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Abstract

Background: Low penetrance genetic variants, primarily single nucleotide polymorph-

isms, have substantial influence on colorectal cancer (CRC) susceptibility. Most CRCs

develop from colorectal adenomas (CRA). Here we report the first comprehensive field

synopsis that catalogues all genetic association studies on CRA, with a parallel online

database [http://www.chs.med.ed.ac.uk/CRAgene/].

Methods: We performed a systematic review, reviewing 9750 titles, and then extracted

data from 130 publications reporting on 181 polymorphisms in 74 genes. We conducted

meta-analyses to derive summary effect estimates for 37 polymorphisms in 26 genes.

We applied the Venice criteria and Bayesian False Discovery Probability (BFDP) to assess

the levels of the credibility of associations.

Results: We considered the association with the rs6983267 variant at 8q24 as ‘highly cred-

ible’, reaching genome-wide statistical significance in at least one meta-analysis model. We

identified ‘less credible’ associations (higher heterogeneity, lower statistical power, BFDP >

0.02) with a further four variants of four independent genes: MTHFR c.677C>T p.A222V
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(rs1801133), TP53 c.215C>G p.R72P (rs1042522), NQO1 c.559C>T p.P187S (rs1800566), and

NAT1 alleles imputed as fast acetylator genotypes. For the remaining 32 variants of 22

genes for which positive associations with CRA risk have been previously reported, the

meta-analyses revealed no credible evidence to support these as true associations.

Conclusions: The limited number of credible associations between low penetrance

genetic variants and CRA reflects the lower volume of evidence and associated lack of

statistical power to detect associations of the magnitude typically observed for genetic

variants and chronic diseases. The CRA gene database provides context for CRA genetic

association data and will help inform future research directions.

INTRODUCTION

Colorectal cancer (CRC) constitutes a major public health

challenge, with over 1.3 million cases estimated to have

been newly diagnosed in 2012, and almost 700 000 deaths

from the disease.1 Most CRCs develop from preneoplastic

asymptomatic lesions known as adenomatous polyps. The

malignant potential of colorectal adenomas (CRAs)

depends on their size, histological characteristics, degree of

dysplasia and multiplicity.2 In addition, serrated lesions,

particularly sessile serrated adenomas/polyps (SSA/P), pre-

viously thought not to have malignant potential, are also

associated with an increased risk of CRC.3

Several risk factors have been reported to be associated

with risk of developing CRAs. These include an increased

risk associated with cigarette smoking,4 alcohol consump-

tion5 and obesity6–9 and a decreased risk associated with

regular aspirin intake.10–12 Improving our understanding

of these adenoma risk factors may help inform the develop-

ment of new strategies for the prevention of CRC.13

Although the majority of CRCs arise sporadically, the

disease has a clear genetic component as shown by segrega-

tion of highly penetrant mutations in genes such as APC in

families affected by the familial adenomatous polyposis

(FAP) syndrome, and mutations in DNA mismatch repair

Key Messages

What is already known about this subject?

• Most colorectal cancers (CRC) develop from preneoplastic asymptomatic lesions known as colorectal adenomas (CRA).

• A recent original study found that eight common SNPs associated with CRC, identified through genome-wide associ-

ation studies (GWAS), also increase the risk of CRA.

• We have previously summarized the associations between common genetic variants and CRC in a field synopsis of

genetic association and GWAS, but the genetic basis of CRA is less well documented.

What are the new findings?

• We present here the first synthesis of all published genetic association data for CRAs and the results of meta-

analyses to summarize risk estimates.

• Five variants out of 37 meta-analysed SNPs (approximately 14%) are likely to be associated with CRA.

• For the 32 variants of 22 genes for which positive associations with CRA risk have been previously reported, the

meta-analyses revealed no credible evidence to support these as true associations.

How might it impact on clinical practice in the foreseeable future?

• The identification of genetic variants for which there is robust evidence of influence on CRA risk may provide new

insights into the fundamental biological mechanisms involved in early CRC development.

• Improving our understanding of CRA risk factors may help inform the development of improved strategies for pre-

vention of CRC.

• Findings from this study should help focus further clinical research on understanding the role of gene-gene and

gene-environment interactions in the development of colorectal neoplasia.
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genes (MLH1, MSH2, MSH6 and PMS2) in families

affected by Lynch syndrome (Hereditary Non Polyposis

Colorectal Cancer—HNPCC).14 However, whereas highly

penetrant mutations account for less than 10% of CRC sus-

ceptibility, an expanding number of low penetrance genetic

variants have been increasingly recognized to influence the

risk of colorectal neoplasia. We summarized the contribution

of these alleles in a field synopsis of genetic association and

genome-wide association studies (GWAS) in CRC.15 The

genetic basis of CRA is less well documented. The risk of

colorectal neoplasia in first-degree relatives of a patient with

adenomas [relative risk (RR) for advanced adenoma 1.68,

95% confidence interval (CI) 1.29-2.18] compared with con-

trols16,17 is reported to be of a similar magnitude to the risk

of CRC in first-degree relatives of patients with CRC.18,19 In

addition, a recent study investigated whether CRC single nu-

cleotide polymorphisms (SNPs) identified through GWAS

also increased the CRA risk, and found that 8 of 18 known

CRC-associated SNPs (rs10936599, rs6983267,

rs10795668, rs3802842, rs4444235, rs1957636, rs4939827

and rs961253) were over-represented in CRC-free patients

with adenomas, compared with controls.20

The main objective of the present study was to identify

and interpret associations between common genetic vari-

ants and CRA risk. The identification of genetic variants

for which there is robust evidence of influence on CRA risk

may provide new insights into the fundamental biological

mechanisms involved in early CRC development and help

to inform future research. Further, identification of CRA

risk-associated variants may also show utility in contribu-

ting to future risk scores for accurate population risk strati-

fication, which could be of potential value in targeting

primary prevention and CRC screening modalities. We

have previously undertaken a comprehensive review of

genetic factors associated with CRC using published guide-

lines for the assessment of cumulative evidence on genetic

association studies21,22 following a format similar to pub-

lished overview meta-analyses23–25 and utilizing an infer-

ence framework to aid transparent and objective

interpretation of data.26 We now report the results of a

similar exercise for CRA. This represents the first attempt

to synthesize all published genetic association data for

CRAs and conduct meta-analyses to summarize risk esti-

mates. The search strategy and the results of meta-analyses

are publicly available on a regularly updated internet data-

base (CRAgene; http://www.chs.med.ed.ac.uk/CRAgene/).

METHODS

Literature search and data collection

We undertook a comprehensive systematic review of pub-

lished data on genetics and colorectal polyps using the

Medline database via the Ovid gateway. The search strat-

egy is shown in Supplementary Box 1 (available as

Supplementary data at IJE online). We cross-checked these

findings against those listed in the HuGENet

phenopedia
TM

. Review articles and meta-analyses on gen-

etic associations of colorectal polyps were also considered

so that the references they used could be screened for eligi-

bility, in case they had been missed in the Medline search.

The abstracts and if necessary the full texts were screened

for eligibility using the following inclusion and exclusion

criteria. The paper must have evaluated the association

between a polymorphic genetic variant (one with a MAF

� 0.01 in the general population based on the data on the

reference panel of the 1000 Genomes; Table 1) and spor-

adic colorectal polyps. Papers studying only CRCs were

not included. All studies needed to relate to human partici-

pants. Case-control, cohort and GWA studies were

included. The study had to be published in English (one

Chinese and one Spanish study were also included) in a

peer-reviewed journal before 31 March 2014. Any research

that had only been reported in abstracts, eg presented in

scientific conferences but not yet fully published, was

excluded and 14 family-based studies were also excluded.

A list with all variants to be summarized using meta-

analysis was generated. A second list with all variants with

two or more studies was compared with a list of variants

that were included in two GWAS (CORGI and APC27). If

a variant was found to be included in either of these

GWAS, then genotype counts were included in the meta-

analysis of this variant. Descriptions of the CORGI and

APC GWAS are presented in Supplementary Box 2 (avail-

able as Supplementary data at IJE online).

Data entry, management and abstraction

Once the search was completed, the references of the

papers in the search were entered into a web-based data-

base, ‘RefWorks’ [http://www.refworks.com/]. Data from

all studies that met final inclusion and exclusion criteria

were abstracted into two standardized tables

(Supplementary Table 1, available as Supplementary data

at IJE online). We abstracted key variables with regard to

the study identifiers and context, study design and limita-

tions, intervention specifics (such as whether the cases

were ascertained as a result of CRC screening) and out-

come details (type of polyp and information on size, hist-

ology, dysplasia and multiplicity, if recorded).

Statistical analysis

Statistical analysis was conducted in R, 3.1.0.28 Meta-

analysis was performed for all variants with case-control
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data available from three or more independent samples.

The reference allele for each SNP was selected according to

what was reported in the original studies. If there was any

conflict between studies we referred to the Single

Nucleotide Polymorphism database of NCBI (dbSNP) and

checked the results from the 1000-Genome project, which

presents the reference allele for each SNP for different

populations. We then selected the most frequent allele as

the reference allele. We obtained summary crude odds

ratios (ORs) and 95% confidence intervals (95% CI)

for two genotypic models (var/wt vs wt/wt and var/var vs

wt/wt), one recessive (var/var vs var/wt and wt/wt) and

one dominant model (var/var and var/wt vs wt/wt). We

applied either the fixed effect model (Mantel-Haenszel

method) or, in case of heterogeneity the random effect

model (DerSimonian-Laird method). Between-study het-

erogeneity was quantified by calculating the Q statistic

with a P-value less than 0.10 being the threshold. We also

calculated the I2 heterogeneity metric and its 95% CI.

Although in some cases we summarized studies that were

very heterogeneous, it is recognized that, due to the vari-

ation in study methods and outcome definitions, the meta-

estimates should be interpreted cautiously. To assess for

any small-study effects, we performed funnel plot analysis

and tested for significance using the Harbord modification

of the Egger test. A negative result for small-study effects

testing does not entirely exclude publication bias. In add-

ition, the test for small-study effects may be underpowered

with � 10 or less studies and may be inappropriate in the

presence of large heterogeneity.29 We also estimated the

power that each meta-analysis had in order to detect a stat-

istical significant effect, using the Power and Sample Size

Programme30 and based on a level of significance a¼0.05

and the effect sizes and allele frequencies estimated from

the meta-analyses (integral component of the Bayesian

False Discovery Probability [BFDP] analysis). Finally, we

tested whether any of the examined SNPs were in linkage

disequilibrium by using the SNP Annotation and Proxy

Search (SNAP) tool from the Broad Institute.31

The sibling relative risk attributable to a given SNP was

calculated using the following formula 32,33:

k� ¼ p pr2 þ qr1ð Þ2 þ q pr1 þ qð Þ2

p2r2 þ 2pqr1 þ q2ð Þ2

where p is the population frequency of the referent allele,

q¼ 1� p, and r1 and r2 are the relative risks [estimated as

odds ratios (ORs) from the meta-analyses] for heterozy-

gotes and variant homozygotes, relative to wild type (wt)

homozygotes. Assuming a multiplicative interaction, we

calculated the proportion of the familial risk attributable

to an SNP as log(k*)/log(k0), where k0 is the overallT
a
b
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familial relative risk estimated from epidemiological studies,

assumed to be 1.7.34 Finally, when information on polyp

type was available, we repeated the analysis for CRA only.

Credibility of genetic association

In assessing the credibility of genetic associations, we con-

sidered the BFDP 35 and the Venice criteria.21,22 The BFDP

assesses the noteworthiness of an observed association and

was estimated using the Excel Calculation Spreadsheet

[http://faculty.washington.edu/jonno/cv.html]. The BFDP

threshold for noteworthiness was set up to be equal to

0.20, based on the assumption that a false discovery would

be four times more costly than a false non-discovery. We

chose to calculate BFDP values for two levels of prior

probabilities: at a medium/low prior level (0.05-10-3) that

would be close to what would be expected for a candidate

gene, and at a very low prior level (10-4 to 10-6) that would

be close to what would be expected for a random SNP. For

the volume of evidence, replication and protection against

bias Venice criteria, we used the same strategy as in the

CRC field synopsis.15 With regard to the Venice criteria,

we operationalized the criterion of volume of evidence on

the basis of statistical power to detect an association of the

desired magnitude: A, 80% or more; B, 50–79%; or C, less

than 50%. For replication, we used the I2 criterion pro-

posed by Ioannidis et al.21: A, I2 < 25%; B, I2 25–50%; C,

I2 > 50%. For protection against bias, we considered that

the completeness of reporting was problematic. The

phenotype definition was addressed by our inclusion criter-

ion—namely, that case subjects would have colorectal pol-

yps or adenomas, in the latter instance histologically

confirmed. In general, genotyping error rates are low,36

and the criterion of replication across studies in part ad-

dressed potential concern about variation in genotyping

quality between studies. Whereas population stratification

may impact on gene discovery,37,38 the effect on the magni-

tude of association in general appears to be small.39,40

A priori, we sought to classify the genetic associations into

one of three categories according to the findings of the

BFDP analysis and the application of the Venice criteria.

First, associations were to be classified as of ‘high credibil-

ity’ if they fulfilled the following criteria: (i) they were

statistically significant at a P-value level of 0.05 in at least

two of the genetic models; (ii) they had a BFDP less than

0.20 at least at the P-value level of 0.05; (iii) they had a

statistical power greater than 80%; and (iv) they had an I2

less than 50%. Second, a ‘less-credible’ association was:

(i) statistically significant at a P-value threshold of 0.05 in

at least one of the genetic models; but (ii) its BFDP was

greater than 0.20; and (iii) its statistical power was 50–79%

(I2 ranged from 0% to 48% for this category, but this

criterion was not taken into account for this category).

Third, all other associations were classified as negative.

RESULTS

Study characteristics

After screening 9750 titles and abstracts, 1750 publica-

tions were identified as potentially eligible, of which

130 articles met the inclusion criteria. Data were extracted

from these 130 articles, reporting on 181 polymorphisms

in 74 genes (Supplementary Table 2). The 130 articles

related to 84 independent studies; 29 (35%) of these stud-

ies were published in the period 1995–2004, 42 (50%) in

2005–09 and 13 (15%) since 2010. Of the 84 independent

studies, 49 (58%) were population-based, 30 (36%) hos-

pital-based studies and for 5 (6%) this was unclear.

Overall 67 (80%) studies related to populations of

European origin, 7 (8%) Asian, 1 (1%) Mexican, 2 (2%)

African and 5 (6%) related to more than one of these

groups; in two studies, the population was not specified. In

almost all studies, the polyps were confirmed histologi-

cally. In 9 (11%) the data on adenomas and hyperplastic

polyps were reported separately but this was not done in

the other studies. More information on the characteristics

of these studies is presented in the CRAgene database.

Meta-analysis results

Separate meta-analysis was undertaken for variants for

which data were available from at least three case-control

studies. Thus, meta-analyses are reported for 37 poly-

morphisms in 26 different genes, with a mean of 3501

cases [median¼ 2911; interquartile range (IQR)¼ 4092-

2347¼ 1745] and 5982 controls (median¼ 4373;

IQR¼ 6927-3514¼ 3413) for each variant. Individual

meta-analysis was based on a mean of 6 case-control stud-

ies (median¼ 4; IQR¼ 6�4¼ 2; Table 1). In addition, un-

published data from APC trial for 23 SNPs and from

CORGI for 18 SNPs, were included in these analyses.

Overall summary results including crude odd ratios (ORs),

their 95% confidence interval (95% CI) and P-value along

with measures of heterogeneity (I2, 95% confidence inter-

val and P-value of the Q test) are presented in Tables 2

and 3. Table 2 shows the results of the meta-analyses based

on two genotypic models (variant/ wild type vs wild type/

wild type and variant/variant vs wild type/wild type); and

Table 3 presents the results of meta-analyses based on the

recessive model (variant/variant vs wild type/wild type and

wild type/variant) and the dominant model (wild type/vari-

ant and variant/variant vs wild type/wild type). Individual

study results and the overall summary results, (OR; 95%
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CI) for each variant and each model are shown in forest

plots in Supplementary Figures 1–37 (available as

Supplementary data at IJE online). Funnel plots and the re-

sults of the associated Egger test for possible small-study

effects for each gene are displayed in Supplementary

Figures 38–74 (available as Supplementary data at IJE on-

line). The results of two additional assessments of the cred-

ibility of genetic associations, the Venice criteria21,22 and

BFDP,35 are shown in Supplementary Table 3 (available as

Supplementary data at IJE online). None of the examined

variants was in high linkage disequilibrium (LD) with one

other (r2> 0.8). The majority of the r2 values were less

than 0.4 and the highest reported r2 value (0.62) was be-

tween the TGFB1 c.-1347T>C (rs1800469) and the

TGFB1 c.74G>C p.Arg25Pro (rs1800471) variants.

Strong heterogeneity (I2 > 50%) among studies was

observed for six variants, namely BHMT c.716G>A

p.Arg239Gln (rs3733890), CRP c.*1082G>A (rs1205),

SLC19A1 c.80G>A p.His27Arg (rs1051266), TGFB1

c.29C>T p.Pro10Leu (rs1982073), XPD c.2251A>C

p.Lys751Gln (rs13181) and XRCC1 c.1196A>G

p.Arg399Gln (rs25487).

We considered the association with the rs6983267 vari-

ant at 8q24.21 as ‘highly credible’, reaching genome-wide

statistical significance in at least one meta-analysis model.

We also identified four other variants in four genes—

MTHFR c.677C>T p.A222V (rs1801133), NAT1 (geno-

types containing the NAT1*10 allele associated with high

NAT1 enzymatic activity, thus representing the fast acety-

lator phenotype),41,42 NQO1 c.559C>T p.Pro187Ser

(rs1800566), and TP53 c.215C>G p.Arg72Pro

(rs1042522) as ‘less credible’, since they were significant in

at least one model with statistical power between 50% and

79% and the BFDP was greater than 0.2. These results are

based on 2135 to 11 362 cases with median of 3559 cases

per study; the range for number of controls is 3143 to

23 006 with median of 5967 controls per study. Thus,

five variants out of 37 meta-analysed SNPs (approximately

14%) are likely to be associated with CRA (Tables 2

and 3).

DISCUSSION

To the best of our knowledge, this study represents the first

systematic overview of genetic association data for CRA.

We systematically analysed data on 37 variants of 26 inde-

pendent genes. Of the 37 variants analysed, genotypes data

had been reported in at least three studies for 23 SNPs. For

the remaining 14 SNPs, genotype data were reported in

two studies and additional data were obtained from one

GWAS for seven variants and two GWAS for the other

seven variants.

We compared the results of CRA and CRC field synop-

ses for the two genotypic models (var/wt vs wt/wt and var/

var vs wt/wt) (Table 4). The strength of evidence of genetic

risk factors associated with the occurrence of CRA seems

substantially lower compared with CRC, generally because

the volume of evidence is lower (Table 4). The CRA meta-

analyses included a median of 2911 cases and 4373 con-

trols originating from six studies, compared with the CRC

meta-analyses which included a median of 5281 cases and

6484 controls originating from eight studies.15 Five SNP

variants previously linked with CRC risk or already known

gene targets involved in cancer pathways were found to be

associated with CRA risk with ‘high or low credibility’.

The rs69832687 variant, mapped to the 8q24.21 locus

previously identified in CRC GWAS, was classified as

‘highly credible’, with moderate heterogeneity. By compar-

ing 3559 case patients and 9586 control individuals from

eight studies, a positive association between the heterozy-

gosity and homozygosity for the G allele of rs69832687

and CRA risk was observed, in all examined models. This

finding parallels the highly credible association observed

for this variant in our previous meta-analyses in CRC.15

The chromosome region 8q24.21 is recognized as a poten-

tial susceptibility locus for various cancers.43,44 This locus

is a gene desert region but harbours a number of suscepti-

bility SNPs spanning about 800 kb. The nearest protein-

coding gene in this region is the MYC proto-oncogene

(the rs6983267 SNP mapped 335 kb downstream),45,46 a

target gene of Wnt signalling, a pathway constitutively

activated in early development of most CRCs.47 Although

the causative mechanisms conferring the rs69832687 SNP

increased cancer risk remain to be fully elucidated, the re-

gion harbouring this variant has been shown to contain

elements enhancer of the transcription factor 7-like 2

(TCF7L2) and to have physical interaction with the MYC

proto-oncogene in an allele-specific manner.46 Therefore,

the rs69832687 variant is thought to participate directly in

CRC pathogenesis through enhancement of responsiveness

of an important component of Wnt signalling.45,46,48 The

recent discovery that CCAT2, a long non-coding RNA

transcript encompassing the rs6983267 SNP, up-regulates

MYC through TCF7L2-mediated transcription, thus acti-

vating Wnt signalling, supports the involvement of the

rs6983267 G risk allele in CRC pathogenesis.49

An intensively investigated SNP variant, c.677C>T

p.Ala222Val (rs1801133) in the gene encoding the

MTHFR (5,10-methylenetetrahydrofolate reductase) en-

zyme known to play a key role in one carbon metabol-

ism,50,51 showed ‘less credible’ evidence for association

with CRA risk. By comparing 11 362 case patients and

23 006 control individuals from 24 studies including the

unpublished data from the APC and CORGI trials, we
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observed an inverse association between the MTHFR

c.677C>T p.Ala22Val (rs1801133) variant and CRA risk

in both the dominant and the genotypic models (var/wt vs

wt/wt and var/var vs wt/wt). The observed association be-

tween the MTHFR c.677C>T p.Ala22Val (rs1801133)

variant and CRA risk is in line with our previous findings

in CRC15 (Table 4). However, the evidence for association

with CRC was ‘highly credible’, probably due in large part

to the much larger sample size (52 studies providing data

on more than 27 000 cases and 40 000 controls).

Both homozygosity and heterozygosity for the

c.677C>T p.Ala22Val (rs1801133) variant lead to the syn-

thesis of a thermolabile MTHFR enzyme with depressed

activity, hence affecting the biological level and distribu-

tion of folate.50,51 Accumulating evidence suggests inter-

actions between the MTHFR c.677C>T p.Ala22Val

(rs1801133) variant and dietary factors in modulating the

risk of colorectal neoplasia. In particular, the MTHFR

677TT genotype appears to be protective for individuals

with adequate folate status but, under conditions of

impaired folate status, the homozygous TT genotype is

reported to result in increased CRC risk.52,53 However,

whereas higher folate intake and blood folate levels have

been repeatedly inversely correlated with CRC risk, the

role of the MTHFR c.677C>T p.Ala22Val (rs1801133)

variant and folate on CRA risk still controversial.54–56

Experimental studies in conjunction with epidemiological

investigations indicate that folate may have a dose- and

time-dependent effect on development of colorectal neo-

plasia.57–59 Thus, low levels of folate may have an inhibi-

tory effect, whereas folic acid fortification could promote

the progression of established colorectal neoplastic

lesions.57–59 Currently there is no conclusive evidence sup-

porting the use of folate supplementation as a chemopre-

ventive measure for colorectal neoplasia. As our findings

extend and confirm earlier studies on the impact of the

MTHFR c.677C>T p.Ala22Val (rs1801133) variant on

colorectal neoplasia risk,60 we suggest that a well-designed

large epidemiological study to investigate gene-gene and

gene-environment interaction would help to clarify the role

of the MTHFR c.677C>T variant and folate in the patho-

genesis of colorectal neoplasia.

Our meta-analyses revealed a ‘less credible’ association

between CRA risk and the c.215C>G p.Arg72Pro

(rs1042522) variant of TP53 gene. Based on three studies

aggregating data on 2135 cases and 3738 controls, includ-

ing unpublished data from the APC trial, this SNP showed

a positive association in both genotypic (var/wt vs wt/wt)

and dominant models with little heterogeneity. The tu-

mour suppressor gene TP53 encodes for a transcription

factor identified as a master regulator of various signalling

pathways controlling critical cellular processes, and the

gene is generally referred to as the guardian of the gen-

ome.61,62 TP53 gene alteration is a hallmark of various

human diseases, and its role in human neoplasia is

unequivocal since somatic mutations in TP53 occur in ap-

proximately 50% of human cancers.63 Although both

structural forms of the p53 p.Arg72Pro protein show no

abnormalities in their DNA binding activities, there is con-

vincing evidence for biochemical and functional differences

between them, possibly underlying differential susceptibil-

ity to various cancers.64,65 The protein associated with the

Arg variant has been reported to induce apoptosis more

efficiently than the Pro variant, and both variant forms

have also been shown to differ in their vulnerability to deg-

radation by the human papilloma virus E6 protein.64,65

Consideration of the influence of the c.215C>G

p.Arg72Pro (rs1042522) variant on colorectal neoplasia

risk has been primarily focused on CRC rather than CRA.

The results relating to CRC have been inconsistent, with a

positive association with the Pro72 allele variant having

been reported in both population-based and hospital-based

studies from different ethnic groups,66–72 and a positive as-

sociation with the Arg72 variant in two studies,73,74

although others did not detect any association.75–77

Indeed, due to a small sample size and limited relevant

studies with adequate design, our previous systematic

meta-analysis did not suggest any credible association be-

tween the c.215C>G p.Arg72Pro variant and CRC risk15

(Table 4). This finding was in line with a previous meta-

analysis conducted by Dahabreh et al. including 23 studies

published before 2009.78 Since the TP53 Pro72 variant is

reported to induce the cell cycle more efficiently than the

TP53 Arg72 variant, but with lower potential to trigger

apoptosis,64 the observed association between the Pro72

allele variant and CRA risk could suggest that TP53-

induced apoptosis could be critical during early CRC

development.

Our meta-analyses also found ‘less credible’ evidence of

association between CRA risk and the SNP rs1800566

known as c.559C>T p.Pro187Ser variant of the NQO1

(NADP(H): quinine oxidoreductase 1) gene. With accumu-

lated data from 4097 cases and 5967 controls from six

studies, we identified a positive association for the NQO1

c.559C>T p.Pro187Ser (rs1800566) variant in both the

dominant and genotypic models (var/wt vs wt/wt and var/

var vs wt/wt) without heterogeneity. The enzyme encoded

by the NQO1 gene plays a pivotal role in detoxification of

various mutagenic and carcinogenic compounds such as

quinones derived from diet or tobacco smoke.79 In add-

ition, NQO1 protein prevents generation of free radicals

and reactive oxygen species, thereby protecting cells from

oxidative damage.79 The c.559C>T p.Pro187Ser

(rs1800566) variant is reported to decrease NQO1 protein
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enzymatic activity, and so has been suggested to increase

metabolic activation of pro-carcinogenic compounds.80

The impact of the NQO1 c.559C>T p.Pro187Ser

(rs1800566) variant on colorectal neoplasia risk has been

previously investigated in a several case-control studies,

but the results have so far remained inconclusive.81–84 In a

previous meta-analysis, both the NQO1 c.559C>T and

TT genotype showed modest increased risks for CRC in

populations of European origin, whereas an inverse associ-

ation was reported in Asians.85 However, in our systematic

meta-analyses of CRC no credible association with the

NQO1 c.559C>T p.Pro187Ser (rs1800566) variant was

identified15 (Table 4), based on a similar volume of evi-

dence. Interestingly, interactions between NQO1

c.559C>T p.Pro187Ser (rs1800566) variant and tobacco

and alcohol have been recently reported both in CRA and

in CRC.86,84

Polycyclic aromatic hydrocarbons (PAHs), heterocyclic

amines (HAs) and arylamines (AA) are known potential

carcinogenic compounds found in tobacco smoke, cooked

and processed meat, petroleum products, coal and vehicle

emissions.87,90 The metabolism of these compounds is

complex and involves activation and detoxiffcation steps

catalyzed by several polymorphic enzymes, including the

arylamine N-acetyltransferase enzymes (NAT1 and

NAT2).88 Polymorphic variants of these genes have been

reported to decrease the stability and activity of the

encoded enzymes and thus modify the association between

environmental exposure such as cigarette smoking, cooked

and processed meat consumption and colorectal neopla-

sia.89 In this study we found a less credible association

with CRA risk for the NAT1 genotypes representing the

fast acetylator phenotype (genotypes containing the

NAT1*10 allele associated with high NAT1 enzymatic ac-

tivity).41,42 We observed a positive association for the

genotypic model (var/var vs wt/wt) in accumulated data on

2347 cases and 3143 controls from five studies, without

heterogeneity. Although there have been some controver-

sies among previous studies assessing the role of NAT1 on

colorectal neoplasia risk, the NAT1 fast acetylator pheno-

type has been associated with adenoma and CRC in vari-

ous studies, where some of these also reported interaction

with meat and smoking.89–92 The association between

NAT1 genotypes associated with a rapid acetylator pheno-

type and CRA risk observed in the present study contrasts

with the lack of association for CRC in our previous meta-

analysis15 (Table 4), for which there was at least double

the volume of evidence.

Our meta-analyses did not find any credible evidence

for association for the other 33 variants previously re-

ported to be associated with CRA risk. With regard to

these variants, meta-analyses included a minimum of 1011

cases and 1329 controls but there was low statistical power

to detect any significant association for any of the three

models of inheritance considered in this study [genotypic

(var/wt vs wt/wt and var/var vs wt/wt), recessive and dom-

inant models]. Further epidemiological investigations with

bigger sample size and adequate design could be helpful in

addressing the impacts of these variants on CRA risk.

The potential limitations of this study include mainly

the relatively small sample size that could have contributed

to the lack of sufficient statistical power to detect any asso-

ciation that may genuinely exist for some variants. In add-

ition, for six variants for which strong heterogeneity

between studies was observed, one could hypothesize dif-

ferent risk estimates arising due to ethnic variations.

However, because of lack of sufficient information on eth-

nicity, inadequate sample size and methodological differ-

ences between studies, we were unable to conduct

population stratification analyses to address this issue.

This study was also limited to the main effect of SNP vari-

ations on the overall risk of CRA, and we were unable to

undertake subpopulation analysis taking into account dif-

ferent types of polyps (conventional adenomatous polyps

vs hyperplastic polyps including serrated polyps) or differ-

ent colon localization. Furthermore, some studies used hos-

pital-based rather than population-based controls,

resulting in potentially different vulnerabilities to selection

bias. We conducted population-based and hospital-based

stratification analyses for the MTHFR c.677C>T

p.Ala222Val (rs1801133) variant. Results were similar for

population- and hospital-based studies and also similar to

the whole sample analysis [var/wt vs var/var OR (95% CI):

whole sample: 0.95 (0.90 –1.00); hospital-based: 0.95

(0.87 –1.03); population-based: 0.95 (0.89 –1.01)]. We

could not do this stratification analysis for any other

variant due to the lack of information or inadequate sam-

ple size.

Different studies included in our analyses also investi-

gated gene-gene and gene-environment interaction, and

significant interactions were reported for several variants.

The overall risk estimates for some variants, including

those for which our meta-analyses found no credible evi-

dence for association with CRA, could be affected by

potential gene-gene or gene-environment interactions.

Nevertheless, compared with the main effects of low pene-

trance genetic variations on the CRA risk, very much larger

sample sizes are still required to investigate gene-gene and

gene-environment interactions adequately.

In conclusion, the number of common genetic variants

likely to be associated with CRA is much less than that

observed for CRC. Among the 74 candidate susceptibility

genes for CRA investigated so far, our findings suggest

‘high credibility’ of association with the rs6983267 variant
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at 8q24.21, and ‘less credible’ evidence of association with

a further four variants, namely, MTHFR c.677C>T

p.Ala222Val (rs1801133), TP53 c.215C>G p.Arg72Pro

(rs1042522), NQO1 c.559C>T p.Pro187Ser (rs1800566)

and NAT1 genotypes associated with the fast acetylator

phenotype. For some of these SNPs, interactions with en-

vironmental factors have been suggested, with the evidence

for the MTHFR c.677C>T p.Ala222Val (rs1801133)

being the most documented. Large-scale molecular epi-

demiological studies, designed to investigate the role of

these variants, in combination with established colorectal

neoplasia risk factors, will characterize the exact relation-

ships between these SNPs and CRA susceptibility. Thus,

the present findings should help focus further research on

understanding the role of gene-gene and gene-environment

interactions for identified genetic variants and CRA risk.

This will allow identification of true causative factors asso-

ciated with CRA occurrence and provide opportunities for

improved surveillance and prevention strategies for CRC.
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