferation and

migration in bladder cancer cells. The SNP lies within a miR-7 binding site and luciferase

reporters showed that the variant allele disrupts miR-7 binding leading to increased HOXB5

expression. This was confirmed by mRNA levels in bladder cancer tissues and cell lines

with and without the variant allele.

VI. SNPs in miRNA Binding Sites as Predictive Biomarkers

A. Bladder Cancer and Response to Radiotherapy

Teo et al58 identified the first miRNA binding site SNP associated with radiotherapy

outcomes. They started out by searching common SNPs within the 3'-UTRs of 20 DNA

repair genes with the hypothesis that SNPs influencing DNA repair capacity may influence

cancer risk and radiotherapy sensitivity. The seven candidate SNPs which showed the

greatest allele specific differential for miRNA binding were tested in a cohort of muscle-
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invasive bladder cancer cases treated with radical radiotherapy. Carriers of the variant allele

of a SNP in RAD51 had improved 5-year cancer-specific survival in the radiotherapy-

treated group. It is predicted that miR-197 binds more strongly to the variant allele, reducing

RAD51 expression and the tumor's ability to repair DNA damage and resist radiotherapy.

B. Prostate Cancer and Response to Androgen Deprivation Therapy (ADT)

Bao et al59 showed that miRNA binding site SNPs have the potential to predict response to

therapy in prostate cancer. They evaluated SNPs within miRNA binding sites within a

cohort of advanced prostate cancer patients treated with androgen deprivation therapy

(ADT). They identified SNPs significantly associated with disease progression (KIF3C,

CDON, IFI30), prostate cancer specific mortality (KIF3C, PALLD, GABRA1), and all

cause mortality (SYT9). They also found that patients with a greater number of unfavorable

genotypes had a shorter time to progression and worse prostate cancer specific survival. This

demonstrated that the use of combined, in addition to individual, genotypes may strengthen

the clinical utility of such SNPs.

C. Response to Methotrexate and Cisplatin

In an early study, Mishra et al60 identified a SNP within the 3'-UTR of dihydrofolate

reductase (DHFR) that interferes with miR-24 binding. The resulting DHFR over-expression

induces methotrexate resistance. This was the first instance of a miRNA binding SNP

predicting response to chemotherapy. More recently, Wu et al61 identified a cisplatin

sensitivity marker. The SNP in the 3'-UTR of AP-2α, disrupts a miR-200b/200c/429 family

binding site, leading to increased levels of AP-2αwhich is known to enhance cisplatin-

induced apoptosis. They found that the variant allele induced sensitivity to cisplatin using

clonogenic assays. Neither of these SNPs, however, have been tested in patient populations.

VI. CONCLUSION

Over the past five years, there has been a rapid expansion in the search for SNPs within

miRNA binding sites, a novel genre of cancer biomarkers. We have seen that these SNPs

can play significant roles in carcinogenesis, prognosis and response to treatment. To date,

most research has identified biomarkers of cancer risk via case-control study designs. The

ability to identify those individuals most at risk to develop cancer is invaluable, particularly

among members of high-risk families, as it allows us to take early preventative action.

However, the greatest clinical application will likely lie with prognostic and predictive

biomarkers, and this is the direction the field is moving. It is here that we will use this vast

amount of genetic information to make better clinical decisions and more effectively treat

individual patients.

Coding the sequence of tumor acquired mutations that are already known to affect prognosis

and response to therapy provides a starting point to identify miRNA binding SNPs that may

have similar intracellular effects and clinical results. Currently, patients harboring these

variants are only tested for the known coding sequence mutations and are therefore

misidentified, potentially receiving inferior treatments. Perhaps the most efficient and

effective method of identifying clinically-useful SNPs will be to identify those SNPs that
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affect response to a particular type of treatment, such as those studies on methotrexate and

cisplatin response.

That being said, we have seen that even small differences in cellular environments can

significantly influence the effects of miRNA binding site SNPs, and so flushing out the best

treatment for the patients that harbor them is more complex. The miRNA environment is

dynamically regulated, responding to stressors and stimulants within a cell, as well as

external factors. As such, miRNA binding site SNPs are not fixed mutations, they are

dependent on the miRNAs expressed. The impact of these SNPs is complex and it will not

be clarified by studies of large populations, such as with GWAS cohorts, but instead by

clinically well characterized populations, such as those found in clinical trials. Once we

figure out how to harness this new genre of genetic information, it has great potential to

provide us with better insight into tumor biology, and ultimately to help us to better treat

cancer patients, leading to improvements in survival.
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Abbreviations

3'-UTR 3'-untranslated region

ADT androgen-deprivation therapy

CRC colorectal cancer

EOC epithelial ovarian cancer

DHFR dihydrofolate reductase

HBOC hereditary breast and ovarian cancer

HER2 human epidermal growth factor receptor 2

HNSCC head and neck squamous cell carcinoma

miRNA microRNA

NSCLC non-small cell lung cancer

RNA ribonucleic acid

SCLC small cell lung cancer

SNP single nucleotide polymorphism
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FIGURE 1. Schematic of the luciferase reporter assay
(a) The 3'-UTR of the gene of interest is cloned downstream of the Renilla luciferase gene.

Therefore, the effect of a SNP in the 3'-UTR will be observed via Renilla luciferase

expression, as measured by a luminometer. The Firefly luciferase gene, which allows for

normalization, can either be present in the same reporter construct (as pictured) or co-

transfected with the reporter construct. The suspected miRNA or a negative control miRNA

may also be co-transfected to test the specificity of the binding miRNA. (b) If the variant

allele disrupts a miRNA binding site such that the miRNA can no longer suppress Renilla

luciferase expression, the variant construct will have a higher luciferase value than the WT

construct. (c) If the variant allele creates a novel miRNA binding site, Renilla luciferase

expression will be suppressed by the binding miRNA.
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FIGURE 2. The KRAS Variant and Tumorigenesis
The SNP rs61764370 is located within the 3'-UTR of KRAS in the binding site of the

miRNA let-7. The variant allele (G) disrupts let-7 binding to the mRNA transcript and

prevents let-7 mediated suppression, resulting in increased KRAS protein expression. By a

still undefined mechanism, the variant allele is also associated with decreased let-7 levels.25

It is hypothesized that KRAS may induce Lin-28, a negative regulator of let-7. Both

increased KRAS and decreased let-7 are associated with tumorigenesis. Let-7 is involved in

a feedback loop such that low let-7 induces IL-6 expression, which activates the

transcription factor STAT3, leading to tumorigenesis.27
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