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. Loss-of-function mutations in the WRN helicase gene cause Werner syndrome- a progeroid syndrome

. with an elevated risk of cancer and other age-associated diseases. Large numbers of single nucleotide

. polymorphisms have been identified in WRN. We report here the organismal, cellular, and molecular
phenotypes of variant rs3087425 (c. 2500C >T) that results in an arginine to cysteine substitution
at residue 834 (R834C) and up to 90% reduction of WRN helicase activity. This variant is present at
a high (5%) frequency in Mexico, where we identified 153 heterozygous and three homozygous
individuals among 3,130 genotyped subjects. Family studies of probands identified ten additional TT

: homozygotes. Biochemical analysis of WRN protein purified from TT lymphoblast cell lines confirmed

. thatthe R834C substitution strongly and selectively reduces WRN helicase, but not exonuclease
activity. Replication track analyses showed reduced replication fork progression in some homozygous
cells following DNA replication stress. Among the thirteen TT homozygotes, we identified a previously
unreported and statistically significant gender bias in favor of males (p =0.0016), but none of the
clinical findings associated with Werner syndrome. Our results indicate that WRN helicase activity alone
is not rate-limiting for the development of clinical WS.

. Werner syndrome (WS) is a segmental progeroid and genomic instability disorder [refs 1,2 and references
: therein]. It is characterized by the premature onset of aging and an elevated incidence of cancer in individu-
- als who have null mutations in both alleles of the WS gene, WRN>*. Greater than 95% of clinically ascertained
mutations in WRN are frameshift and nonsense mutations®~%, which predict truncated protein products. In all
examined cases of cells derived from WS patients, however, neither the RNA transcript nor the protein is detect-
able®!%. Reported missense amino acid substitutions, present as compound heterozygous mutations in a small
subset of WS patients!!4, lead to protein instability and loss- the functional equivalent of null alleles. Thus, the
development of WS appears to require the loss of the WRN protein and both of its encoded catalytic activities.
In addition to pathogenic variants in WRN, large numbers of naturally occurring single nucleotide poly-
morphisms (SNPs) have been identified. While most that have been analyzed thus far do not significantly alter
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the biochemical activities of WRN, we, and others, have identified three missense variants that preferentially
diminish helicase activity (refs 12,15, and Kamath-Loeb, A., unpublished) and one variant that selectively reduces
exonuclease activity'®. The best-characterized non-synonymous SNP that preferentially reduces DNA helicase
activity is rs3087425 (c. 2500C > T). This polymorphism results in an arginine to cysteine substitution at amino
acid 834 within the WRN helicase domain. Recombinant R834C-WRN protein isolated from mammalian cells
in culture displays markedly diminished (40- to 50-fold) ATPase and helicase activities'®, with retention of WRN
exonuclease activity. Biochemical analysis of cells from one heterozygous (CT) individual revealed that helicase
activity was reduced ~2-fold, suggesting that the variant allele may be non-functional®.

In order to quantify the frequency of the c. 2500C > T variant and identify potential phenotypes associated
with it, we genotyped 3,600 individuals of diverse ethnicities and found that it is present in individuals of Spanish
descent, but not of other European or African-American ancestry'®. We show here that this variant is present at
a high frequency in the Mexican population, and took advantage of this finding to determine whether selective
reduction of WRN helicase activity contributes to premature aging, genomic instability, or other phenotypes.
Our findings indicate that homozygous TT individuals who have close to 90% reduction of WRN helicase activity
do not present signs or symptoms diagnostic of Werner syndrome in the Mexican population. In contrast to WS
where there is a 1:1 ratio of male: female patients!’, we observe a statistically significant gender bias in favor of
males among homozygous TT individuals. This observation raises the possibility that WRN helicase activity may
play a role in germ cell development and/or X-chromosome inactivation.

Results and Discussion

The human WRN locus has a large number of coding and non-coding sequence variants. Among the 759 variants
identified in the WRN coding region and splice junctions in the 1000 Genomes, Exome Sequencing Project,
and the Exome Aggregation Consortium (ExAC) data, nearly all (97.6%) are single base substitutions'®. The
identification of prevalent non-synonymous WRN variants led quickly to studies aimed at identifying the asso-
ciation between specific variants and human heritable or acquired disease states. For example, the contribution
of three common missense substitutions, V1141, L1074F and C1367R to potential age-associated conditions and
cancer risk has been extensively analyzed in a number of populations'®-?%. In this study, we focused on a unique
non-synonymous polymorphism, ¢.2500C > T (p. R834C) that we previously showed selectively reduces WRN
DNA helicase, but not DNA exonuclease activity in vitro'>. Among the 3,600 anonymous DNA samples from
various ethnicities that we genotyped, we found that it is present in individuals of Spanish descent'. Here, we
show that the variant is present at a high frequency in Mexico, which enabled us to evaluate the effect of WRN
helicase deficiency on cellular, molecular, and clinical phenotypes in a cohort of R834C homozygous individuals.

Distribution of WRN c. 2500C >T in Mexico. A large number of anonymous DNA samples from the
Mexican HapMap collection?” were genotyped to determine the frequency of the WRN c. 2500C > T variant.
Analyses of ~2,400 samples yielded a heterozygous allele frequency of 2%, with similar frequencies across both
genders and in all examined states in Mexico (Table 1). Heterozygotes were observed in both indigenous and
non-indigenous populations (Table 1); one TT homozygote was identified as well in this collection.

Identification of WRN c. 2500C > T Heterozygous and Homozygous Individuals. Based on the
above analyses, we recruited and genotyped 3,130 individuals from Mexico City. Individuals had to be at least 18
years old, born in Mexico, and have 1* and 2" generation Mexican-born relatives to be included in the study. The
study population age range was 18-104, and had a male: female ratio of 0.43:0.57 (Table 2a). Genomic DNA was
isolated from blood samples and DNA integrity was verified by gel electrophoresis. TagMan-based genotyping
was carried out on coded duplicate samples and interpreted by two independent investigators. DNA samples
identified as being heterozygous or homozygous by the TagMan assay were subjected to Sanger sequencing to
confirm the genotype. We identified 153 heterozygous individuals for a heterozygous (CT) allele frequency of
2.5% (Table 2a), very close to the 2% observed in the Mexican HapMap samples (Table 1). 253 WRN c. 2500C > T
alleles are reported in the ExAC database, with nearly all (244 of 253, or 96.4%) of these in the Latino population
where a total of 11,570 alleles were sequenced. The resulting heterozygous allele frequency of 2.1% is thus in close
agreement with the frequency of 2.5% we identified in our Mexican study population (95% CI=[2.1 to 2.8%]).
Based on this heterozygous allele frequency, we expected to identify 2 homozygous individuals among the ~3,000
individuals genotyped. We identified three homozygotes indicating that the major (C) and minor (T) alleles are
in Hardy-Weinberg equilibrium (p = 0.45 for the HW exact test).

In order to determine whether the WRN R834C substitution confers an identifiable phenotype/s, we identified
additional homozygous individuals in families of probands (heterozygous and homozygous) from our collection
of 3,130 subjects. We visited 79 families residing in the greater Mexico City area to conduct histories and physical
examinations of family members and to obtain blood samples for genotyping (under IRB guidelines). Genotype
analyses (TagMan PCR and direct sequencing) of these samples revealed an additional ten TT homozygous
individuals (ages 18-61 yr; Table 2b). In all, thirteen homozygous individuals were identified in nine unrelated
families (see Pedigree Charts, Supplementary Figs S1a-i). We also visited 17 control families (consisting of 71
members) to collect comparable control data. The ratio of male to female individuals in the family studies was
0.39:0.61.

Expression and Enzymatic Activity of R843C-WRN Protein in TT Homozygous Cells. We had
previously shown that R834C-WRN protein immuno-purified from transfected 293T cells had markedly reduced
DNA helicase activity in vitro'®. In order to determine if TT homozygous individuals also have reduced WRN hel-
icase activity, we established EBV-immortalized cell lines of lymphocytes isolated from control and homozygous
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Female 81 5 —
Guanajuato

Male 86 3 —

Female 86 1 —
DDD Durango

Male 85 6 —

Female 87 5 —
Oaxaca

Male 84 5 —

Female 84 5 —
Veracruz

Male 82 8 —

Female 87 4 —
Yucatan

Male 78 3 —

Female 89 3 —
Campeche

Male 86 6 —

Female 89 3 —
Tamaulipas

Male 89 3 —

Female 88 4 1
Guerrero

Male 87 5 —

Female 91 1 —
Sonora

Male 89 3 —

Female 84 8 —
Zacatecas

Male 88 4 —

Female 87 4 —
Maya

Male 88 4 —

Female 87 2 —
Mixtecos

Male 80 2 —

Female 91 0 —
Tepehuanes

Male 85 0 —

Female 11 1 —
Zapotecos

Male 14 0 —

Table 1. Distribution of the major ‘C’ and minor ‘T’ alleles of WRN rs3087425 among females and males
within the indicated states (top) and indigenous populations (bottom) of Mexico.

individuals from four independent families (Family #s 14, 19, 26, and 33). Early passage log phase cells were col-
lected and lysed to quantify WRN protein levels and enzymatic activity as previously described>?.

Protein levels. 100 pg of high salt protein lysates were electrophoresed through a 4-12% acrylamide gradient
gel, blotted onto a PVDF membrane, and probed with a WRN-specific mouse monoclonal antibody. As seen in
Fig. 1, when normalized to the loading control of nucleolin, R834C-WRN protein levels ranged from 40-70% of
within-family control WRN levels. Thus, unlike Werner syndrome patients who lack detectable WRN protein, TT
homozygous individuals express the variant protein, although at slightly reduced steady-state levels.

Enzymatic Activity. WRN from control (CC), heterozygous (CT), and homozygous (TT) cell lysates was immu-
noprecipitated and assayed for WRN-associated DNA helicase and DNA exonuclease activities as previously
described!>?8. The specificity of the anti-WRN antibody for WRN was demonstrated by the lack of measura-
ble enzymatic activity in immune precipitates from WRN minus cells®®. The use of a DNA substrate contain-
ing a blocked 3’-end, or the inclusion of ATPAS, enabled us to examine, respectively, WRN helicase activity in
the absence of nuclease activity, or exonucleolytic degradation in the absence of confounding DNA unwind-
ing activity. Representative helicase and exonuclease activity gels are presented in Supplementary Fig. S2a,b,
respectively, with quantified band intensities from independent experiments plotted in Fig. 2a,b. As shown,
there is a 5- to 9-fold reduction of R834C-WRN helicase activity among the five homozygous cell lines com-
pared to within-family control cells. In contrast, there is minimal, if any, decrease in WRN exonuclease activ-
ity in TT homozygous cells. Thus, as we had shown for purified recombinant R834C-WRN protein, WRN
immuno-purified from TT homozygous cells exhibited selectively reduced DNA helicase, but not DNA exonucle-
ase, activity. R834C-WRN purified from the lymphoblasts of homozygous TT individuals had between 10-20%
of control WRN helicase activity, in contrast to the ~2% residual helicase activity we observed in recombinant
R834C-WRN protein that was transiently over-expressed in 293T cells'.

Molecular Phenotypes of TT Homozygous Cells.  In order to determine whether TT homozygous cells
exhibit molecular phenotypes characteristic of WS cells, we monitored DNA replication fork rates in response
to hydroxyurea (HU)-mediated replication fork slowing. We previously used this quantifiable, sensitive, and
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a
Enrolled 3130
Gender
Female 1772 57
Male 1358 43
Age
Median (SD) 25.77 (14.39)
Min-Max 18-104
Genotype
TT 3 0.1
CT 153 4.9
CcC 2974 95
Alleles
T 159 2.54
C 6101 97.46
b
Enrolled
Gender
Female 313 61
Male 200 39
Age
Median (SD) 43.14 (18.9)
Min-Max 18-96
Genotype
TT 13 2.5
CT 240 46.8
CcC 260 50.7
Alleles
T 266 25.93
C 760 74.07

Table 2. Characteristics of Individuals Genotyped in the Population (a) and in Families (b).

M TT TT CC TT CC CC TT TT CC

250 o — W - — — —WRN

——————— ot o || 1015017

Relative levels 064 068 1.0 0.38 1.0 1.0 0.59 046 1.0

130

Figure 1. R834C-WRN is expressed in homozygous cells. Lysates (100 pg total protein) from control and

TT homozygous cells from four pedigrees, F14, F19, F26, and F33, were electrophoresed through a 4-12%
polyacrylamide gel. The proteins were blotted to a PVDF membrane, and probed with anti-WRN antibody and,
simultaneously with anti-nucleolin antibody, to control for loading differences. The membrane was incubated
with AlexaFluor 647-labeled anti-mouse antibody, and protein bands were visualized on an Alphalnnotech
FluorChemQ Imaging Station. Band intensities were quantified using Image] software. CC: wild type controls;
TT: R834C-WRN expressing cells; M: Molecular weight standards; numbers on the left indicate protein sizes in kDa.

mechanistically revealing assay to show that lowering WRN levels to <10% of normal by shRNA-mediated
protein depletion renders cells sensitive to several DNA damaging agents, and increases the fraction of stalled
replication forks®®. Un-repaired stalled replication forks have the potential to lead to genomic rearrangements,
deletions, and genetic instability as observed in WS patient cells***!.

Actively replicating control [CC (n=4)] and homozygous [TT (n=>5)] cells were incubated with ethynyldeox-
yuridine (EAU) prior to the addition of HU, and then incubated with iododeoxyuridine (IdU) following removal
of HU. Labeled DNA was then isolated, stretched, and immunostained on cover slips to visualize replicated DNA
molecules. The lengths of fluorescent DNA tracks pre- and post-HU treatment were measured to determine
whether HU alters DNA chain elongation rates in TT homozygous cells to a greater extent than in control cells.

Two TT homozygous cell lines, 1401 and 1402, displayed shorter DNA tracks post-HU compared to the
within-family control, as reflected in the left shift of IdU/EdU track ratios in Fig. 3. This difference between the
homozygous and control cells was highly significant (p values=5.6 x 107 and 1.7 x 1077 for 1401 and 1402,
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Figure 2. WRN c. 2500C > T (p. R834C) selectively reduces DNA helicase, but not DNA exonuclease,
activity. Endogenous WRN in lysates (1 mg total protein) prepared from control (CC), heterozygous (CT), and
homozygous (TT) cells from four pedigrees (F14, F19, F26, and F33) was affinity purified with a polyclonal
anti-WRN antibody. Immunoprecipitates containing WRN were assayed for either DNA helicase (a) or DNA
exonuclease (b) activity. Unwinding activity was measured using a 3’-end blocked 20/46 nt partial DNA duplex
substrate, while exonuclease activity was assessed in the presence of ATPAS using the unblocked substrate; both
substrates were 5’-end labeled using y[**P]ATP and T4 polynucleotide kinase. Reactions were incubated at 37 °C
for 20 min and aliquots were electrophoresed through native 12% (helicase) or denaturing 14% (exonuclease)
polyacrylamide gels. Radioactivity in bands was visualized on a PhosphorImager, and band intensities were
quantified using Image J software. Enzymatic activity in heterozygous and homozygous cells was normalized to
that of within-pedigree controls.

respectively; Wilcoxon test). Differences in the IdU/EdU ratio were observed only in response to HU, indicating
that TT homozygous cells display this fork phenotype only under conditions of replication stress. In contrast to
cell lines 1401 and 1402, track lengths in the remaining TT homozygous lines were either shortened to similar
extents (1903 and 3304), or even lengthened (2604), compared to respective family controls after exposure to
HU. Of note, among the five analyzed homozygous lines, 1401 and 1402, which showed the greatest reduction in
replication track lengths, also showed the greatest reduction of WRN helicase activity (Fig. 2).

The role of WRN helicase activity to cellular phenotypes has been well-documented?*>2-*. For example,
Sidorova et al.**** depleted WRN from cells in culture and found that WRN-depletion revealed replication fork
phenotypes similar to that exhibited by WRN-null WS patient cells when challenged with DNA damaging agents.
WRN-depleted cells that exhibit replication phenotypes have <10% of normal protein levels and enzymatic activ-
ity, and WS patient cells lack both detectable WRN protein and biochemical activity. WRN TT homozygous cells,
in contrast, retain between 10-20% of WRN helicase activity. This may indicate a threshold of ~10% or less of
native WRN helicase activity to sensitize cells to DNA damaging agents and to reveal WRN helicase-dependent
cellular phenotypes. Some investigators have proposed that WRN serves a non-enzymatic function such that lev-
els of WRN, even those of inactive proteins, determine cellular phenotypes®*. If this were the case, TT homozy-
gous cells would not be expected to exhibit dramatic phenotypes since R834C-WRN protein is expressed at levels
that are 40-70% of normal.

Phenotypes of WRN c. 2500C >T Homozygous Individuals. We used a combination of in-house his-
tory and physical examinations, as well as examinations by an internist and, in some instances, by a dermatologist
and an ophthalmologist to determine whether T'T homozygotes present phenotypes associated with Werner syn-
drome (Supplementary Tables S1 and S2). We ascertained WS ‘cardinal signs’ and ‘other signs and symptoms’ (see
Methods for details of these features) using criteria defined by the International Registry of Werner syndrome to
identify individuals with definite, probable, or possible WS>17:%,

We observed some features of WS among TT homozygous individuals, e.g., grey hair, early onset hair loss,
short stature, thin limbs, and flat feet, but these findings were neither consistent nor significantly more frequent
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Figure 3. Some WRN c. 2500C > T homozygous cells display replication fork phenotypes. Replicating
DNA in log phase control and TT homozygous LCLs were labeled with halogenated nucleosides,
5-ethynyldeoxyuridine (EdU) and iododeoxyuridine (IdU) before and after incubation with hydroxyurea
(HU), respectively. Cells were lysed, and high molecular weight DNA was isolated and stretched on cover

slips using pre-fabricated microchannels. EQU and IdU tracks were stained with fluorescent antibodies and
visualized by fluorescent microscopy (Zeiss Axiovert microscope). Track lengths, pre- and post- HU treatment,
were measured using AxioVision software. Cumulative ratios of 2" to 1% labeled segments in two-segment
tracks (n=100-200/sample) were calculated and graphed. A decrease in the rate of DNA chain elongation

is manifested as a left shift (decreased IdU/EdU ratios). Controls (black lines): 1405, 1904, 2603, and 3305;
Homozygous (grey lines): 1401, 1402, 1903, 2604, and 3304. Open symbols: (—) HU; closed symbols: (4) HU.

among TT homozygotes than among other WRN genotypes (Table 3). For example, only individual 1402 had
short stature and thin limbs, only individuals 6712 and 7502 had early-onset hair loss, while individuals 7309
and 7508 displayed none of these features. Two cardinal signs of WS, early onset bilateral cataracts and reduced
fertility were absent in all TT homozygotes. Five of the 13 homozygotes are parents in the 4" and 5" decade of
their life, the upper expected lifespan for WS patients, and showed no collective signs suggestive of WS up to age
61. WS patients also have an increased incidence of cancers including thyroid carcinomas, meningiomas, and soft
tissue sarcomas®. No incidence of cancer was observed in the thirteen TT homozygotes, nor was there evidence
of chromosomal aberrations in their cells (data not shown). The absence of cardinal signs of WS (bilateral cata-
racts, characteristic skin changes) in TT homozygotes does not support a clinical diagnosis of WS. Further, “addi-
tional signs of WS” (not cardinal), which were present in some TT homozygotes, were not present at significantly
elevated frequencies compared to the CC or CT population controls (p > 0.05 for Fisher’s exact test comparison
of these trait frequencies across the 3 genotypes; Supplementary Table S1). The strongest significance level for
difference in frequency of additional signs of WS occurred for diabetes mellitus, present in 4/13 TT (31%), in
24/238 CT (10%) and in 36/259 CC (14%) individuals, although this was not statistically significant (p = 0.06 for
a two-tailed test, and p =0.03 for a one-tailed test for elevated frequency, which is not significant after Bonferroni
correction for multiple-testing). By far the most significant difference we observed was in the subjective assess-
ment of ‘older than actual age’; however, this feature was also not statistically significant after applying correction
for multiple testing.

In contrast to WRN, several missense mutations have been identified in the related RecQ helicase, BLM, which
result in Bloom syndrome- another recessive genomic instability and cancer predisposition disorder like Werner
syndrome. These missense-mutant proteins lack BLM helicase activity*®* and led us to expect that WRN mutant
proteins lacking helicase activity might also lead to acquired diseases associated with WS. However, we did not
identify WS clinical findings or disease phenotypes in individuals homozygous for the R834C (c. 2500C > T)
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Ectomorphic
1401 Index 19 M No No No 18 No No somatotype; late
pubarche
1402 Sister 18 F Yes No No No No No Thin Limbs
1903 | Parent | 56 M No 50 No 54 No No Late pubarche
2604 | Parent | 57 M No No No 40 No Yes Hypermelanosis
3104 Uncle 61 M No 40 No 40 No No Hair loss
3304 | Parent | 46 M No 30 No 23 33 No Hypermelanosis
4.
6701 | Index | 20 | M No 18 No 18 No Yes | Older AppeEanees flat
6712 | Brother | 25 M No No No 24 No No Older appearance; early
onset hair loss; flat feet
Older appearance; nail
6801 Index | 22 M No No No 20 No No deformity; cold fingers;
flat feet
Hypermelanosis; nail
7303 | Parent | 42 M No No Yes 29 32 Yes deformity; cold fingers;
dyslipidemia
7309 Uncle 39 M No 35 Yes 39 29 No
Early onset hair loss;
7502 | Parent | 58 M No 54 Yes 55 58 Yes atrophic skin; bird-like
facies
7508 Aunt 59 F No 48 No No No No

Table 3. Clinical Characteristics of R834C-WRN Homozygotes. !Stature was based on mid-parental height
and comparison to growth charts of the Mexican population. Numbers indicate age of appearance of grey hair,
diagnosis of ametropia (visual acuity), or onset of diabetes mellitus (DM). *BP: blood pressure. “Description of
older appearance was based on comparison with family members and identical aged. individuals in the Mexican
population. *Flat feet diagnosed at age 3 yr in all three individuals. *Early onset hair loss is defined as hair loss
before the age of 30.

1401 M Yes 13 1.6

1402 F No 11 2.1

1903 M Yes 15 1.1

2604 M Yes 20 0.54
3104 M Yes ND ND
3304 M Yes 16 0.94
6701 M Yes ND ND
6712 M Yes ND ND
6801 M Yes ND ND
7303 M Yes ND ND
7309 M Yes ND ND
7502 M Yes ND ND
7508 F No ND ND

Table 4. Salient Features of R834C-WRN Homozygotes. Normalized to within-pedigree wild type control
activity, which is set at 100%. Numbers refer to the ratio of mean IdU/EdU replication track length ratios in the
presence or absence of HU in homozygous cells compared to within-pedigree wild type control cells.

vvariant in our Mexican population-based analysis. These results, together with the replication fork data (see
above and refs 33 and 40) and our analysis of phenotypes of cells expressing WRN exonuclease-null, helicase-null,
or double missense mutant WRN proteins®, all argue that WRN helicase activity alone is not rate limiting for
WS pathogenesis, and that clinical WS likely results only when both WRN helicase and exonuclease activities are
lacking in patient cells.

Additional Phenotypes of WRN c. 2500C >T Homozygous Individuals. Despite the lack of clinical
findings of WS among TT homozygotes, we found that poor visual acuity was more common among male TT
homozygotes than among male heterozygotes and controls (Tables 3 and 4). All 11 (100%) male T'T homozygotes
we examined had significantly reduced visual acuity compared to 54 of 92 (59%) CC males and 53 of 97 (55%) CT
males; however, the difference in frequency was not statistically significant (Supplementary Table S1). None of the
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Figure 4. Gender distortion among WRN c. 2500C > T homozygotes. The fraction of male (M; open
bars) and female (F, filled bars) participants in our study population of 3,130 individuals was 0.43 and 0.57,
respectively, and that within the 513 family members was 0.39 and 0.61, respectively. In contrast, the ratio of
male: female individuals among the TT homozygotes was skewed at 0.85:0.15.

TT homozygotes had early onset bilateral cataracts, a common finding in WS patients, to explain their impaired
visual acuity.

Perhaps, the most unexpected finding in this cohort was a statistically significant skewed gender distribu-
tion of TT homozygotes (Tables 3 and 4). Eleven of thirteen homozygotes were male, yielding a male: female
ratio of 0.85:0.15 that is markedly different from the male: female ratio of 0.39:0.61 in individuals genotyped
from the 96 families, the 0.37:0.63 ratio among genotyped members of the nine families with one or more TT
homozygotes (Fig. 4), or the ~0.5:0.5 (or 1:1) ratio observed in WS patients'” and in the population of Mexico
(Mexico Demographics Profile 2016). The proportions of subjects by genotype and gender are 0.46 (92/200)
CC, 0.49 (97/200) CT, and 0.06 (11/200) TT males versus 0.54 (168/313) CC, 0.46 (143/313) CT, and 0.006
(2/313) TT females. The gender ratio skewing in TT carriers was statistically significant both before and after
correction for multiple testing (p value=0.0016, by 2 x 3 Fisher’s 2-tailed tests; p value =0.025 after correction;
Supplementary Table S1). This distorted gender ratio in TT homozygotes is not due to age differences between
males and females- age distributions by decade for the two sexes were almost exactly the same. Furthermore,
there was no relationship between genotype and age within either sex, not for any of the three genotypes for males
and not for CT versus CC for females. That is, among males, the proportions of TT, CT, and CC persons were
equivalent across all ages as it was for females of CC and CT genotypes (Supplementary Tables S1 and S2).

The gender imbalance in favor of males in TT homozygotes appears to be constitutional, not acquired, and
raises the interesting possibility that WRN helicase may influence gender ratio by virtue of a role in germ cell
development or in X-chromosome inactivation. Our data are reminiscent of other reports of gender skew-
ing caused by mutations in other DNA repair and genome stability maintenance proteins such as BRCA1 and
FANCC. BRCAL1 interacts with WRN and plays a role in X-chromosome inactivation*-*2. Carriers of BRCAI
mutations show gender skewing, though in favor of females as opposed to males***4. Additionally, mice mutant
for the Fanconi anemia Fancc protein, which plays a role in DNA cross-link repair and germ cell development**6
also display strong skewing of gender in favor of males (D.W. Clapp, unpublished data). These observations, and
our results in WRN TT homozygotes, highlight potentially novel roles for different DNA repair proteins in germ
cell development.

Our identification of the high heterozygous frequency of the non-synonymous WRN polymorphism, c.
2500C > T (p. R834C) in Mexico allowed us to determine whether selective inactivation of WRN helicase activity
confers cellular phenotypes, clinical findings or disease risks characteristic of Werner syndrome in TT homozy-
gotes. While we confirmed that TT homozygotes do indeed have marked and selective reduction of WRN DNA
helicase activity, they lack other highly penetrant clinical findings observed in WS patients. TT homozygotes
instead, revealed previously unreported findings, distinct from classical WS features, of gender distortion in favor
of males (Table 4), a higher frequency of diabetes mellitus and poor visual acuity. The latter two findings were
not statistically significant after adjusting for multiple-testing, though we note that the statistical power of the
analysis was low due both to the rarity of the TT genotype and the large number of tests performed. Independent
follow-up study will be needed to further confirm the most interesting of our findings, and to explore potential
mechanisms by which WRN helicase activity may determine germ cell development and/or gender parity at birth.

Materials and Methods

Recruitment and Sample Collection. Individuals for the study were recruited from the National
Autonomous University of Mexico (UNAM), the National Institute of Medical Science and Nutrition Salvador
Zubiran (INNCMSZ), and the National Institute of Genomic Medicine (INMEGEN). Inclusion criteria required
individuals to be adults (>18 years old), and have both parents and grandparents of Mexican descent. All studies
involving human subjects, human specimens, and human data were approved by the Institutional Review Boards
at the National Institute of Genomic Medicine in Mexico, at the University of Washington in Seattle, Washington,
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and at all other participating institutions. Human subject activities were performed in accordance with the regula-
tory requirements laid down in the U.S. Code of Federal Regulations, Title 45 Department of Health and Human
Services Part 46, Protection of Human Subjects. Informed consent was obtained from all participants included
in the study.

Genotype Analysis. Blood samples (18 ml) were collected from 3,130 recruited individuals, and sent to the
National Institute of Genomic Medicine for DNA isolation and for WRN rs3087425 (c. 2500C > T) variant geno-
typing. Genomic DNA was extracted from buffy coat using Gentra Puregene Blood Kit (Qiagen) according to the
manufacturer’s recommendations. DNA concentrations were determined by NanoDrop measurements (Thermo
Scientific), and DNA integrity was assessed by electrophoresis through 1% agarose gels prior to genotyping
using TagMan SNP Genotyping Assays. The assay-on-demand for WRN rs3087425 was obtained from Applied
Biosystems. Real-time PCR was performed with 10 ng of genomic DNA template in 10 pl reaction mixtures con-
taining 5l of TagMan universal master mix (Applied Biosystems), 0.25 il of Custom TagMan® SNP Genotyping
Assays, and 3 ul of sample DNA. Thermocycling was performed on the ViiA™ 7 Real-Time PCR System (Applied
Biosystems) using recommended cycling conditions- 95 °C for 10 min, followed by 40 cycles of denaturation at
95°C for 15 sec and annealing/extension at 60 °C for 1 min. Each assay was carried out in duplicate, and analyses
were performed using SDS software, version 2.0. The genotype of each sample was manually verified by visual
examination of PCR curves.

Family Studies. Individuals positive for the WRN c. 2500C > T variant (as heterozygous or homozygous
carriers) and respective family members were invited to participate in a family study. As controls, we included
17 families whose members did not carry the variant allele. Informed consent was obtained from all individuals
prior to conducting interviews and medical examinations. A total of 96 families, comprising 513 members, were
recruited in this phase of the study.

Demographic data including gender, age, and degree of kinship to the index case were collected for index cases
and family members. Individuals were evaluated for a large number of features, with a focus on phenotypes asso-
ciated with Werner syndrome (Supplementary Tables S1 and S2). We used criteria established by the International
Registry of Werner syndrome'”* to evaluate both cardinal signs (bilateral cataracts, dermatological pathology,
short stature, and premature graying and/or thinning of scalp hair) and additional signs and symptoms (diabetes
mellitus, osteoporosis, soft tissue calcification, neoplasia, voice changes, and flat feet) associated with WS and
determine whether WRN TT homozygotes met these criteria for diagnosis of WS. Further, we used Fisher’s exact
test to assess significance of differences in frequency across genotypes for each of these 14 traits as well as for
sex and appearance older-than-actual age. This results in a total of 16 formal tests for which both nominal and
Bonferroni-corrected p-values are provided (Supplementary Table S1). TT homozygotes were further examined
by an internist, and in some cases, by an ophthalmologist and a dermatologist at the National Institute of Medical
Science and Nutrition Salvador Zubiran (INNCMSZ) to score key WS clinical findings, e.g., slit lamp evaluation
to detect early-onset ocular cataracts. All of the samples and information used in the study were coded, and
patient confidentiality was preserved according to the guidelines for studies of human subjects.

Establishment of Lymphoblast Lines. Blood samples were drawn from control, heterozygous (CT), and
homozygous (TT) individuals into 10 ml vacutainer tubes containing 1 ml ACD-A (anticoagulant citrate dex-
trose solution A; VWR) and express mailed from Mexico City to Seattle at room temperature. Following receipt,
samples were centrifuged at 300 x g for 20 min to remove plasma and recover the bufty coat containing lympho-
cytes. Lymphocytes were further separated by centrifugation through Ficoll-Paque PLUS separation medium
(Amersham Biosciences), and then washed twice in RPMI1640 medium lacking serum. Lymphoblastoid cell
lines were generated from purified lymphocytes by infection with Epstein-Barr virus at 37 °C under 5% CO, as
previously described?”. The resultant lymphoblast cell lines (LCLs) were expanded and propagated at 37 °C under
5% CO, in RPMI1640 medium supplemented with 15% heat-inactivated fetal bovine serum.

Immunoblot Analyses. Log phase LCLs (~10° cells/ml) were harvested, washed 1x in PBS, and flash frozen
in liquid N,. Cell pellets were lysed in high salt buffer as described previously?, and protein concentrations were
measured by the Bradford assay. Approximately 100 g of total protein were electrophoresed through a NUPAGE
4-12% Bis-Tris polyacrylamide gradient gel (Life Technologies) following the manufacturer’s guidelines. The gel
was then transferred overnight to a PVDF membrane (Immobilon-FL, Millipore) using Tris-glycine-methanol
transfer buffer. Non-specific membrane interactions were minimized by incubation in a 5% milk solution pre-
pared in TBS-T (Tris-buffered saline, pH 7.5+ 0.05% Tween 20). The membrane was incubated overnight at 4°C
with a WRN- specific mouse monoclonal antibody (clone 195C; Sigma; 1:1000)* and simultaneously with mouse
anti-nucleolin antibody (Invitrogen; 1:1000) to control for loading differences. The membrane was incubated
with AlexaFluor 647 anti-mouse antibody (Invitrogen; 1:1000) for 1hr at room temperature, washed three times
in TBS-T, and then imaged on an Alphalnnotech FluorChemQ Imaging Station. Band intensities were quantified
using Image] software.

Immune Precipitation and Enzymatic Assays. Endogenous WRN in protein lysates (1.0 mg total pro-
tein) was precipitated with a rabbit polyclonal antibody (91307) and heat-inactivated S. aureus cells (Pansorbin,
CalBiochem), as described previously'>?. Incubations were carried out in IP buffer (20 mM Tris-HC, pH 8.0,
150 mM NaCl, 25% glycerol, and detergents-0.5% Igepal, 0.05% sodium deoxycholate, 0.005% SDS) for 60 min
at 4°C. Immunoprecipitates were washed 3 x with 0.5 ml IP buffer, and resuspended in buffer containing 25 mM
Tris-HCL, pH 8.0, 0.5mM EDTA, 1 mM DTT, 0.05% Igepal, and 25% glycerol.

Helicase activity in resuspended immune precipitates was monitored by the displacement of a 3’-blocked
20-mer hybridized to a complementary 46-mer DNA oligonucleotide at 37 °C for 20 min, as previously
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described*®*. Exonuclease activity was measured with an unblocked 20-mer/46-mer partial duplex DNA sub-
strate in the presence of the non-hydrolyzable ATP analog, ATP~S'. In both cases, the 20-mer was labeled at
the 5’-end using ~[**P]ATP and T4 polynucleotide kinase. Aliquots of the helicase and exonuclease reactions
were electrophoresed through 12% native or 14% denaturing polyacrylamide gels, respectively. The displaced
20-mer and its degradation products were visualized on a PhosphorImager (GE Health Care), and quantified
using Image] software.

Replication Track Analysis (maRTA). Replication fork progression in the absence or presence of hydrox-
yurea (HU) was monitored as described by Sidorova et al.>°. First, log phase CC and T'T homozygous LCLs were
incubated with the halogenated nucleoside, 5-ethynyldeoxyuridine (EdU; 10 pM) for 45 min. HU (final concen-
tration 2 mM) was subsequently added and incubation was carried out for an additional 5hrs. Thereafter, cells
were washed once with PBS to remove EAU and HU, and incubated in medium containing a second halogenated
nucleoside analog, iododeoxyuridine (IdU; 50 M) for 45 min. Labeled cells were again washed and embedded
in agarose plugs using a solution of 2% low melt agarose. Cells in agarose plugs were lysed overnight at 55°C in
buffer containing Proteinase K and detergents. The plugs were then melted at 75 °C and incubated overnight at
42°C with B-agarase to release high molecular weight DNA.

DNA was stretched on silanized cover slips using pre-fabricated PDMS microchannels. EdU-containing DNA
was detected by biotin Click-It chemistry and staining with Texas red neutravidin®'. IdU was detected by incuba-
tion with mouse anti-IdU antibody followed by incubation with Alexa 488 anti-mouse antibody. The cover slips
were mounted on glass slides, and DNA tracks (300-400 single and double-labeled tracks/sample) were visualized
and imaged using a confocal immunofluorescent Zeiss Axiovert microscope. Lengths of replication tracks pre-
(red-labeled) and post- (green-labeled) HU treatment were measured using AxioVision software®. Cumulative
distributions of IdU/EdU ratios - HU were calculated and plotted.

References
1. Croteau, D. L., Popuri, V., Opresko, P. L. & Bohr, V. A. Human RecQ helicases in DNA repair, recombination, and replication. Annu
Rev Biochem 83, 519-552 (2014).
2. Oshima, J., Sidorova, J. M. & Monnat, R. J. Jr. Werner syndrome: Clinical features, pathogenesis and potential therapeutic
interventions. Ageing Res Rev, doi: $1568-1637 (2016).
. Yu, C. E. et al. Positional cloning of the Werner’s syndrome gene. Science 272, 258-262 (1996).
4. Furuichi, Y. Premature aging and predisposition to cancers caused by mutations in RecQ family helicases. Ann N'Y Acad Sci 928,
121-131 (2001).
. Huang, S. et al. The spectrum of WRN mutations in Werner syndrome patients. Hum Mutat 27, 558-567 (2006).
. Moser, M. J., Oshima, J. & Monnat, R. J. Jr. WRN mutations in Werner syndrome. Hum Mutat 13, 271-279 (1999).
7. Oshima, J. et al. Homozygous and compound heterozygous mutations at the Werner syndrome locus. Hum Mol Genet 5,1909-1913
(1996).
8. Yu, C. E. et al. Mutations in the consensus helicase domains of the Werner syndrome gene. Werner’s Syndrome Collaborative Group.
Am ] Hum Genet 60, 330-341 (1997).
9. Muller, E. B., Tsianakas, A., Kuwert, C., Korge, B. P. & Hunzelmann, N. A novel compound heterozygous mutation in Werner
syndrome results in WRN transcript decay. Br ] Dermatol 152, 1030-1032 (2005).
10. Matsumoto, T., Shimamoto, A., Goto, M. & Furuichi, Y. Impaired nuclear localization of defective DNA helicases in Werner’s
syndrome. Nat Genet 16, 335-336 (1997).
11. Friedrich, K. et al. WRN mutations in Werner syndrome patients: genomic rearrangements, unusual intronic mutations and ethnic-
specific alterations. Hum Genet 128, 103-111 (2010).
12. Tadokoro, T. et al. Functional deficit associated with a missense Werner syndrome mutation. DNA Repair (Amst) 12, 414-421 (2013).
13. Uhrhammer, N. A. et al. Werner syndrome and mutations of the WRN and LMNA genes in France. Hum Mutat 27, 718-719 (2006).
14. Suhasini, A. N. & Brosh, R. M. Jr. Disease-causing missense mutations in human DNA helicase disorders. Mutat Res 752, 138-152 (2013).
15. Kamath-Loeb, A. S., Welcsh, P., Waite, M., Adman, E. T. & Loeb, L. A. The enzymatic activities of the Werner syndrome protein are
disabled by the amino acid polymorphism R834C. ] Biol Chem 279, 55499-55505 (2004).
16. Hsu, J. J. et al. Werner syndrome gene variants in human sarcomas. Mol Carcinog 49, 166-174 (2010).
17. Oshima, J., Martin, G. M. & Hisama, F. M. Werner Syndrome https://www.ncbi.nlm.nih.gov/books/NBK1514/ (2016).
18. Fu, W, Ligabue, A., Rogers, K. J., Akey, J. M. & Monnat, R. J. Jr. Human RECQ Helicase Pathogenic Variants, Population Variation
and ‘Missing’ Diseases. Hum Mutat 38, 193-203 (2017).
19. Berube, J., Garand, C,, Lettre, G. & Lebel, M. The non-synonymous polymorphism at position 114 of the WRN protein affects
cholesterol efflux in vitro and correlates with cholesterol levels in vivo. Exp Gerontol 48, 533-538 (2013).
20. Castro, E. et al. Polymorphisms at the Werner locus: I1. 1074Leu/Phe, 1367Cys/Arg, longevity, and atherosclerosis. Am | Med Genet
95, 374-380 (2000).
21. Castro, E. et al. Polymorphisms at the Werner locus: I. Newly identified polymorphisms, ethnic variability of 1367Cys/Arg, and its
stability in a population of Finnish centenarians. Am ] Med Genet 82, 399-403 (1999).
22. Hirai, M. et al. WRN gene 1367 Arg allele protects against development of type 2 diabetes mellitus. Diabetes Res Clin Pract 69,
287-292 (2005).
23. Ogata, N. et al. A polymorphic variant at the Werner helicase (WRN) gene is associated with bone density, but not spondylosis, in
postmenopausal women. ] Bone Miner Metab 19, 296-301(2001).
24. Wang, L. et al. Single nucleotide polymorphism WRN Leul074Phe is associated with prostate cancer susceptibility in Chinese
subjects. Acta Med Okayama 65, 315-323 (2011).
25. Wang, Z. et al. A polymorphism in Werner syndrome gene is associated with breast cancer susceptibility in Chinese women. Breast
Cancer Res Treat 118, 169-175 (2009).
26. Ye, L. et al. Association of a polymorphic variant of the Werner helicase gene with myocardial infarction in a Japanese population.
Am ] Med Genet 68, 494-498 (1997).
27. Silva-Zolezzi, 1. et al. Analysis of genomic diversity in Mexican Mestizo populations to develop genomic medicine in Mexico. Proc
Natl Acad Sci USA 106, 8611-8616 (2009).
28. Moser, M. J. et al. WRN helicase expression in Werner syndrome cell lines. Nucleic Acids Res 28, 648-654 (2000).
29. Sidorova, J. M., Li, N., Folch, A. & Monnat, R. J. Jr. The RecQ helicase WRN is required for normal replication fork progression after
DNA damage or replication fork arrest. Cell Cycle 7, 796-807 (2008).
30. Fukuchi, K., Martin, G. M. & Monnat, R. J. Jr. Mutator phenotype of Werner syndrome is characterized by extensive deletions. Proc
Natl Acad Sci USA 86, 5893-5897 (1989).

w

A

SCIENTIFIC REPORTS | 7:44081 | DOI: 10.1038/srep44081 10


https://www.ncbi.nlm.nih.gov/books/NBK1514/

www.nature.com/scientificreports/

31. Salk, D, Au, K., Hoehn, H. & Martin, G. M. Cytogenetics of Werner’s syndrome cultured skin fibroblasts: variegated translocation
mosaicism. Cytogenet Cell Genet 30, 92-107 (1981).

32. Basile, G., Leuzzi, G., Pichierri, P. & Franchitto, A. Checkpoint-dependent and independent roles of the Werner syndrome protein
in preserving genome integrity in response to mild replication stress. Nucleic Acids Res 42, 12628-12639 (2014).

33. Sidorova, J. M., Kehrli, K., Mao, F. & Monnat, R. Jr. Distinct functions of human RECQ helicases WRN and BLM in replication fork
recovery and progression after hydroxyurea-induced stalling. DNA Repair (Amst) 12, 128-139 (2013).

34. Swanson, C,, Saintigny, Y., Emond, M. J. & Monnat, R.J. Jr. The Werner syndrome protein has separable recombination and survival
functions. DNA Repair (Amst) 3, 475-482 (2004).

35. Chen, L. et al. WRN, the protein deficient in Werner syndrome, plays a critical structural role in optimizing DNA repair. Aging Cell
2,191-199 (2003).

36. Su, E et al. Nonenzymatic role for WRN in preserving nascent DNA strands after replication stress. Cell Rep 9, 1387-1401 (2014).

37. Lauper, J. M., Krause, A., Vaughan, T. L. & Monnat, R. J. Jr. Spectrum and risk of neoplasia in Werner syndrome: a systematic review.
PLoS One 8, 59709 (2013).

38. Bahr, A., De Graeve, E, Kedinger, C. & Chatton, B. Point mutations causing Bloom’s syndrome abolish ATPase and DNA helicase
activities of the BLM protein. Oncogene 17, 2565-2571 (1998).

39. Guo, R. B. et al. Structural and functional analyses of disease-causing missense mutations in Bloom syndrome protein. Nucleic Acids
Res 35, 6297-6310 (2007).

40. Mao, E J,, Sidorova, J. M., Lauper, J. M., Emond, M. J. & Monnat, R. J. The human WRN and BLM RecQ helicases differentially
regulate cell proliferation and survival after chemotherapeutic DNA damage. Cancer Res 70, 6548-6555 (2010).

41. Silver, D. P. et al. Further evidence for BRCA1 communication with the inactive X chromosome. Cell 128, 991-1002 (2007).

42. Stone, C., McCabe, N. & Ashworth, A. X-chromosome inactivation: X marks the spot for BRCA1. Curr Biol 13, R63-64 (2003).

43. dela Hoya, M. et al. Association between BRCA1 mutations and ratio of female to male births in offspring of families with breast
cancer, ovarian cancer, or both. JAMA 290, 929-931 (2003).

44. Moslehi, R, Singh, R, Lessner, L. & Friedman, J. M. Impact of BRCA mutations on female fertility and offspring sex ratio. Am ] Hum
Biol 22, 201-205 (2010).

45, Parmar, K., D’Andrea, A. & Niedernhofer, L. J. Mouse models of Fanconi anemia. Mutat Res 668, 133140 (2009).

46. Whitney, M. A. et al. Germ cell defects and hematopoietic hypersensitivity to gamma-interferon in mice with a targeted disruption
of the Fanconi anemia C gene. Blood 88, 49-58 (1996).

47. Louie, L. G. & King, M. C. A novel approach to establishing permanent lymphoblastoid cell lines: Epstein-Barr virus transformation
of cryopreserved lymphocytes. Am ] Hum Genet 48, 637-638 (1991).

48. Gray, M. D. et al. The Werner syndrome protein is a DNA helicase. Nat Genet 17, 100-103 (1997).

49. Shen, J. C. et al. Werner syndrome protein. I. DNA helicase and dna exonuclease reside on the same polypeptide. ] Biol Chem 273,
34139-34144 (1998).

50. Sidorova, J. M., Li, N., Schwartz, D. C., Folch, A. & Monnat, R. J. Jr. Microfluidic-assisted analysis of replicating DNA molecules. Nat
Protoc 4, 849-861 (2009).

51. Kehrli, K. R. & Sidorova, J. M. Mitomycin C reduces abundance of replication forks but not rates of fork progression in primary and
transformed human cells. Oncoscience 1, 540-555 (2014).

Acknowledgements

This work was supported by National Institutes of Health [P01-CA 077852 to L.A.L and R.J.M], and by
INMEGEN [Internal Grant Program to G.E.M-C]. We would like to acknowledge the following individuals and
departments for their contribution to this study: 1. The study participants- students from Universidad Nacional
Auténoma de México (UNAM), Instituto Nacional de Medicina Genémica (INMEGEN), Instituto Tecnoldgico y
de Estudios Superiores de Monterrey and Instituto Nacional de Ciencias Médicas y Nutricién Salvador Zubiran,
and members of all 96 families, without whom this work would not have been feasible. 2. Dr. Mary-Claire King
for help in designing the population-based studies. 3. Direccién General de Servicios Médicos, Escuela Nacional
de Enfermeria, Facultad de Ingenieria, Facultad de Quimica, Facultad de Medicina, and Facultad de Estudios
Superiores at UNAM for their support in sample collection. 4. Sunday Stray and Mary Eng for assistance in
establishing lymphoblast cell lines. 5. Dr. Erica Jonlin for enabling us to obtain IRB approval by writing and
maintaining the IRB applications. 6. Connor Kubo for assistance in drawing pedigree charts. 7. Dr. Weiliang Tang
for generously providing antibodies for immunoblot analyses. 8. Dr. Jiang-Cheng Shen for insightful suggestions
on data presentation.

Author Contributions

Conceived and designed experiments: A.S.K.-L., L.A.L. and G.E.M.-C.; Performed studies: A.S.K.-L., D.G.Z,,
J.E-M., ].M.S., A.C,, M.C.-C., and TH.N.; Analyzed Data: A.S.K.-L., M.].E., RJ.M., L.A.L. and G.E.M.-C.; Wrote
paper: A.S.K.-L. and R.J.M. All authors have reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Kamath-Loeb, A. S. et al. Homozygosity for the WRN Helicase-Inactivating Variant,
R834C, does not confer a Werner syndrome clinical phenotype. Sci. Rep. 7, 44081; doi: 10.1038/srep44081 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:44081 | DOI: 10.1038/srep44081 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Homozygosity for the WRN Helicase-Inactivating Variant, R834C, does not confer a Werner syndrome clinical phenotype
	Introduction
	Results and Discussion
	Distribution of WRN c. 2500C > T in Mexico
	Identification of WRN c. 2500C > T Heterozygous and Homozygous Individuals
	Expression and Enzymatic Activity of R843C-WRN Protein in TT Homozygous Cells
	Protein levels
	Enzymatic Activity

	Molecular Phenotypes of TT Homozygous Cells
	Phenotypes of WRN c. 2500C > T Homozygous Individuals
	Additional Phenotypes of WRN c. 2500C > T Homozygous Individuals

	Materials and Methods
	Recruitment and Sample Collection
	Genotype Analysis
	Family Studies
	Establishment of Lymphoblast Lines
	Immunoblot Analyses
	Immune Precipitation and Enzymatic Assays
	Replication Track Analysis (maRTA)

	Additional Information
	Acknowledgements
	References




