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A B S T R A C T

Werner syndrome (WS) is a heritable autosomal recessive human disorder characterized by the premature onset

of several age-associated pathologies including cancer. The protein defective in WS patients, WRN, is encoded by

a member of the human RECQ gene family that contains both a DNA exonuclease and a helicase domain. WRN

has been shown to participate in several DNA metabolic pathways including DNA replication, recombination and

repair, as well as telomere maintenance and transcription modulation. Here we review base pair-level genetic

variation that has been documented in WRN, with an emphasis on non-synonymous coding single nucleotide

polymorphisms (SNPs) and their associations with anthropomorphic features, longevity and disease risk. These

associations have been challenging to identify, as many reported WRN SNP associations appear to be further

conditioned upon ethnic, age, gender or other environmental co-variables. The WRN variant phenotypic asso-

ciations identified to date are intriguing, and several are of clear clinical import. Consequently, it will be im-

portant to extend these initial associations and to identify the mechanisms and conditions under which specific

WRN variants may compromise WRN function to drive cellular and organismal phenotypes as well as disease

risk.

1. Introduction

Werner Syndrome (WS; MIM# 277700) is an autosomal recessive

disorder characterized by genomic instability and the premature onset

of a number of age-related diseases including ocular cataracts, dysli-

pidemia, diabetes mellitus, osteoporosis, atherosclerosis, and cancer

(Epstein et al., 1966; Lauper et al., 2013; Oshima et al., 2017). Addi-

tional clinical features include short stature, a characteristic “birdlike”

facies, premature hair graying with alopecia, scleroderma-like changes

(pigment alterations, atrophic skin, refractory skin ulcers), soft-tissue

calcification, and musculoskeletal manifestation (David et al., 2016;

Epstein et al., 1966; Oshima et al., 2017; Takemoto et al., 2013). Pre-

mature atherosclerosis and malignant tumors are the most common

cause of death (Goto, 1997; Goto et al., 2013; Oshima et al., 2017). WS

patients may develop a diversity of neoplasia. However, there is an

excess of soft tissue sarcomas, osteosarcomas, myeloid disorders, me-

ningiomas, malignant melanomas, and thyroid carcinomas associated

with WS (Goto et al., 2013; Goto et al., 1996; Lauper et al., 2013).

The gene responsible for WS (WRN) was identified by positional

cloning (Yu et al., 1996) and its product contains an evolutionary

conserved RECQ DNA helicase consensus domain (Gray et al., 1997; Yu

et al., 1996). The protein also has a 3′to-5′ exonuclease activity unlike

the other RECQ type DNA helicases (Croteau et al., 2014). Accumu-

lating evidence indicates that WRN is involved in DNA replication,

recombination and repair, telomere maintenance and transcription

(Oshima et al., 2017; Rossi et al., 2010; Tang et al., 2016). Many of

these functional associations are further supported by WRN protein

interactions with proteins important for homologous recombination,

non-homologous recombination, and long-patch base excision repair

pathways (Croteau et al., 2014; Rossi et al., 2010; Shamanna et al.,

2017). In addition to defects in DNA replication and repair, WS cells

display alterations of gene expression that implicate WRN in tran-

scription regulation as well (Rossi et al., 2010; Tang et al., 2016). More

than ninety distinct mutations potentially inactivating the WRN protein

have been described in WS patients to date based on The International

Registry of Werner Syndrome (Department of Pathology, University of

Washington, Seattle, WA, USA (www.wernersyndrome.org) and addi-

tional case reports (Fu et al., 2017; Yokote et al., 2017). These muta-

tions include base substitutions, insertions, deletions and more complex

mutations that lead to a disrupted WRN open reading frame. Many of

these mutations lead to loss of function by destabilizing the protein, or a

failure to localize to the nucleus where WRN resides and acts (Yokote
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et al., 2017). Many less clearly pathogenic variants of WRN exist in the

human population, involve theWRN coding region, and thus may affect

WRN function and disease risk. This review focuses on the subset of

WRN variants that lead to non-synonymous amino acid substitutions

within the WRN protein. These non-synonymous WRN coding region

single nucleotide polymorphisms (SNPs) have been associated with

physiological traits or age-related pathologies in different ethnic po-

pulations. We discuss genetic variation in the WRN locus first, then

focus on these non-synonymous coding SNP variants and their pheno-

typic associations. Finally, we speculate on the mechanisms by which

genetic variants in WRN may affect WRN protein structure, function

and interactions with cellular protein partners.

2. Genetic variation in the WRN gene

The human WRN gene is located on the proximal short arm of

chromosome 8 and encompasses nucleotides 31,033,801 to 31,173,769

in the GRCh38/hg38 human reference genome assembly (http://

genome.ucsc.edu/). WRN was recognized early as a human gene with

considerable genetic variation (Passarino et al., 2001). Since this initial

report there has been an explosion of information on human genetic

variation coming from genome and genome diversity projects (e.g.,

1000 Genomes Projects (1KGP), Exome Sequencing project (ESP), and

the Exome Aggregation Consortium (ExAC) Projects (Auton et al., 2015;

Fu et al., 2013; Lek et al., 2016) together with a rapidly expanding set

of data derived from somatic genetic variants identified in human

tumor specimens (e.g., COSMIC (Forbes et al., 2010)). In a recent

analysis, Fu et al. (2017) assembled a new database of clinically-as-

certained mutations (hereafter referred to as RECQMutdb), together

with human genetic variation data for WRN obtained from the ESP and

1KGP data archives, supplemented with non-TCGA data from ExAC (Fu

et al., 2017). This analysis identified 91 clinically ascertained patho-

genic variants inWRN, and an additional 759 variants in the population

data sources outlined above. Among the known pathogenic variants, 25

(or 27%) were also present in these sources (1000 Genomes, Exome

Sequencing Project and ExAC). An additional analysis to define the

frequency of pathogenic alleles in population data identified WRN as

the RECQ helicase with the highest frequency of known deleterious

alleles in the population samples, 2.12% among 9019 individuals in-

cluded in ESP/1KGP data. In contrast, the frequencies of known dele-

terious variants for the other two RECQ helicase deficiency syndrome

genes, BLM or RECQL4 where loss of function leads, respectively, to

Bloom and Rothmund-Thomson syndromes, were an order of magni-

tude lower (0.06% and 0.11% respectively). This high frequency of

WRN variants appears to reflect the contribution of population-specific

high frequency alleles forWRN alone, in contrast to BLM or RECQL4 (Fu

et al., 2017). In contrast to these known pathogenic variants, many

WRN variants segregating in the human population are of uncertain

functional significance or ability to promote the development of age-

related diseases in the general population.

3. Linking WRN genetic variation to phenotype

In order to link WRN genetic variation to specific phenotypes, we

used PubMed searches performed with the key words ‘WRN'; ‘poly-

morphisms'; and ‘genome-wide association study (GWAS)' to identify

analyses that were WRN gene-focused or that included WRN variants as

part of genome-wide association studies (GWAS). GWAS that include

SNPs in the WRN gene were also identified via the GRASP web site

(Genome-wide Repository of Associations between SNPs and

Phenotypes). The full GRASP 2.0.0.0 catalog covers 2082 GWASs

(https://grasp.nhlbi.nih.gov/Overview.aspx) (Leslie et al., 2014) as of

September 2017. Based on these PubMed and GRASP searches; five

non-synonymous SNPs with minor allele frequencies ≥0.01 were as-

sociated with a physiological or disease phenotype conditioned on the

ethnicity of the populations under study. Fig. 1 shows the position of

these five SNPs in the WRN protein. For clarity in the following dis-

cussion we have indicated specific WRN SNP variants by the codon/

residue number in the WRN protein; followed by the single letter code

for the specific amino acid residue encoded by each SNP variant in the

WRN open reading frame; e.g.; 1367R. The frequencies of the five non-

synonymous SNPs in population data are indicated in Table 1. We re-

view the different SNP analyses showing specific phenotype associa-

tions in detail below.

4. WRN variants linked to anthropomorphic and developmental

phenotypes

4.1. WRN polymorphisms and short stature

WS patients fail to undergo an adolescent growth spurt (Epstein

et al., 1966; Oshima et al., 2017). A meta-analysis of GWAS data from

46 studies, comprising 133,653 individuals of recent European an-

cestry, was performed to identify common genetic variation associated

with adult height (Lango Allen et al., 2010). This analysis identified a

modest association for WRN SNP 387I with height (P = 0.022), though

no other association of WRN non-synonymous coding SNPs with height.

4.2. Head circumference in infant

Head circumference in infancy is often used as a surrogate mea-

surement to estimate brain size and development. Larger head cir-

cumference in infancy is associated with higher IQ scores in childhood,

though the underlying mechanisms are poorly understood (Taal et al.,

2012). Taal et al. (2012) performed a meta-analysis on seven GWAS

(N = 10,768 individuals of European ancestry enrolled in pregnancy

and/or birth cohorts). They found that the WRN SNP 114I was posi-

tively associated with head circumference (P= 0.0037), though this

association was not replicated in a follow up study that included six

replication cohorts (N = 19,089 European individuals).

4.3. Educational attainment

Twin and family studies suggest that a broad range of psychological

traits, economic preferences, and social and economic outcomes are

moderately heritable. For example, educational attainment is strongly

associated with social outcomes, and there is a well-documented health-

education gradient (Benjamin et al., 2012). Nonetheless, estimates

suggest that around 40% of the variance in educational attainment is

explained by genetic factors (Rietveld et al., 2013). Furthermore, edu-

cational attainment is moderately correlated with other heritable

characteristics, including cognitive function and personality traits re-

lated to persistence and self-discipline (Krapohl et al., 2014). Using the

International Standard Classification of Education (ISCED 1997) scale,

Rietveld et al. (2013) conducted a GWAS of educational attainment in a

discovery sample of 101,069 individuals and a replication sample of

25,490 subjects (Rietveld et al., 2013). They found that the WRN SNP

1367R was positively associated with education attainment (years of

education) with a P = 0.032 in their discovery sample. However, this

association was not confirmed in their replication cohort (Rietveld

et al., 2013).

4.4. Cardiovascular malformation syndromes

Congenital heart disease affects ∼1% of live births and is a major

source of morbidity and mortality in childhood. Approximately 20% of

congenital heart disease occurs in the setting of chromosomal condi-

tions or multisystem malformation syndromes. Family studies in the

remaining 80% of sporadic cases indicate a significant complex genetic

component to the disease (Oyen et al., 2009). Tetralogy of Fallot (ToF)

is the commonest form of cyanotic congenital heart disease, affecting

∼3 per 10,000 newborns (Botto et al., 2001). Although ToF is usually
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repaired in infancy with low mortality, there is substantial late mor-

bidity, in particular from pulmonary valvular insufficiency and atrial or

ventricular arrhythmias. An elevated risk of ToF was recently identified

in carriers of the WRN SNP 1367R in a northern European discovery

cohort (P = 0.03) (Cordell et al., 2013). However, this finding was not

replicated in a second independent European cohort.

5. WRN polymorphisms and longevity

It is important to bear in mind that though living to very old age

may run strongly in families (Perls et al., 2000; Schoenmaker et al.,

2006), longevity itself is a complex phenotype that includes not only

overall disease-free survival but also survival with various age-related

diseases. Given this complexity, it is unlikely that a single gene or a few

genes would alone confer this survival advantage (Sebastiani et al.,

2012). Hence, it is perhaps not surprising that few studies have reported

significant associations between different WRN polymorphisms and

longevity.

The most common non-synonymous coding SNPs in WRN, with

minor allele frequencies of> 0.05 include WRN SNP variants 1074F

and 1367R. Castro et al. (1999) found an age-dependent decline of the

F/F homozygous 1074F SNP variant in Finnish and Mexican popula-

tions. They found, however, no significant association between the

WRN SNP 1367R and longevity in these populations (Castro et al.,

1999). Other studies on Brazilian, Polish, and Leiden-base (Nether-

lands) populations did not show significant association between WRN

SNPs 1367R or 1074F and longevity (Kuningas et al., 2006; Polosak

et al., 2011; Smith et al., 2005). In one study, WRN SNPs were analyzed

as part of a meta-analysis of nonagenarian cases from the Rotterdam

Study, Leiden 85-plus study, and Danish 1905 cohort. This meta-ana-

lysis included 4149 nonagenarian cases and 7582 younger controls. It

was initially found that homozygous subjects with the minor R allele at

WRN SNP 1367 were associated with decreased longevity (P = 0.034).

However, this association was lost after correcting for multiple testing

(Deelen et al., 2011).

Using a GWAS approach, Kulminski and Culminskaya reported that

subjects with one A allele at the WRN SNP 1133A was associated with

an earlier onset of cardiovascular diseases and cancer (and thus de-

creased longevity) when compared with individuals homozygous for a

serine residue (S/S) at this SNP in the Framingham Heart Study

(Kulminski and Culminskaya, 2013). These results have not been re-

plicated in prior or subsequent studies, in part due to a failure to

Fig. 1. Schematic representation of the human WRN protein with the different polymorphic residues reviewed in this report. A = alanine; C = cysteine; F = phenylalanine;

I = isoleucine; L = leucine; M = methionine; R = arginine; S = serine; V = valine. Domain boundaries were drawn according to Uniprot (UniProtKB − Q14191) and (Kitano, 2014).

Table 1

Single nucleotide polymorphism (SNP) nomenclature used in this review.

SNP name Codon Change Amino acid change Amino acid position Major allele frequency* Minor allele frequency*

rs2230009 GTT>ATT V> I 114 V: 0.934 I: 0.006

Nomenclature used in the text

WRN V114I = SNP at position 114 of the WRN protein 114I = I allele V/I = heterozygote; I/I = homozygote genotype

SNP name Codon Change Amino acid change Amino acid position Major allele frequency* Minor allele frequency*

rs1800391 ATG>ATA M> I 387 M: 0.929 I: 0.071

Nomenclature used in the text

WRN M387I = SNP at position 387 of the WRN protein 387I = I allele M/I = heterozygote; I/I = homozygote genotype

SNP name Codon Change Amino acid change Amino acid position Major allele frequency* Minor allele frequency*

s1801195 TTG>TTT L> F 1074 L: 0.558 F: 0.442

Nomenclature used in the text

WRN L1074F = SNP at position 1074 of the WRN protein 1074L = L allele L/F = heterozygote; F/F = homozygote genotype

SNP name Codon Change Amino acid change Amino acid position Major allele frequency* Minor allele frequency*

rs11574358 TCA>GCA S>A 1133 S: 0.992 A: 0.008

Nomenclature used in the text

WRN S1133A = SNP at position 1133 of the WRN protein 1133A = A allele S/A = heterozygote; A/A = homozygote genotype

SNP name Codon Change Amino acid change Amino acid position Major allele frequency* Minor allele frequency*

rs1346044 TGT>CGT C>R 1367 C: 0.704 R: 0.296

Nomenclature used in the text

WRN C1367R = SNP at position 1367 of the WRN protein 1367R = R allele C/R = heterozygote; R/R = homozygote genotype

* Allele frequencies based on HapMap-Ceu (https://www.ncbi.nlm.nih.gov/snp).
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include the comparatively rare WRN SNP 1133A (minor allele fre-

quency of 0.008 in HapMap-CEU and of 0 in the Asian and African

populations; https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?

rs=11574358) in many GWAS studies. Most GWAS usually involve the

sequencing of SNPs with a minor allele frequency greater than 0.05.

The WRN SNP 1133A, in contrast, was included in the Framingham

Heart Study cohort despite a minor allele frequency of 0.04 in the

(Kulminski and Culminskaya, 2013).

Altogether, these results indicate only one significant association

between longevity and the WRN SNP 1133A. This association, however,

will need to be replicated in other studies.

6. WRN polymorphism-disease associations

In contrast to longevity, specific WRN SNPs may make more readily

identifiable contributions to disease risk by altering one or more dis-

ease-specific molecular mechanisms. We review current associations for

non-neoplastic as well as neoplastic disease below.

6.1. Cardiovascular disease

Associations between WRN polymorphisms and cardiovascular dis-

eases were first reported in the late 1990′s. In an initial report, 149

cases of myocardial infarction were compared to 198 age-matched

Japanese controls. This study indicated that homozygosity for the C

allele of the WRN SNP 1367R predicted a 2.78-fold greater risk of

myocardial infarction (Ye et al., 1997). In a second study involving 218

Japanese control subjects, 166 subjects with myocardial infarction, and

201 subjects with ischemic stroke, the frequency of the C allele of the

same SNP was also significantly higher in patients with myocardial

infarction than in control subjects (P = 0.0047). In a multiple logistic

regression analysis, this association was independent of other risk fac-

tors (age, hypertension, diabetes mellitus, smoking, and lipid profile).

Conversely, this polymorphism did not associate with ischemic strokes

in this Japanese cohort (Morita et al., 1999). The authors of these

studies suggested that the R allele at WRN residue 1367 may actively

protect against myocardial infarction. However, subsequent analyses on

cohorts of European ancestry were not able to confirm this. For ex-

ample, the Finnish population is known to have a very high rate of

coronary atherosclerosis. If the WRN 1367R SNP was protective, one

would have suspected the R allele to be enriched among centenarians.

However an analysis of this question revealed the same distribution of

WRN 1367 R and C alleles in both centenarians and newborns, sug-

gesting no protective effect in this Finnish population (Castro et al.,

1999). Similarly, an analysis of 88 controls and 53 subjects with cor-

onary artery disease from the Baltimore Longitudinal Study failed to

identify an association between the WRN SNP 1367R and coronary

artery disease in Caucasians (Bohr et al., 2004). Note that a major

limitation of these studies is the small size of the Caucasian cohorts.

Subsequent larger and multiple case-control studies were performed

to assess the most intriguing findings above. Luke et al. (2007) identi-

fied a significant association of the WRN SNP 387I with epicardial

coronary stenosis in case-control studies of U.S. subjects from European

ancestry (781 cases and 603 controls, P= 0.0062), though they could

not find an association of the WRN SNP 1367R with coronary artery

disease (Luke et al., 2007). However, the WRN 387I SNP-epicardial

coronary stenosis association could not be confirmed in two other U.S.

case-control studies involving 471 cases versus 298 controls and 554

cases versus 373 controls. A limitation of these analyses was that an-

giography alone may not have been sufficiently sensitive to identify

circumferential disease and thus may have led to an under-estimation of

the extent of coronary artery disease in control subjects (Luke et al.,

2007).

Thanassoulis et al. (2013) published a GWAS involving 6942 par-

ticipants presenting an aortic valve calcification and 3795 participants

presenting mitral annular calcification as detected by computed

tomography scanning. The discovery cohort in this study consisted of

persons of white European ancestry from three independent cohorts

participating in the Cohorts for Heart and Aging Research in Genomic

Epidemiology consortium. Their findings were tested in an independent

replication cohort of patients with either valvular calcification or

clinical aortic stenosis detected by the same imaging methodology

(Thanassoulis et al., 2013). Although the WRN SNP 1367R was speci-

fically associated with mitral annular calcification in the discovery

cohort (P= 0.019), this finding could not be confirmed in the re-

plication cohort.

In an attempt to better power WRN SNP association studies, a large

meta-analysis was recently reported that tested the hypothesis that

WRN genetic variation was associated with risk of ischemic vascular

disease in the general population (Christoffersen et al., 2017). This

meta-analysis included 58,284 participants from two general popula-

tion cohorts, the Copenhagen City Heart Study (CCHS) and the Co-

penhagen General Population Study (CGPS). Of these participants, 6312

developed ischemic vascular disease during follow-up. In the CCHS

study (N = 10,250), all non-synonymous variants in WRN with re-

ported minor allele frequencies≥ 0.5% in Caucasians were genotyped.

Variants that were associated with ischemic vascular disease in the

CCHS cohort were then genotyped in the CGPS cohort (N = 48,034).

The authors found that in a combined study of the CCHS and CGPS

cohorts, the C/C homozygous genotype at WRN residue 1367 was as-

sociated with an increased risk of ischemic stroke (P = 0.008). The

1367C/C genotype, however, was trending though not significantly

associated with ischemic heart disease, myocardial infarction, or all-

cause mortality. The F/F homozygous genotype at position 1074 of the

WRN protein was associated with an increased risk for ischemic stroke

in the CCSH cohort (P = 0.04), but was not significant in the combined

meta-analysis. Overall, this report concluded that WRN SNP 1367C

conferred a 14% increased risk, whereas the 1367R allele conversely

conferred a protective effect against ischemic stroke (Christoffersen

et al., 2017). Of note, these associations did not extend to other types of

ischemic cardiovascular disease: the 1376R allele did not confer a sig-

nificant protection specifically against myocardial infarction in these

European populations, in contrast to what was found in the Japanese

cohorts (Morita et al., 1999; Ye et al., 1997).

6.2. Endocrine/metabolic phenotypes: dyslipidemia and diabetes

Body mass index (BMI) is a simple, widely used and non-invasive

measure of obesity that predicts the risk for multiple disorders, in-

cluding Type 2 diabetes mellitus (T2DM) and cardiovascular disease. A

meta-analysis of GWAS from the GIANT (Genetic Investigation of

ANtropometric Traits) consortium comprising 123,865 individuals of

European ancestry indicated that the WRN SNP 1367R was associated

with BMI with a nominal P-value = 0.035 (Speliotes et al., 2010).

However, a follow-up analysis of 125,931 additional individuals of

European ancestry failed to replicate this association (Speliotes et al.,

2010).

Serum concentrations of total cholesterol, low-density lipoprotein

(LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and tri-

glycerides are important risk factors for coronary artery disease, and are

often targeted for therapeutic intervention. One GWAS reported that

the WRN SNP 114I was associated with HDL cholesterol levels in

19,840 individuals with a nominal P-value = 0.045 (Kathiresan et al.,

2009). However, a follow-up on 20,623 additional individuals did not

replicate this association. A year later, a meta-analysis of GWAS that

included>100,000 individuals of European ancestry indicated that the

WRN SNP 114I was nominally associated with total cholesterol level (P-

value = 0.04) and LDL cholesterol (P-value = 0.0026) (Teslovich et al.,

2010). Interestingly, a WRN cDNA expression vector encoding the

114 V variant significantly affected cholesterol efflux in WS fibroblasts

(Bérubé et al., 2013). These results implicate a functional effect of this

WRN polymorphism on cholesterol metabolism at least in a cell culture
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system (Bérubé et al., 2013). In addition to WRN SNP 114I, the WRN

SNP 1133A was also found to be associated with total cholesterol in the

Framingham Heart Study (P = 1.90 × 10−11) (Kulminski and

Culminskaya, 2013). However, since the WRN SNP 1133A has a very

low minor allele frequency (< 0.05), this SNP was not included in other

studies.

Statins are the most widely prescribed drug class for the prevention

of cardiovascular disease, and act primarily by lowering plasma cho-

lesterol. Differences in statin-induced reductions of cholesterol among

individuals may reflect genetic differences. A combined GWAS from

three clinical trials using simvastatin, pravastatin, or atorvastatin,

found that the WRN SNP 114I was significantly associated with the

magnitude of HDL cholesterol change upon statin treatments in 3928

individuals of European ancestry (Barber et al., 2010).

Blood levels of lipoprotein-associated phospholipase A2 (Lp-PLA2)

show a strong association with atherosclerosis in humans. Lp-PLA2, also

known as platelet-activating factor acetylhydrolase, is produced by cells

of hematopoietic lineages (monocytes/macrophages, T-lymphocytes,

mast cells, megakaryocytes and platelets). The enzyme reacts with

oxidized phospholipids to generate the pro-inflammatory lipids lyso-

phosphatidylcholine and oxidized free fatty acids. The activity of Lp-

PLA2 is a heritable trait, and a GWAS of Lp-PLA2 activity in 6668

Caucasian subjects included in the population-based Framingham Heart

Study indicated that the WRN SNP 114I was associated with Lp-PLA2

activity (P = 0.0398) (Suchindran et al., 2010). These reports collec-

tively suggest that the WRN V114I SNP may be modifying cholesterol,

statins, and Lp-PLA2 levels in populations of European ancestry.

Diabetes (T2DM) is another important risk factor for cardiovascular

disease. One report on 272 randomly recruited T2DM subjects at the

Tohoku University Hospital in Japan indicated that the age at diagnosis

of T2DM was greater in patients heterozygous for the WRN SNP 1367R

than in 1367C/C homozygous individuals (P = 0.011). Diabetes-free

survival rate over the age range of 30–70, analyzed by Kaplan-Meier

method, differed significantly between these two genotype-defined

groups (P = 0.0125). The authors of this study suggested that WRN

SNP 1367R protects against the development of T2DM in Japanese

subjects (Hirai et al., 2005). In contrast, there is no reported association

between WRN SNP 1367R and T2DM in populations of European an-

cestry. These differences between European and Japanese populations

may be explained by a combination of ethnic genetic differences and

marked differences in lifestyle and exposure histories. Interestingly, it

has been reported that the WRN SNP 1367R is three times more fre-

quent in Mexicans, Finns, and North Americans than in Japanese in-

dividuals (Castro et al., 1999). It has been further suggested that in the

Japanese population the WRN SNP 1367R may be in linkage dis-

equilibrium with another, so far unidentified diabetogenic poly-

morphism, that is not present in Caucasians (Kuningas et al., 2006).

6.3. Renal disease including hypertension

Hypertension is an important risk factor not only for coronary heart

disease and ischemic stroke but also for chronic kidney disease.

Although hypertension is not a common feature of WS (Oshima et al.,

2017), vascular disorders including myocardial infarction are a cause of

early death in WS. An intriguing though small Japanese study found

that the prognosis of long-term hemodialysis was strongly influenced by

WRN SNP status. This retrospective study included 230 healthy con-

trols, 60 patients who had been on hemodialysis for< 6 months (short

term hemodialysis), and 50 patients who had been on hemodialysis

therapy for> 15 years (long term hemodialysis). Among long-term

hemodialysis patients, the WRN SNP 1367R was almost seven fold more

prevalent than in the short-term hemodialysis group (Yamada et al.,

2000). These results suggest the 1367R/R genotype may confer a sur-

vival benefit in Japanese individuals undergoing long-term dialysis

(Yamada et al., 2000).

In a second Japanese study, Yoshida et al. (2009) asked whether

genetic variants in the WRN gene might heighten the risk of chronic

kidney disease among individuals with hypertension (Yoshida et al.,

2009). The study, which included 3696 Japanese individuals with hy-

pertension, 1257 individuals with chronic kidney disease and 2439

controls, found that the WRN SNP 1367R was significantly associated

with the prevalence of chronic kidney disease in hypertensive in-

dividuals. The authors concluded that the WRN 1367R allele was pro-

tective against chronic kidney disease in hypertensive Japanese subjects

(Yoshida et al., 2009).

In a more recent study, Kottgen et al. (2010) performed a meta-

analysis of GWAS encompassing 67,093 individuals of European an-

cestry from 20 predominantly population-based studies with the aim of

identifying susceptibility SNPs (including WRN SNPs) for reduced renal

function as estimated by serum creatinine, serum cystatin c, and glo-

merular dysfunction. The analysis was followed by an independent

replication cohort study in 22,982 Caucasian individuals. The authors

found that the WRN SNPs 1133A and 387I were associated with serum

cytostatin C levels in patients with chronic kidney disease (P = 0.02

and P = 0.033, respectively), though they could not replicate this as-

sociation in an independent replication cohort that included 22,982

Caucasian individuals (Kottgen et al., 2010). In light of the substantial

differences in Japanese and European cohort study designs, it is unclear

whether the suggested WRN SNP associations with renal disease might

be more general, or have an ethnic population-specific component.

6.4. Osteoporosis

Osteoporosis is clinically characterized by reduced bone mass and

compromised bone strength, leading to an increased risk of fracture. WS

patients show osteoporosis (Murata and Nakashima, 1982; Walton

et al., 2000) with possible impaired osteoblastic bone formation

(Shiraki et al., 1998), but normal osteoclastic bone resorption (Laroche

et al., 1997; Rubin et al., 1992). Ogata et al. (2001) were the first to

report a significant association of the WRN SNP 1367R with bone

density in 377 unrelated Japanese postmenopausal women living in

Japan. They found significantly lower bone densities in the lumbar

spines (L2-4) of women carrying the minor 1367R allele versus non-

carriers (P = 0.037), and lower total body bony density in 1376R allele

carriers after adjusting for age and weight (P = 0.015 and 0.042, re-

spectively) (Ogata et al., 2001). In contrast, Zhou et al. (2016) did not

find an association between this WRN SNP 1367R and femoral fractures

in 924 consecutive autopsies of Japanese men (Zhou et al., 2016). They

did, however, identify a significant association of WRN SNP 114I with

the prevalence of femoral fracture (P < 0.05) and with fracture mor-

bidity. This result was replicated in a study of 251 unrelated post-

menopausal Japanese women with osteoporosis and 269 non-in-

stitutionalized, community-dwelling Japanese adults (Zhou et al.,

2015). Discrepant results in the studies of Ogata et al. and Zhou et al.

may in part reflect different methods used to evaluate bone fragility

(bone density measures versus calculated fracture incidence) (Mori and

Zhou, 2016). Additional WRN SNP association analyses, performed

using a study cohort of 1632 consecutive Japanese autopsies at the

Tokyo Metropolitan Geriatric Hospital between 1995 and 2011, in

which 140 patients had experienced a bone fracture during their life-

time (Mori and Zhou, 2016), identified a statistically significant asso-

ciation between the WRN SNP 114I and fracture risk. Moreover, frac-

ture incidence scaled with the number of I alleles (P = 0.0120). All

these studies suggest that Japanese subjects bearing at least one WRN

114I allele are at significantly higher risk of femoral fracture than those

lacking a 114I allele (Mori and Zhou, 2016). In contrast, Mori and Zhou

(2016) noted that a meta-analysis of at least 17 GWAS studies on in-

dividuals of Northern European descent did not identify WRN as a

major candidate gene for osteoporosis. Such findings raised the possi-

bility again of ethnic differences as one explanation for discrepant re-

sults when Japanese study populations were compared with those of

Northern European descent (Mori and Zhou, 2016).
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6.5. Ocular cataracts

Age-related cataract is one of the most common causes of severe

visual impairment among the elderly worldwide, rendering this disease

a major public health issue (Di Stefano, 2001). Age-related cataract is a

progressive opacification of the ocular lens, leading to visual impair-

ment and blindness, and can be further classified as lens nuclear (N),

cortical (C), posterior sub capsular (PSC), or mixed type (M) (Klein

et al., 1992). Although 99% of WS patients develop ocular cataracts

(Oshima et al., 2017), only one epidemiological study has indicated an

association between different WRN SNPs and cataract. This study, with

a Chinese Han population (504 cases and 244 controls), found a sig-

nificant difference in the frequency of the WRN SNP 1367R with an

odds ratio of 0.66 in R allele carriers. This reduction in risk was cataract

type-specific and best fit a dominant genetic model with individuals

carrying at least one R allele having a reduced risk of developing cor-

tical age-related cataract (P < 0.001). An association between pos-

terior sub capsular cataract and the WRN SNP 114I was also identified

before Bonferroni (multiple-testing) correction (Jiang et al., 2013).

Refractive errors, the most common human eye disorder, is often

divided into three major subtypes: myopia, astigmatism, and hyperopia

(Pizzarello et al., 2004). Refractive error is usually expressed as a

measure of the lens diopter value required to achieve proper distance

correction. Myopia (‘near-sightedness’) is by convention represented by

negative refractive error values, and affects more than one in four in-

dividuals over age 40 in the United States and Western Europe. Hy-

peropia (positive refractive error values) is present in about 10% of

individuals in the same age group. In Asia, the prevalence of myopia is

even higher, exceeding 70% in some Asian countries, which makes it an

even stronger public health concern (He et al., 2004; Lin et al., 2004).

Worldwide, more than 150 million people are estimated to be visually

impaired because of uncorrected refractive error, of whom eight million

are functionally blind (Holden et al., 2008). Both environmental and

genetic factors are known to affect the development of refractive error

(Stambolian et al., 2013). A GWAS performed on 7280 samples from

five cohorts found that the WRN SNP 114I had the strongest impact on

refractive error (P = 0.0076). The cohorts included in this analysis

included: 1) the Age-Related Eye Disease Study (AREDS); 2) the KORA

study (Cooperative Health Research in the Region of Augsburg); 3) the

Framingham Eye Study (FES); 4) the Ogliastra Genetic Park-Talana

(OGP-Talana) Study; and 5) the Multiethnic Study of Atherosclerosis

(MESA) (Stambolian et al., 2013).

6.6. Central nervous system disease

WS was long believed to spare the central nervous system. However,

advances in brain imaging have documented brain atrophy in 40% of

WS patients (Goto et al., 2013). Alzheimer dementia has not been re-

ported for WS, but 10% of WS patients showed clinical signs of schi-

zophrenia (Goto et al., 2013). No association between non-synonymous

WRN polymorphisms and Alzheimer disease or multiple sclerosis has

been observed (Briggs et al., 2010; Payao et al., 2004). The WRN SNP

1367R was reported to be associated with bipolar disorder in a meta-

analysis on a combined sample of 5568 European cases versus 7187

European controls and 1000 Taiwanese cases versus 1000 Taiwanese

controls (P = 0.015) (Chen et al., 2013a). This association was re-

plicated in a second analysis composed of 1115 European cases and

2728 European controls (Chen et al., 2013a). In contrast, an association

between the WRN SNP 1367R and schizophrenia was reported in a

European cohort composed of 871 cases and 863 controls (P = 0.03),

though could not be replicated in four independent cohorts comprising

1460 patients and 12,995 controls of European origin (Need et al.,

2009).

Prion diseases are fatal neurodegenerative diseases of humans and

animals caused by the misfolding and aggregation of prion protein

(PrP). The most common human prion disease is sporadic or classical

Creutzfeldt–Jakob disease (CJD), which like other sporadic neurode-

generative disorders occurs with increasing incidence in older adults.

Human prion diseases comprise three etiologies: acquired, inherited,

and sporadic (Mead et al., 2012). The heritable forms are under strong

genetic control, most notably at the PrP-coding PRNP gene itself, but

few other risk factors are known. While less common, acquired prion

diseases are important because of public health concerns, such as those

following the transmission of the cattle prion disease, bovine spongi-

form encephalopathy, to predominantly young British adults as variant

Creutzfeldt–Jakob disease (vCJD). Mead et al. (2012) conducted a

GWAS of sporadic CJD (sCJD), variant CJD (vCJD), iatrogenic CJD,

inherited prion disease, kuru and kuru resistance (kuru transmission

failure despite attendance at mortuary feasts) (Mead et al., 2012). In

this analysis the WRN SNPs 1367R and 1074F were associated with

sCJD but not with other variants of the disease in the UK (P = 0.033

and P = 0.047, respectively). This association was not identified either

in Germany or in Papua New Guinea. The authors concluded that UK

subjects with the minor WRN SNP 1367R allele were at highest risk of

developing sCJD, while UK subjects with the minor WRN SNP 1074F

allele had reduced risk (Mead et al., 2012). A haplotype analysis of

these SNPs was not reported, however.

6.7. WRN polymorphism-cancer associations

WS patients are at elevated risk of developing soft-tissue sarcomas,

osteosarcoma, malignant melanoma, meningioma, thyroid epithelial

neoplasms and myeloid proliferative disease. The elevated risk of spe-

cific tumor types in WS patients ranged from 9-fold to nearly 54-fold

higher versus relevant population controls (Goto et al., 1996; Lauper

et al., 2013). The ratio of epithelial to non-epithelial neoplasms is

nearly equivalent in WS patients, in contrast to the strong bias in favor

of epithelial cancers in the adult general population (Goto et al., 2013).

The reason for this high proportion of mesenchymal as opposed to

epithelial neoplasms in WS patients is still unclear. Common epithelial

malignancies such as lung, gastro-intestinal, bladder, prostate, and

breast carcinomas do occur in WS patients, thought are not elevated in

frequency above general population controls (Lauper et al., 2013).

Nevertheless, several association studies have been conducted to

identify associations between specific cancers and different non-sy-

nonymous WRN SNP variants.

6.7.1. Bone and soft tissue sarcomas

Nakayama et al. (2008) examined potential associations of WRN

SNPs with bone and soft tissue sarcomas in two Japanese cohorts. The

analysis of each cohort, and of the combined cohorts (544 cases and

1378 controls), indicated that the WRN SNP 1367R was associated with

bone and soft tissue sarcomas (P = 0.005), with the R allele having a

protective effect (Nakayama et al., 2008). Further subgroup analysis

suggested that the WRN SNP 1367R was associated with soft tissue

sarcomas, sarcomas with reciprocal chromosomal translocations and

malignant fibrous histiocytoma, though these analyses did not include a

multiple testing correction (Nakayama et al., 2008).

Skull base chordoma is a rare tumor with unknown risk factors.

Wang et al. (2014) analyzed a series of 65 patients with pathologically

confirmed skull base chordoma, and 65 control subjects who were part

of a case-control study from the Han Chinese population. Comparisons

of genotype distributions and allele frequencies of WRN SNP 1367R did

not reveal a significant difference between the groups. However, when

they analyzed their cohort based on gender, they found that men

though not women exhibited a protective effect for the R allele

(P = 0.009) (Wang et al., 2014).

6.7.2. Meningiomas

Meningiomas account for up to 37% of all primary brain tumors in

the general population (Bethke et al., 2008). Genetic susceptibility to

meningioma is well established, with the risk among relatives of
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meningioma patients being approximately three-fold higher than that

in the general population (Hemminki and Li, 2003). This led Bethke

et al. (2008) to ask whether variants in the DNA repair genes including

WRN could contribute to disease susceptibility (Bethke et al., 2008) The

study was performed using participants from four countries in Europe

that included 631 patients and 637 control subjects. This study only

showed a trend (P = 0.051, calculated by logistic regression and ad-

justed for study center) for association of the WRN SNP 1367R with

meningiomas (Bethke et al., 2008).

6.7.3. Hematologic neoplasia: Non-Hodgkin lymphomas

The non-Hodgkin lymphomas (NHL) are a heterogeneous group of B

and T cell malignancies characterized by clonal expansion in peripheral

lymphoid tissues. NHL subtypes vary in presentation, survival ex-

pectation, morbidity, and responses to treatment. B-cell lymphomas

make up the majority of cases, and of these, diffuse large B-cell lym-

phoma and follicular lymphoma are the two major subtypes. Besides

well-known risk factors, including family history, immune dysfunction

(e.g., autoimmune diseases, immune deficiency syndromes, and iatro-

genic immune suppression after organ transplant), immune stimulation,

and infections (e.g., human T-lymphotrophic virus type I, human im-

munodeficiency virus), a number of additional occupational and en-

vironmental exposures have been proposed as NHL risk factors (Hill

et al., 2006). Although no major susceptibility genes have been iden-

tified, NHL risk is elevated among individuals with a family history of

hematopoietic malignancy, and migrants tend to retain the NHL in-

cidence rates and patterns of their country of origin together with

common risk variants (Au et al., 2005).

Chromosomal translocations, insertions, and deletions are common

early events in non-Hodgkin lymphoma (NHL) carcinogenesis, and

implicated in their formation are the V(D)J recombination processes

involved in antigen-receptor diversification. DNA repair genes in-

cluding the WRN gene product respond to the double- and single-strand

breaks induced by these processes and may influence NHL etiology (Hill

et al., 2006). Hill et al. (2006) studied the potential association of

different WRN SNPs with NHL in a cohort composed of 1172 cases and

982 matched controls who participated in a population-based NHL

study in Los Angeles, Seattle, Detroit, and Iowa (Hill et al., 2006). In

this study, the WRN SNP 114I was less common among cases than

controls, and NHL risk decreased with an increasing number of the I

alleles (P = 0.04) across NHL subtypes. In another case-control study,

this time among women in Connecticut (518 NHL cases and 597 con-

trols), Shen et al. (2006b) found the WRN SNP 1367R was associated

with both a general decreased risk of NHL (P = 0.007) together with a

decreased risk of diffuse large B-cell lymphoma or follicular lymphoma

(P < 0.024) (Shen et al., 2006b). A subsequent meta-analysis addres-

sing associations between different variants in several DNA repair genes

(including the WRN gene) and different types of cancer indicated that

WRN SNP 1367R was nominally associated (P < 0.05) with lymphoma

(the R allele being protective) in at least four different studied cohorts

composed of both women and men (Vineis et al., 2009).

Jiao et al. (2012) further explored the relationship between WRN

SNP variants and occupational solvent exposure-associated risk of NHL.

The authors interviewed 518 histologically confirmed NHL cases and

597 control women from Connecticut for occupational exposure to or-

ganic solvents including benzene, formaldehyde or any chlorinated

solvent including chloroform, carbon tetrachloride, dichloromethane,

dichloroethane, methyl chloride, and trichloroethylene (Jiao et al.,

2012). They found that WRN SNP 1074F was associated with and

protective for follicular lymphoma (P = 0.0226). Guo et al. (2014)

conducted a similar analysis on the same cohort of women from Con-

necticut, looking at the interaction between WRN polymorphisms, hair

dye use and NHL risk (Guo et al., 2014). Hair dyes have been suggested

to be a risk factor for hematopoietic cancers, especially for NHL. Many

studies have reported significantly elevated risks of NHL associated

with duration of hair dye use and the use of dark-colored dyes. One

important mechanism underlying this association is that a number of

hair dye ingredients included in formulations before 1980, such as

phenylenediamines and paraphenylenediamine, are suspected carcino-

gens that can cause cytogenetic alterations and DNA damage. Women

who used hair dyes before 1980 were found to have a significantly

higher risk of NHL, particularly for the follicular lymphoma subtype,

though not for diffuse large B-cell lymphoma. The WRN 1367C/C

genotype and hair dye use prior to 1980 was associated with follicular

lymphoma risk, as was overall NHL risk with the WRN SNP 1367R (P

for interaction = 0.032) (Guo et al., 2014). In contrast, there was no

significant association with risk of NHL for women who began using

hair dye ≥ 1980 (P > 0.05). The authors suggest one possible ex-

planation for these differences in risk by time period, which was the

reformulation of hair dye products beginning in the early 1980s to re-

place or eliminate dyes reported to produce tumors in animal studies.

Alternatively, there may simply have been insufficient time in the post-

1980 cohort for full expression of any associated risk. This possibility of

a long latent interval and the continued presence of putative carcino-

gens in contemporary hair dye products prompted the authors to sug-

gest further analysis of exposure-NHL risk associations (Guo et al.,

2014).

Body mass index (BMI) has also been linked to the risk of NHL. This

may reflect the growing number of associations between BMI and me-

tabolic, endocrine, immune and inflammatory states that may con-

tribute to DNA damage and promote tumorigenesis. Results from epi-

demiologic studies, however, have been inconsistent: some studies

reported a positive association between BMI and NHL risk (Pan et al.,

2004; Rapp et al., 2005), whereas others found no association

(MacInnis et al., 2005; Samanic et al., 2006). Chen et al., Chen et al.

(2013b) conducted a population-based case-control study in Con-

necticut women (785 cases and 868 controls) to test the hypothesis that

WRN genetic variants may modify the relationship between BMI and

NHL risk (Chen et al., 2013b). Compared to those with BMI< 25,

women with BMI ≥ 25 had significantly increased risk of NHL when

carrying the WRN SNP 1074 L/L genotype. Furthermore, the WRN SNP

1367R was associated with decreased risk of diffuse large B-cell lym-

phoma (P = 0.046) as previously described (Shen et al., 2006b).

However, a significant interaction between BMI and T-cell lymphoma

was only observed for WRN SNP 1074F carriers (P for interac-

tion = 0.004). The authors suggested that the WRN 1074F poly-

morphism might modify the repair of oxidative DNA damage, thereby

modifying the association between BMI and risk of NHL (Chen et al.,

2013b).

6.7.4. Lung cancer

A large-scale GWAS performed in a UK Caucasian population

comprised of 1529 cases and 2707 controls found an association be-

tween WRN SNP 1074F and familial though not sporadic lung cancer.

Subjects with the 1074F/F genotype had a lower risk of lung cancer

(Rudd et al., 2006). In contrast, one study in Nanjing China found that

the WRN SNP 114I was associated with survival of Chinese patients

with non-small cell lung carcinoma in univariate though not in Cox

regression analyses (Dong et al., 2012). Ethnic background may be one

explanation for these differences, together with different population

size (the Chinese study included fewer than 600 cases).

6.7.5. Gastrointestinal neoplasms

Genetic polymorphisms in DNA repair genes have been associated

both with modified repair capacity and cancer risk. Li et al. (2012)

determined whether WRN SNP variants were associated with esopha-

geal cancer risk in a Chinese hospital-based case-control study that

included 117 esophageal cancer cases and 132 controls. They found

that individuals who carried at least one WRN 1367R SNP allele (R/C or

R/R genotypes) had a 2.21-fold increased risk of developing esophageal

cancer compared to those with a 1367C/C genotype (P= 0.035). The

study also found, perhaps less surprisingly, that tobacco smoking and

M. Lebel, R.J. Monnat Ageing Research Reviews 41 (2018) 82–97

88



alcohol consumption were significantly related to esophageal cancer

risk (Li et al., 2012). The authors further examined these possible

gene–environment interactions by stratifying the analyses for smoking

and drinking status as ‘never’ or ‘ever’ smoked or drank alcoholic

beverages. This stratified analysis revealed increased risk of esophageal

cancer among smokers (P < 0.001) and drinkers (P= 0.004) carrying

at least one WRN 1367R allele. These associations could not be re-

plicated in GWAS studies of Caucasian populations from Europe, North

America, and Australia for any non-synonymous WRN coding SNP

(Gharahkhani et al., 2016).

6.7.6. Breast cancer

Several studies have associated the WRN SNP 1367R and the

1367R/R genotype with an elevated risk of breast cancer. For example,

Zins et al. (2015) found that the WRN 1367R/R genotype was asso-

ciated with an approximately two-fold elevated breast cancer risk in an

Austrian hospital-based case-control study that included 272 breast

cancer patients and 254 controls. Moreover, patients with the R/R

genotype exhibited a significantly increased risk of developing breast

cancer under the age of 55, with 1367R/R patients developing breast

cancer five years earlier on average than 1367C/C genotype patients

(R/R mean age 55.2 ± 13.3 years versus C/C patient mean age of

60.2 ± 14.7 years) (Zins et al., 2015). A previous German study had

revealed a significant association of the WRN SNP 1367R with familial

breast cancer risk in families that did not carry either a BRCA1 or

BRCA2 germ line mutation. The 1367R allele was more frequent among

breast cancer cases than controls (Wirtenberger et al., 2006). A third

study, of 798 breast cancer cases and 843 controls from the Mayo Clinic

Breast Cancer Study, found an elevated risk of breast cancer among

WRN SNP 1367R carriers, with further increased risk among women in

the upper U.S. Midwest with a 1367R/R genotype (Olson et al., 2011).

Finally, a meta-analysis of 2747 cases and 3555 controls confirmed an

increased risk of breast cancer in subjects carrying the WRN 1367R

allele (Zhang et al., 2011).

Similar associations were sought for the WRN SNP 1074 variants

and breast cancer risk in two different Asian populations. One case-

control study of 935 primary breast cancer patients and 1545 healthy

controls from Taiwan found the WRN SNP 1074F was significantly

associated with breast cancer risk (P = 0.002), where risk for SNP

genotypes 1074L/F and F/F was stronger and more significant in

women with a longer interval between menarche and first full-term

pregnancy (Ding et al., 2007). A second case-control study of 1004

breast cancer cases and 1008 controls from China found the WRN

1074F/F genotype was significantly associated with a 1.36-fold in-

creased risk of breast cancer (Wang et al., 2009). In addition, a sig-

nificant gene-environment interaction was evident between WRN SNP

1074F and age at menarche (P for interaction = 0.02): subjects car-

rying the 1074F/F genotype and with earlier age at menarche had 3.58-

fold increased risk of breast cancer (Wang et al., 2009). The authors

suggested that high-risk WRN SNPs and an estrogen-related risk factor

may act jointly to increase breast cancer risk. In women exposed to a

greater cumulative amount of estrogen (with a longer menarche-to first

term pregnancy interval), the breast epithelium might have experi-

enced more mitogenic stimulation–and subsequently would have a

higher potential to develop breast cancer–if the cells had a WRN SNP-

dependent reduction in genomic stability or repair (Ding et al., 2007).

A subsequent multi-ethnic meta-analysis (which included both

Asian and European cohorts), found that the WRN 1367R allele was

associated with an increased risk of breast cancer (P < 0.027). When

the analysis was further stratified by ethnicity, WRN SNP 1367R was

significantly associated with cancer susceptibility only in Europeans

(P < 0.042) (Wang et al., 2009). The authors suggested that the

smaller sample size of the Asian study population might have con-

tributed to the difference in associations, as could several other po-

tentially confounding variables such as socio-economic and lifestyle

factors, differences in ethnic background, and differences in population-

specific frequencies of SNP alleles. Wang et al. (2009) provided some

support for one of these possibilities by showing a lower frequency of

the WRN SNP 1367R allele in Asian than in the European populations

(Wang et al., 2009).

6.7.7. Prostate adenocarcinoma

A small university hospital-based study in China identified a lower

risk of prostate cancer in men carrying the WRN SNP 1074F. The study

cohort was composed of 147 cases and 111 controls, among whom

individuals with 1074L/F and L/L genotypes displayed a decreased

prevalence of prostate cancer compared to subjects with the 1074F/F

genotype (P= 0.039). A stratified analysis further revealed a more

significant association for carriers of the 1074F/L and L/L genotypes,

though only when diagnosed at age≤ 72 years (decreased prevalence,

P = 0.002) or diagnosed with localized diseases (P = 0.003). No sta-

tistically significant SNP associations were identified in patients diag-

nosed at age> 72 years, or with advanced disease (Wang et al., 2011).

7. WRN polymorphism effects on WRN protein function

The initial discovery of prevalent WRN SNP variants prompted

several lines of experimental work to determine the consequences of

specific SNP variants on WRN protein and cellular functions. Initial

efforts in this direction focused on biochemical activities of WRN and

how they are modified by coding region SNPs. For example, the most

common non-synonymous SNPs included in many of the association

studies reviewed above, including WRN 1074F/L and 1367C/R, were

synthesized and purified, though found to minimally affect WRN exo-

nuclease and DNA helicase activities on a range of substrates (Bohr

et al., 2004; Kamath-Loeb et al., 2004). These variants, moreover, did

not appear to alter WRN sub-cellular localization (Bohr et al., 2004).

The WRN 114I SNP is located within the exonuclease domain (Fig. 1),

where it has the potential to alter WRN exonuclease function (Mori and

Zhou, 2016). However, appropriate experiment to test this hypothesis

remains to be conducted. In similar fashion, functional consequences of

the WRN SNP 387I located between the WRN exonuclease domain and

acidic repeat region (Fig. 1) remain unknown.

Palermo et al. (2016) showed that a purified WRN protein with the

WRN SNP 1133A located between the RQC and HRDC domains did not

exhibit differences in its exonuclease and DNA helicases activities in

vitro compared to the WRN protein bearing the more frequent S1133

allele (Palermo et al., 2016). They also found that the relocalization of

the WRN 1133A protein to DNA double-strand breaks (DSBs) induced

by the topoisomerase I inhibitor camptothecin during the S-phase of the

cell cycle was apparently normal. However, they found that loss of

CDK1 (Cyclin Dependent Kinase 1) dependent phosphorylation of the

WRN residue S1133 can suppress MRE11 focus formation at DSBs in

cells (Palermo et al., 2016). Importantly, endogenous and exogenous

chemicals constantly damage cellular DNA resulting in numerous DNA

lesions throughout the genome. If not repaired properly, these lesions

can generate point mutations or chromosomal rearrangements (Rossi

et al., 2010) which can eventually lead to either cellular transformation

and cancer, to cellular senescence, or even apoptosis. DNA damage

induced senescence or apoptosis will affect tissue regeneration and

maintenance, one of the many hallmarks of aging (Lopez-Otin et al.,

2016).

DSBs are the most harmful lesions that can cause collapse of the

replication fork. Cells can exercise either of two main repair pathways

at replication fork collapses; homologous recombination (HR) or the

nonhomologous end joining (NHEJ). The WRN protein is involved in

both pathways as it can resolve a variety of DNA substrates including

forks, flaps, displacement loops (D-loops), bubbles, Holliday junctions,

and G-quadruplexes (G4), all of which represent intermediates in DNA

replication and repair processes (Rossi et al., 2010). WRN protein sub-

cellular localizations and activities can be modulated by post-transla-

tional phosphorylation (Pichierri et al., 2011). In turns out that the
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phosphorylation of WRN residue S1133 by CDK1 controls the choice of

DSB repair pathways at replication fork collapses (Palermo et al.,

2016). HR would be the preferred choice for replication fork restart. A

crucial step for HR is the resection taking place at DNA ends to produce

single stranded DNA required for subsequent strand invasion during the

HR process. This initial step implicates the MRE11 DNA repair complex

(Palermo et al., 2016; Rossi et al., 2010). The WRN 1133A SNP variant

prevents CDK1-dependent phosphorylation of this site, and, as a result,

interferes with the correct interaction and formation of MRE11 foci at

collapsed replication fork (Palermo et al., 2016). Under such condi-

tions, long range DNA resection followed by subsequent strand invasion

for HR is impeded. Cells expressing the 1133A WRN protein exhibit an

elevated use of the more error-prone NHEJ pathway at collapsed forks

and an increase in chromosome instability (Palermo et al., 2016). These

results indicate that the WRN 1133A SNP variant interferes with a

normal post-translational phosphorylation site involved in the interac-

tion and regulation of specific DNA repair proteins, thus potentially

altering genomic stability and cellular homeostasis in different organs.

Other non-synonymous WRN SNPs might affect how WRN interacts

with additional proteins to modulate or disrupt specific biological

processes (Li et al., 2012). Gagné et al. (2016) investigated this possi-

bility, and found that the WRN 1074F/1367R protein exhibited higher

affinity for the DNA repair proteins DNA-PKc, KU86, KU70, and PARP1

compared to WRN protein containing the 1074L/1367C SNP substitu-

tion pair. These differences in affinity were confirmed by western blot

analysis of proteins immunoprecipitated with specific WRN variants

(Gagné et al., 2016). Moreover, the immunoprecipitated WRN 1074L/

1367C protein complex was found to have lower exonuclease activity

when compared with WRN 1074F/1367R variant protein. These dif-

ferences may have in vivo functional consequences, as WS fibroblasts

expressing WRN 1074F/1367R protein were more resistant to the

benzene metabolite hydroquinone than cells expressing WRN 1074L/

1367C protein (Gagné et al., 2016). Benzene metabolites can cause both

oxidized DNA damage and DSBs. Interestingly, cells expressing WRN

protein containing the 1074F/1367R SNP substitutions were more re-

sistant to hydrogen peroxide challenge than cells expressing WRN

1074L/1367C protein, though displayed no difference in sensitivity to

the radiomimetic DNA double-strand cleaving agent neocarzinostatin

(Gagné et al., 2016). These results led Gagné et al. (2016) to suggest

that different combinations of the WRN SNPs 1074L/F and 1367C/R

might modulate the cellular response to oxidative DNA damage (Gagné

et al., 2016). Major oxidative DNA damage includes 8-oxoguanine and

8-oxoadenine lesions. Such lesions block WRN exonuclease activity, but

in the presence of KU proteins, WRN can digest strands containing these

lesions (Rossi et al., 2010). In addition, oxidative DNA damage is re-

moved by the base excision repair pathway. PARP1 is a major protein

involved in long patch base excision repair by ribosylating and mod-

ulating the activities of many DNA repair enzymes. Ribosylation itself is

diminished in WRN deficient cells, suggesting that PARP1 itself is

modulated by the WRN protein (Rossi et al., 2010). As such, WRN

bearing different SNPs will have different affinity for various DNA re-

pair enzymes and thus will impact on the efficiency of cells to cope with

a range of DNA lesions.

Further evidence for in vivo consequences of specific WRN SNP

variants comes from the analysis of peripheral lymphocyte DNA da-

mage, where Jiang et al. (2013) found that carriers of the WRN SNP

1367R allele had less DNA damage as assessed by comet assay than did

individuals with a 1367C/C genotype (Jiang et al., 2013). Lymphocytes

from subjects heterozygous for the WRN SNP 1367R were also shown to

be more resistant to 4-nitroquinoline-1-oxide challenge than lympho-

cytes from subjects with a 1367C/C genotype (Ogburn et al., 1997). In

contrast, a study on 372 human lymphoblastoid cell lines from un-

related healthy Caucasian individuals showed no association between

WRN SNP 1367R and resistance to the drugs camptothecin, etoposide,

carboplatin, cisplatin, and daunorubicin (Innocenti et al., 2009). In

addition to generating DNA damage, most of these chemicals can affect

the redox status of cells. For example, both the benzene metabolite

hydroquinone and the carcinogen 4-nitroquinoline-1-oxide can sig-

nificantly increase cellular oxidative as well as direct DNA base damage

(Arima et al., 2006; Luo et al., 2008). Of note, oxidative stress or al-

terations in the redox cellular status appear to be intrinsically asso-

ciated with every age-related disease process (Lopez-Otin et al., 2016).

Based on the information gained on the WRN enzymatic activities in

the context of protein complexes, future association studies will also

need to consider the functional consequences of non-synonymous SNPs

in proteins known to interact with WRN. For example, Li et al. (2012)

suggested a statistically significant variant genotypic interaction be-

tween the DNA repair protein MSH2 and WRN and a markedly in-

creased risk of esophageal cancer (Li et al., 2012). MSH2 has been

shown to interact physically with the WRN protein (Lachapelle et al.,

2011; Saydam et al., 2007). Testing potential interactions of this type

will add another level of complexity to analyses of WRN phenotype and

disease associations.

Two other aspects of SNP variant effects on WRN function deserve

brief mention. First, WS is a recessive loss-of-function phenotype, and

as a result there are many carriers of single known pathogenic variants

in virtually all populations studied (Fu et al., 2017). It has been re-

ported that heterozygous siblings of WS patients (who express half the

amount of WRN protein compared to normal individuals) are more

prone to diabetes and heart failure than the normal population (Weirich

et al., 1996). Furthermore, genetic instability and hematological disease

risk is higher than normal not only in homozygous WS patients but also

in heterozygous siblings (Moser et al., 2000). A second consideration is

that a subset of functional consequences of WRN genetic variation may

be tissue-specific. For example, Ibrahim et al. (2016) showed recently

that keratinocytes do not senesce rapidly in culture in the absence of the

WRN protein, unlike fibroblasts (Ibrahim et al., 2016).

8. Mechanistic links from WRN polymorphic variants to disease

risk

An important question comes to mind when we look at Table 2:

What mechanism(s) could link single SNP polymorphisms that alter the

WRN open reading frame to seemingly different disease risks or asso-

ciations? WRN protein is known to affect the efficiency and/or fidelity

of key DNA metabolic processes such as DNA replication, DNA repair,

telomere stability and transcription (Fig. 2). WRN is also known to af-

fect the expression or activity of proteins involved in cell cycle reg-

ulation and proliferation (Pichierri et al., 2011), apoptosis (Wang et al.,

2001), autophagy (Maity et al., 2014; Saha et al., 2014), lipid meta-

bolism (Aumailley et al., 2015; Turaga et al., 2009), oxidative stress

response (Aumailley et al., 2016; Massip et al., 2010; Massip et al.,

2006; Talaei et al., 2013), and inflammation (Aumailley et al., 2015;

Turaga et al., 2009). Several of these biological processes may be fur-

ther linked in the context of disease pathogenesis by collectively pro-

moting or inhibiting oxidative stress, protease: anti-protease imbalance

and inflammation (Casas et al., 2015).

A recent extensive comparison of gene and miRNA expression in

human cells either mutant in or depleted of the WRN protein (Tang

et al., 2016) found that the mutational loss or depletion of WRN from

human fibroblasts altered the expression of nearly 2500 genes, with an

overlap of only 281 genes between WS patient and WRN-depleted cells.

Altered WRN-dependent gene expression was strongly linked both to

the presence of G4 DNA motifs in the 5′ regulatory regions of genes,

with G4 motif-rich genes most often down-regulated in the absence of

WRN. Prolonged absence of WRN function, as is experienced in WS

patients, was further associated with the altered expression of genes

that constitute a wide range of senescence-associated programs: DNA

damage/telomere stress, oxidative stress, oncogene-induced and se-

nescence-associated secretory phenotype. Moreover, unexpected func-

tional pathways were strongly perturbed in WS patient fibroblasts,

though not in WRN-depleted cells. These pathways included tRNA
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Table 2

WRN polymorphisms (or SNPs) associated with age-related phenotypes or diseases.

Polymorphism Phenotype (comments) Allele Population References

WRN V114I HDL-cholesterol levels (association not confirmed in a replication cohort) I allele European Kathiresan et al. (2009)

WRN V114I Increased total cholesterol and LDL (association not confirmed in a replication cohort) I allele European Teslovich et al. (2010)

WRN V114I Magnitude of HDL-cholesterol change with statins (findings needs to be tested in an independent

cohort)

I allele European Barber et al. (2010)

WRN V114I Increased blood levels of Lp-PLA2 activity (findings needs to be tested in an independent cohort) I allele European Suchindran et al. (2010)

WRN V114I Increased bone fracture related morbidity (association replicated in independent Japanese cohorts

only)

I allele Japan Zhou et al. (2016)

WRN V114I Increased incidence of femoral fracture (validated in an independent Japanese cohort) I allele Japan Mori and Zhou (2016)

WRN V114I Increased incidence of posterior subcapsular cataract (but association lost after multiple testing) I allele Chinese Jiang et al. (2013)

WRN V114I Worst effect on refractive error of the eye (validated in 4 out of 5 independent cohorts) I allele Multi-ethnic Stambolian et al. (2013)

WRN V114I Head circumference in infant (association not validated in replication cohorts) I allele European Taal et al. (2012)

WRN V114I Decreased risk of Non-Hodgkin Lymphomas (association not validated in independent cohorts) I allele European Hill et al. (2006)

WRN V114I Decreased survival of patients with non-small cell lung carcinoma (association lost after multiple

testing)

I allele Chinese Dong et al. (2012)

WRN M387I Height (association not tested in independent cohorts) I allele European Lango Allen et al. (2010)

WRN M387I Increased epicardial coronary stenosis (association not validated in independent cohorts) I allele European Luke et al. (2007)

WRN M387I Serum level of cytostatin C in patients with chronic kidney disease (not validated in independent

cohorts)

I allele European Kottgen et al. (2010)

WRN L1074F Increased risk of ischemic stroke (association not validated in a replication cohort) F allele European Christoffersen et al. (2017)

WRN L1074F Decreased risk of developing sporadic Creutzfeld-Jakob disease (association only found in the UK) F allele Multi-ethnic Mead et al. (2012)

WRN L1074F Decreased risk of follicular lymphoma due to organic solvent exposure in women (findings need to be

tested in an independent cohort)

F allele European Jiao et al. (2012)

WRN L1074F Increased risk of T-cell lymphomas among women with Body Mass Index> 25 (findings need to be

tested in an independent cohort)

L allele European Chen et al. (2013b)

WRN L1074F Decreased risk of lung cancer (association not replicated in an independent cohort) F allele European Rudd et al. (2006)

WRN L1074F Decreased prevalence of prostate cancer in patients aged> 72 years, but not in younger patients

(findings need to be tested in independent cohorts)

L allele Chinese Wang et al. (2011)

WRN L1074F Increased risk of breast cancer in women with longer interval between menarche and first pregnancy

(association replicated in independent Asian cohorts)

F allele Taiwanese Ding et al. (2007)

WRN L1074F Increased risk of breast cancer in women with earlier age at menarche (association replicated in

independent Asian cohorts)

F allele Chinese Wang et al. (2009)

WRN S1133A Decreased longevity (association needs to be tested in independent cohorts) A allele European Kulminski and Culminskaya

(2013)

WRN S1133A Increased total cholesterol (association needs to be tested in independent cohorts) A allele European Kulminski and Culminskaya

(2013)

WRN S1133A Serum level of cytostatin C in patients with chronic kidney disease (not validated in independent

cohorts)

A allele European Kottgen et al. (2010)

WRN C1367R Decreased longevity (but association lost after multiple testing; also association not validated in an

independent cohort)

R allele European Deelen et al. (2011)

WRN C1367R Body Mass Index (BMI) (association not validated in a replication cohort) R allele European Speliotes et al. (2010)

WRN C1367R Increased diabetes-free survival rate over the age (findings need to be tested in independent cohorts) R allele Japan Hirai et al. (2005)

WRN C1367R Increased myocardial infarction (association validated in an independent Japanese cohort only) C allele Japan Ye et al. (1997)

WRN C1367R Increased myocardial infarction (association validated in an independent Japanese cohort only) C allele Japan Morita et al. (1999)

WRN C1367R Increased mitral annular calcification (association not validated in a replication cohort) R allele European Thanassoulis et al. (2013)

WRN C1367R Increased ischemic stroke (association found in two combined cohorts) C allele European Christoffersen et al. (2017)

WRN C1367R Increased risk for cyanotic congenital heart disease (association not validated in a replication cohort) R allele European Cordell et al. (2013)

WRN C1367R Beneficial effect of long-term hemodialysis (findings need to be tested in independent cohorts) R allele Japan Yamada et al. (2000)

WRN C1367R Decreased prevalence of chronic kidney disease in hypertensive individuals (findings need to be

tested in independent cohorts)

R allele Japan Yoshida et al. (2009)

WRN C1367R Lower bone density (association not validated in an independent cohort) R allele Japan Ogata et al. (2001)

WRN C1367R Reduced risk of age-related cortical cataract (association not validated in independent cohorts) R allele Chinese Jiang et al. (2013)

WRN C1367R Schizophrenia (association not validated in a replication cohort) R allele European Need et al. (2009)

WRN C1367R Bipolar disorder (association replicated in independent cohorts) R allele Multi-ethnic Chen et al. (2013a)

WRN C1367R Increased risk of developing sporadic Creutzfeld-Jakob disease (association only found in the UK) R allele Multi-ethnic Mead et al. (2012)

WRN C1367R Increased education attainment (association not validated in a replication cohort) R allele European Rietveld et al. (2013)

WRN C1367R Decreased incidence of bone and soft tissue sarcomas (association validated in an independent

Japanese cohort only)

R allele Japan Nakayama et al. (2008)

WRN C1367R Decreased incidence of skull base chordoma in Chinese men only (not in Chinese women) R allele Chinese Wang et al. (2014)

WRN C1367R Decreased risk of Non-Hodgkin Lymphomas in women (not tested in men) R allele European Shen et al. (2006b)

WRN C1367R Decreased risk lymphomas (association validated in an independent cohort) R allele European Vineis et al. (2009)

WRN C1367R Increased risk of Non-Hodgkin Lymphomas in women using hair dye before 1980 (findings need to be

tested in an independent cohort)

C allele European Guo et al. (2014)

WRN C1367R Increased risk of esophageal cancer among smokers and alcohol drinkers (association not validated in

independent cohorts)

R allele Chinese Li et al. (2012)

WRN C1367R Increased risk of developing breast cancer under the age of 55 and in pre-menopausal women

(findings need to be tested in an independent cohort)

R allele European Zins et al. (2015)

WRN C1367R Increased risk of developing breast cancer in some families that do not have BRCA1/2 mutations

(findings need to be tested in an independent cohort)

R allele European Wirtenberger et al. (2006)

WRN C1367R Increased risk of developing breast cancer (association validated in independent cohorts) R allele European Olson et al. (2011)

WRN C1367R Increased risk of developing breast cancer (association found in Europeans but not in Asians) R allele Multi-ethnic Zhang et al. (2011)

WRN C1367R Increased risk of developing breast cancer (association found in Europeans but not in Asians) R allele Multi-ethnic Wang et al. (2009)
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charging, as one example of a potentially novel disease-promoting

mechanism in WS (Tang et al., 2016).

Cellular processes in addition to DNA metabolism may also be af-

fected by WRN SNP variants. For example, Castro et al. (2008) found

that different combinations of the WRN SNPs 1074F and 1367R in fi-

broblasts derived from 150 non-smoking Mexican males were asso-

ciated with altered expression of the Plasminogen Inhibitor Activator-1

(PAI-1) mRNA (Castro et al., 2008). Fibroblasts from individuals of SNP

genotypes 1367R/R and/or 1074L/L expressed the lowest PAI-1 levels,

whereas 1367C/C and/or 1074F/F individuals expressed the highest

PAI-1 levels (Castro et al., 2008). The authors suggested further that

higher levels of PAI-1 expression an inhibitor of extracellular matrix

degradation, might potentiate atherosclerosis risk by promoting ab-

normal arterial wall intimal growth (Otsuka et al., 2006).

9. Opportunities to improve WRN polymorphism-disease

association studies

Table 2 summarizes the WRN SNP associations discussed above.

Many of these reported associations were modest or with P-values close

to 0.05, and few have been replicated in studies of independent po-

pulations (Yashin et al., 2015). Many of these association studies

foundered on the rocks of small sample size; lack of well-defined case

and control groups; a failure to account for co-variables; and a failure to

consistently apply multiple testing correction (Pearson and Manolio,

2008). These problems, which are found in many other association

analyses, may be further compounded by sub-classification of pheno-

types under study or sample stratifications that further decrease sample

size and diminish the ability to detect a significant association. Of note,

the bar for significance even in conventional GWAS is reasonably high:

an association is generally not considered significant until it reaches a

genome-wide level of statistical significance or a P-value of≤5 × 10−8

(Leslie et al., 2014).

A related issue is that many of these studies have focused on only a

few–in some instances only one–WRN SNP variant. Although several of

the common WRN SNP variants discussed above are ancient, frequent

(enough) and shared across continental populations, many association

studies surveyed only the most common variants. This raises the pos-

sibility that both less common variant associations or associations

linked to additional SNPs have been missed. Notably, a recent update of

the mutation spectrum in WS patients by Yokote et al. (2017) includes

five non-synonymous coding SNPs with pathogenic consequences

(Yokote et al., 2017). The pathogenic mechanisms of some of these

variants have been examined using recombinant WRN proteins. For

example, two variants changing either the amino acid residue 125 or

135 (K125N and K135E) were shown to cause an increased instability

of these WRN proteins (Huang et al., 2006). Homozygous individuals

with such variants exhibit WS phenotypes. Another example is the

change of residue 574 (G574R) in the WRN protein of a WS patient

significantly decreasing its DNA helicase activity (Tadokoro et al.,

2013). We expect to discover more non-synonymous coding SNPs in

previously unexplored human populations (Yokote et al., 2017). Ac-

cordingly, in a recent analysis of WRN genetic variants, we identified

over 700 base pair level genetic variants in WRN by aggregating data

across over 60,000 individuals included in the 1000 Genomes, Exome

Sequencing Project and Exome Aggregation Consortium datasets (Fu

et al., 2017). Among many of the newly discovered WRN variants, one

SNP has recently been described for the population of Mexico (Kamath-

Loeb et al., 2017). This SNP changes residue 834 of the WRN protein

(R834C) and significantly decrease the DNA helicase activity of the

protein (Kamath-Loeb et al., 2017). The 834C allele is frequent (up to

5%) only in the Spanish descents of the Mexican population. Interest-

ingly, homozygous 834C subjects do not exhibit the cardinal signs of

WS but there is a significant gender bias in favor of males homozygous

for this allele (Kamath-Loeb et al., 2017). Although the homozygous

subjects do not exhibit WS, association studies of the 834C allele with

any age-associated pathology in a much larger Mexican population may

reveal new findings. In retrospect, this move to larger sample sizes,

together with the use of a more comprehensive list of WRN sequence

variants, will be the starting point for future association analyses.

Another opportunity to improve our ability to detect WRN variant-

phenotype and disease associations will draw on data from rapidly

developing methods to experimentally determine the functional con-

sequences of large numbers of genetic variants in parallel. These tech-

nology-driven functional phenotyping efforts extend the individual

variant assays described above, and often have the added virtue of al-

lowing the inclusion of positive and negative controls on a common,

defined genetic background. ‘Deep mutational scanning’ (DMS)

methods can easily encompass hundreds or thousands of individual

variants in parallel experimental analysis. This approach is an extension

of the well-known single amino acid scans that have been used for some

time to identify functionally important protein residues (e.g., alanine

scans) (Gray et al., 2017). DMS methods thus have the potential to

identify the small number of variants to focus on and that have sub-

stantial functional consequences as defined by biochemical or cellular

assay. The application of these methods to WRN will be facilitated by

more comprehensive definition of WRN sequence variants (Fu et al.,

2017), and by rapidly improving methods to generate or capture even

large variant libraries for cellular assay (Findlay et al., 2014; Matreyek

et al., 2017). Genomic approaches to identify variant-phenotype

Fig. 2. Model summarizing WRN function in DNA metabolism over the whole of the human lifespan, and how specific WRN SNP variants might affect DNA metabolic function to confer

elevated risk or promote the pathogenesis of neoplastic and non-neoplastic disease. Specific WRN SNP variants have also been linked to altered longevity. The mechanism(s) responsible

for specific SNP disease or longevity associations remain poorly understood.
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associations are also drawing more actively on emerging data on the

ethnic and population structure of genetic variation, especially haplo-

type associations. One early example of the development of these data

was reported by Trikka et al. (2002), who studied the haplotype

structures of the WRN gene in different U.S. ethnic samples including

Africans, Caucasians, Hispanics, and Asians. They found that most

haplotypes are population-specific, with different patterns of linkage

disequilibrium, recombination and haplotype diversity within the WRN

gene itself in different ethnic samples (Trikka et al., 2002). A good

example of the value of haplotype data in association analysis was

provided by Shen et al., Shen et al. (2006a), who analyzed the impact of

different WRN SNPs on hematotoxicity in Chinese workers exposed to

benzene (Shen et al., 2006a). Benzene is a recognized hematotoxicant

that leads to chromosome aberrations, apoptosis, and hematopoietic

progenitor cell suppression (Lan et al., 2004). The authors analyzed

WRN haplotype combinations in 250 Chinese workers exposed to

benzene and 140 controls. Two WRN SNPs, 114I and 1074F, were as-

sociated with a statistically significant decrease in total white blood cell

counts (22% and 14%, respectively) among benzene-exposed workers.

Moreover, this white cell decrease was greatest in benzene-exposed

workers bearing a WRN 114I/1074L/1367C haplotype, 30% lower,

versus workers carrying a WRN 114V/1074F/1367R haplotype. These

WRN SNP associations remained significant after correcting for mul-

tiple testing (Shen et al., 2006a), although this finding requires re-

plication. The authors suggested further that haplotype-associated SNPs

might have additive or other effects on function beyond effects attri-

butable to single SNPs (Shen et al., 2006a). Of note, the WRN 114I SNP

is located within the exonuclease domain (Fig. 1), where it has the

potential to alter WRN exonuclease function (Mori and Zhou, 2016) as

well as WRN protein–protein interactions (Gagné et al., 2016).

Finally, other potential confounders in WRN association studies may

arise when population stratification is present due to non-random

mating between groups of individuals within a specific geographical

area or country, and when there are differences in allele frequencies

due to drift within a population (Yashin et al., 2015). The recognition

and rapid development of population genetic data should allow us to

account for, and where possible incorporate, these types of additional

data in future association studies.

10. Concluding remarks

As summarized in Table 2, a great deal has already been learned

about potential WRN-phenotype or disease associations. These asso-

ciation studies have identified several tantalizing and potentially im-

portant associations to pursue, and have provided a much better un-

derstanding of the requirements to design and conduct interpretable,

well-powered and mechanistically-informative association studies.

These studies will be further enabled by the growing number of po-

pulation-based genomics or precision medicine initiatives, especially

those that are attempting to develop longitudinal data on phenotype.

The clinical features of WS, especially the strong risk in WS for

clinically important, age-associated disease phenotypes observed in

many normal aged individuals, provides a compelling rationale to

search for additional WRN genotype-disease associations. WS will

continue to provide a rich source of new information on the mechan-

istic basis and pathogenesis of aging, and the development of age-as-

sociated disease. In this review, we have emphasized the complexity of

genetic variant-disease association studies, and the challenge of inter-

preting their results. Despite the modest harvest to date, we hope

readers will leave with a sense of rapid advances that will improve our

ability to link genetic variants in WRN, and in many other genes, to

disease risk or other phenotypes. Part of the excitement in this re-

invigorated area of human disease research stems from advances in a

diversity of areas, including new population-based data, methodolo-

gical developments such as deep mutational scanning, and the rapid

advance in our understanding of a growing number of disease

mechanisms. Genetic disease associations are indeed complex, though a

brighter day–and the identification of more robust associations–lies

almost within our grasp.
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