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Introduction

As the world population ages, the interest in age-related diseases

Hisaya Kato' ® and Koutaro Yokote'

Aim: Whether sex differences exist in hereditary progeroid syndromes remains unclear. In
this study, we investigated sex differences in patients with Werner syndrome (WS), a model of
human aging, using patient data at the time of diagnosis.

Methods: The presence of six cardinal signs in the diagnostic criteria was retrospectively
evaluated.
Results: We found that the percentage of patients with all cardinal signs was higher in

males than in females (54.2% vs. 21.2%). By the age of 40 years, 57.1% of male patients with
WS presented with all the cardinal signs, whereas none of the female patients developed all of
them. In particular, the frequency of having a high-pitched, hoarse voice, a characteristic of
WS, was lower in female patients. The positive and negative predictive values for clinical diag-
nosis were 100% for males and females, indicating the helpfulness of diagnostic criteria
regardless of sex. More female patients than male (86.7% vs. 64%) required genetic testing
for their diagnosis because their clinical symptoms were insufficient, suggesting the impor-
tance of genetic testing for females even if they do not show typical symptoms of WS. Finally,
the frequency of abnormal voice was lower in patients with WS harboring the ¢.3139-1G > C
homozygous mutation.

Conclusion: These results indicate, for the first time, that there are sex differences in the
phenotypes of hereditary progeroid syndromes. The analysis of this mechanism in this human
model of aging may lead to the elucidation of sex differences in the various symptoms of nor-
mal human aging. Geriatr Gerontol Int 2024; 24: 161-167.

Keywords: abnormal voice, clinical diagnosis, diagnostic criteria, sex differences, Werner

syndrome.

8. The pathogenesis of this syndrome involves reduced DNA
damage repair, telomere shortening, chronic inflammation, mito-
chondrial dysfunction, and epigenetic changes.‘“’ However, it
remains unclear whether sex differences are observed in WS.

is growing. In recent years, it has become evident that age-
related diseases such as atherosclerotic, metabolic, and neurode-
generative diseases exhibit sex differences.’” Sex differences in
life expectancy and healthy life expectancy have been recognized
worldwide.’

Werner syndrome (WS) is a typical progeroid syndrome in
which various signs of aging appear after puberty. It has attracted
attention as a model of human aging. It is inherited as an autoso-
mal recessive trait, and various aging phenomena, such as gray
hair, bilateral cataracts, diabetes, arteriosclerosis, and skin ulcers,
develop at an early age. The number of patients with WS in Japan
is estimated to be 700-2000, and 60% of the world’s patients have
been reported in Japan. The syndrome is caused by a mutation in
the WRN gene, which encodes a RecQ helicase on chromosome

© 2023 The Authors. Geriatrics & Gerontology International

The main “cardinal” signs of WS are progeroid changes in the
hair; bilateral cataracts; skin changes; intractable skin ulcers; calcifi-
cation of the Achilles tendon; a birdlike face; and a high-pitched,
hoarse voice. According to the 2012 Japanese WS Diagnostic
Criteria, the syndrome can be diagnosed on the basis of clinical
symptoms alone when all six “cardinal” signs are present. When
some of the six signs are not present, a genetic diagnosis is required
(Table 1).” However, whether sex differences exist in the frequency
and timing of these aging symptoms remains unclear. Moreover,
the usefulness of these diagnostic criteria and whether they are use-
ful for both male and female patients have not been verified.
Recently, the recognition of WS has increased, and the life expec-
tancy of patients has increased from 40 to 59 years.*® Accordingly,
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Table 1 Diagnostic criteria for Werner syndrome 2012

L. Cardinal signs and symptoms (onset occurring after the age of
10 years until 40 years)

—_

. Progeroid changes of hair

2. Cataract

3. Changes of skin, intractable
skin ulcers

4. Soft-tissue calcification

Birdlike face

6. Abnormal voice

Gray hair, baldness, etc.

Bilateral

Atrophic skin, tight skin,
clavus, callus

Achilles tendon, etc.

©

High-pitched, squeaky,
hoarse voice

II. Other signs and symptoms

—_

. Abnormal glucose and/or lipid
metabolism
2. Deformation and abnormality
of the bone
3. Malignant tumors
4. Parental consanguinity
5. Premature atherosclerosis

Osteoporosis, etc.
Nonepithelial tumors

Angina pectoris, myocardial
infarction

6. Hypogonadism

7. Short stature and low body
weight

III. Genetic testing

Addendum: Mental retardation is seldom observed in patients with
Werner syndrome, and their cognitive function is often appropriate
for their age. Confirmed: Presence of all cardinal signs or confirmation
of biallelic WRN mutations and at least three cardinal signs.
Suspected: Presence of both I-1 (progeroid changes in hair) and I-2
(cataracts) in conjunction with at least two signs or symptoms other
than I or II.

it is assumed that the age and symptoms of patients are more
diverse than when the diagnostic criteria were established.

Therefore, we investigated whether there are sex differences in
the aging progression of WS by examining the positivity ratio and
timing of the appearance of the cardinal signs. We also investi-
gated the validity of the current diagnostic criteria in both male
and female patients.

Methods

We evaluated the clinical symptoms described in the referral letters
of patients whose primary physicians suspected WS and requested
genetic diagnosis at Chiba University Hospital. A total of
170 patients whose requests were received from 2009 to January
2022 were included, and a genetic diagnosis was performed for all
patients. Clinical manifestations, especially the cardinal signs of WS
and age, were evaluated on the basis of the time when the genetic
diagnosis was performed. Clinical symptoms were independently
reviewed by two physicians with experience in treating patients with
WS. We excluded 78 patients for whom the clinical classification
could not be determined because of insufficient information about
symptoms in the referral letters. Ultimately, we analyzed the symp-
toms and genetic results of 92 patients.

Analysis was performed using Pearson’s chi-squared test, and
a P-value of <0.05 was considered statistically significant. This
study was approved by the Ethics Committee of Chiba University
Hospital (approval no. 1145 on October 21, 2021) and conducted
in accordance with the Declaration of Helsinki.
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Results

Of the 170 patients with suspected WS who were referred to our
hospital between 2009 and 2022, 92 with detailed clinical data
available were included. Of the 92 patients in the study, 48 (52.2%)
were men and 44 (47.8%) were women. They had a median age
at genetic diagnosis of 44.5years (interquartile range [IQR],
40-51 years), with a median age at genetic diagnosis for men of
43.5 years (IQR, 39.8-50 years) and 45.5 years (IQR, 40-52.3 years)
for women. The patients were divided into three categories
according to the clinical components of the diagnostic criteria. The
“definite” category included patients with all the cardinal signs. The
“probable” category included those with three cardinal signs or
those who had hair changes and cataracts plus at least two more
signs. The “excluded” category consisted of patients who did not
meet the criteria for the first two categories. All the patients with
positive genetic test results were diagnosed with WS.

First, we examined the categories of clinical diagnoses according
to the sex of the patients who had a positive genetic test. The pro-
portion of clinically definite was 19 of 35 (54.2%) men and 7 of
33 (21.2%) women, indicating that male patients with WS were sig-
nificantly more likely to have all the cardinal signs than female
patients (Xz[l] =7.867; P = 0.0050; ¢ = 0.340; Fig. 1a). When com-
paring patients with WS who were aged < 40 years, 4 of 7 (57.1%)
men were definite, whereas none of the six women were definite
((*[1] =4.952; P = 0.026; ¢ = 0.617; Fig. 1b). Furthermore, we eval-
uated the age distribution of definite and probable male and female
patients (Fig. 1c). The histogram shows that male patients with WS
tend to develop all the cardinal signs in their 40th year, whereas
many female patients lacked some of the cardinal signs and were cat-
egorized as probable until their 5S0s. These results suggest that men
with WS are more likely to develop all the cardinal signs earlier than
women.

We examined the positivity ratio (number of patients with clini-
cal symptoms/number of patients who underwent the examination)
and inspection ratio (number of patients who underwent the exam-
ination/total number of patients) for each cardinal sign in patients
with WS (Table 2). The positivity ratio for abnormal voice was as
low as 73.2% among the patients with definite WS and only 50%
for clinically probable patients. In addition, the positivity ratio for
abnormal voice was lower in female patients (15/26 [57.7%]) than
in male patients (26/30 [86.7%]; ¥*[1] = 5.963; P=0.015;
¢ = 0.326). The positivity ratio of abnormal voice in male patients
in their 20s, 30s, and 40s was 100%, 100%, and 92.3%, respec-
tively. In comparison, the positivity ratio for female patients in their
20s, 30s, and 40s was 0%, S50%, and 69.2%, respectively
(XZ[H =4.690; P =0.016; ¢ = 0.685; Fig. 2a; Table S1.). Compari-
son of male and female patients aged <40 years showed that seven
of seven male patients and only one of three female patients were
positive for abnormal voice (Fig. 2b). Thus, female patients with
WS showed delayed development of abnormal voice.

To validate the accuracy of diagnostic criteria for both sexes,
we compared the categories of clinical diagnoses, with a positive
genetic test as a confirmed diagnosis (Table 3). Of the 26 patients
categorized as definite, all 26 were confirmed to have WS on
genetic testing. For the 11 excluded patients, the genetic test was
negative in all, demonstrating remarkable concordance between
the clinical category and genetic test. Two of the excluded patients
had a non-Werner genetic progeroid disease. One patient had
atypical WS with generalized lipodystrophy and a de novo hetero-
zygous LMNA p.T10I mutation.'® One patient harbored a POLD1
mutation. Both patients were diagnosed as non-WS because of
the absence of cataracts.
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Sex differences in Werner syndrome
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Figure 1 (a) Categories of clinical diagnosis in patients with positive genetic test. (b) Categories of clinical diagnosis in patients
with positive genetic test <40 years of age. (c) Age distribution of definite and probable patients by sex in genetically positive

patients.

Table 2 Positivity ratios and inspection ratios for each cardinal sign of genetic test-positive patients

Progeroid Cataracts Changes of Achilles tendon Birdlike Abnormal

changes skin, intractable calcification face voice

of hair skin ulcers

Overall Positivity ratio 98.4 (60/61) 98.5 (64/65) 94 (63/67) 96.4 (53/55) 93.1 (54/58) 73.2 (42/56)
Inspection ratio 89.7 (61/68) 95.6 (65/68) 98.5 (67/68) 80.9 (55/68) 85.3 (58/68) 82 4 (56/68)
Probable Positivity ratio 97.1 (34/35) 97.4 (38/39) 88.1 (37/42) 78.1 (25/32) 87.5 (28/32) 0 (15/30)
Inspection ratio 83.7 (36/43) 92.9 (39/42) 97.6 (41/42) 76.2 (32/42) 76.2 (32/42) 71 4 (30/42)
Male Positivity ratio 96.9 (31/32) 100 (34/34) 94.1 (32/34) 96.6 (28/29) 96.7 (29/30) 86.7 (26/30)
Inspection ratio 91.4 (32/35) 97.1 (34/35) 97.1 (34/35) 82.9 (29/35) 85.7 (30/35) 85.7 (30/35)
Female Positivity ratio 100 (29/29) 96.8 (30/31) 93.9 (31/33) 96.2 (25/26) 89.3 (25/28) 57.7 (15/26)
Inspection ratio 87.9 (29/33) 93.9 (31/33) 100 (33/33) 78.8 (26/33) 84.8 (28/33) 78.8 (26/33)

Positivity ratio % (number of patients with clinical symptoms/number of patients who underwent the examination).

Inspection ratio % (number of patients who underwent the examination/total number of patients).

Of the SS clinically probable patients, 42 (76.4%) were positive
on genetic testing (Table 3A). When examined by sex, the
positive and negative predictive values for “definite” and
“excluded” by clinical symptoms were 100.0% for both men and
women (Table 3B,C). Among the probable patients, the positivity
ratio of the genetic test was 64.0% in men (16/25 patients) and
86.7% in women (26/30 patients) (Table 3B,C) (*[1] =3.882;
P =10.049; ¢ =0.071). Given that the current diagnostic criteria
were revised in 2012, we selected 81 patients who were diagnosed

© 2023 The Authors. Geriatrics & Gerontology International

after establishment of the current diagnosis and examined the
validity of the diagnostic criteria (Table S2A-C). We found posi-
tive and negative predictive values were 100%, even when
restricted from 2012 to 2022.

An abnormal voice and a “birdlike face” can be a subjective
sign. Therefore, we examined the accuracy of the diagnoses when
either an abnormal voice (Table S3A) or a birdlike face
(Table S3B) was deleted from the cardinal signs and when both
were deleted (Table S3C). First, when the abnormal voice was
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(a) Age distribution in patients positive for abnormal voice
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Figure 2 (a) Age distribution in patients positive for abnormal voice. (b) Positivity ratio of abnormal voice <40 years. (c) Positivity
ratio of abnormal voice with and without the ¢.3139-1G mutation homozygous for ¢.3139-1G.

deleted from the cardinal signs, the positive predictive value
was 100%; however, the negative predictive value was reduced to
91.7%. Similarly, when the birdlike face was deleted, the positive
predictive value was 100%, but the negative predictive value was
reduced to 85.7%. Finally, when both were deleted, the positive
predictive value was 100%, and the negative predictive value was
reduced to 78.9% (Table S3A-C). These results indicate the
necessity of including the birdlike face and abnormal voice for the
accuracy of the criteria.

Finally, we examined other factors that affect the frequency of
abnormal voices and found that the site of the gene mutation was
associated with its presence. More than 80 WRN mutations have
been reported, of which ¢.3139-1G > C is the most frequent in
Japanese patients with WS.'! In this study, of the 68 patients with a
positive genetic test, clinical data on abnormal voice were available
for 56. We analyzed the association between homozygosity for the
¢.3139-1G > C mutation and the presence of an abnormal voice.
The results showed that patients homozygous for ¢.3139-1G > C
exhibited an abnormal voice less frequently (¢°[1]= 5.482;
P =0.019; x = 0.313) (Fig. 2c), and the proportion of homozygosity
did not differ between sexes (x*[1] = 0.249; P = 0.618; y = 0.067).
The actual number of patients is shown in Table S4. Therefore,
the site of the genetic mutation influences the occurrence of abnor-
mal voices.

Discussion

In this study, we demonstrated that the main symptoms of WS
appear earlier and more frequently in males. In addition, we
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showed that the characteristic high-pitched, hoarse voice is less
frequent in women, especially in patients with the ¢.3139-1G > C
homozygous founder mutation. This is the first report of sex dif-
ferences in hereditary progeroid syndromes caused by a single
gene mutation and provides a new perspective on the similarities
between general aging and genetic progeroid syndromes. We also
revealed, for the first time, that the phenotype of WS differs
depending on genetic mutations. This provides new insight into
the partial functionality of the WRN mutant protein, contrary to
the conventional view that the symptoms of WS are the same
regardless of the genetic mutation.

As average life expectancy increases, interest in sex differences
in longevity and age-related diseases, such as metabolic syndrome
and atherosclerosis, is increasing.lz'13 However, Goto et al., in their
1966 to 2004 study of 1019 Japanese patients with WS, reported an
average life expectancy of 51.9years for women compared to
53.6 years for men, with no sex difference."* However, in that
study, most patients were diagnosed only clinically, and a genetic
confirmation was not obtained.'* There have been no reports con-
cerning sex differences in other progeroid syndromes, including
Hutchinson-Gilford progeria and Cockayne syndromes.'>'® This
study shows, for the first time, the sex differences in hereditary
progeroid syndromes using patient data with a genetically con-
firmed diagnosis.

In general, women live longer than men. Mitochondrial dys-
function and shortened telomeres have been reported as hallmarks
of aging,'” and women have longer telomeres and greater amounts
of mitochondrial DNA.'® In addition, postmenopausal women
who receive estrogen supplementation have lower epigenetic age
and reduced cardiac disease and total mortality.” Furthermore,
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Table 3 Definite cutoff.

Sex differences in Werner syndrome

A. Results of genetic testing for each clinical diagnosis group

Positive Negative
Clinical symptoms Definite 26 0
Probable 42 13
Excluded 0 11

Positive predictive value

Negative predictive value

Definite cutoff (%) 100 36.4
Number of patients 26/26 13 +11/42 + 13 + 11
Probable cutoff (%) 84 100
Number of patients 26 + 42/24 + 42 + 13 11/11
B. Results of genetic testing for each male clinical diagnosis group
Positive Negative
Clinical symptoms Definite 19 0
Probable 16 9
Excluded 0 4

Positive predictive value (%)

Negative predictive value (%)

Definite cutoff

Probable cutoff

(%) 100 448
Number of patients 19/19 9+4/16 +9+4
(%) 79.5 100
Number of patients 19 +16/19+ 16 + 9 4/4

C. Results of genetic testing for each female clinical diagnosis group

Positive Negative

Clinical symptoms Definite 7 0

Probable 26 4

Excluded 0 7

Positive predictive value (%) Negative predictive value (%)

Definite cutoff (%) 100 29.7

Number of patients 717 4+726+44+7
Probable cutoff (%) 89.2 100
Number of patients 7+ 26/7+26+4 717

When the cutoff is set between “Definite” and “Probable,” positive predictive value includes Definite, and negative predictive value includes
Probable and “Excluded.” Probable cutoff: When the cutoff is set between Probable and Excluded, positive predictive value includes Definite and

Probable, and negative predictive value includes Excluded.

telomere length and epigenetic age correlate with cardiovascular
disease and metabolic disease.?®?! Thus, in women, there are
estrogen-dependent and -independent, cellular, and individual
suppression mechanisms on aging. Telomere shortening, mito-
chondrial dysfunction, and increased epigenomic age are also crit-
ical in WS. The presence of premature menopause in patients
with WS suggests that the protective effect of estrogen is lost in
the 30s. On the other hand, delayed symptoms in the current
study suggest a protective effect on aging that persists even after
menopause.

Estrogen potentially has a protective effect on hair loss, skin
atrophy, and cataracts.*>** Estrogen levels affect subcutaneous fat
deposition in women, and visceral fat accumulation and insulin
resistance occur more frequently in men.*** The frequency of
cardiovascular disease is low in women before menopause.?*’
Age-related decrease in estimated glomerular filtration rate is
greater in men.?®® Refractory skin ulcers are often observed in
patients with WS, and a microarray study of skin wound healing
in older men reported that 76% of the identified aging-related
genes were estrogen regulated.’’ At the molecular level, age-
related reductions in double-strand break repair and increased

© 2023 The Authors. Geriatrics & Gerontology International

telomere uncapping, which are also characteristic of WS, are more
severe in postmenopausal women than in men.***® These find-
ings suggest that estrogen may contribute to delayed aging symp-
toms of WS in women. However, the effect of estrogen on birdlike
face and abnormal voice may not be likely because it is spe-
cific to WS.

Interestingly, WRN expression is upregulated following estro-
gen administration,®® suggesting that WRN upregulation by
estrogen contributes to double-strand break repair and telomere
maintenance in women. However, Imura et al. reported that
follicle-stimulating hormone and luteinizing hormone are elevated
in patients with WS in their 30s and 40s, suggesting primary hyp-
ogonadism at an early age. Serum testosterone levels were lower
than in age-matched controls, and testicular biopsies showed pro-
nounced atrophy. Therefore, it may be difficult to attribute the
delay of WS manifestations in women only to sex hormones.*
Various factors, including chromosome structure, mitochondrial
genetic format, and mitochondrial DNA content, also influence
sex differences in aging other than estrogen.**?” Taken together,
these results suggest that estrogen-independent mechanisms may
also be involved.
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A high-pitched, hoarse voice is a characteristic clinical finding
of WS.%8 In normal aging, the voice tends to become hoarse as
vocal cord atrophy progresses.”” While men acquire a high-
pitched voice due to the hardening of the vocal muscles by aging,
women acquire a low-pitched voice due to edema and thickening
of the vocal folds caused by a decrease in the female hormones.*
Therefore, the less frequent high-pitched voices in women with
WS are consistent with age-related changes. Also, our data (Fig. 2)
suggest that abnormal voice increases with age, and it occurs the
latest among the various manifestations of WS. Among the cardi-
nal signs, high-pitched, hoarse voices and birdlike faces are spe-
cific to WS rather than normal aging, yet they still appear
according to age.

In this study, the positive and negative predictive values for
the definite and excluded categories were 100% for both sexes,
suggesting that these diagnostic criteria are helpful regardless of
sex. On the other hand, the positivity ratio of genetic diagnosis
in the probable category was 76.4%, suggesting the importance
of genetic diagnosis when clinical symptoms are insufficient. In
addition, more female patients required genetic testing, indicat-
ing the importance of genetic testing in females even if they do
not show typical symptoms. These criteria could not detect
atypical WS or POLDI mutations, suggesting that an additional
strategy is required to detect rare non-Werner progeroid
patients.

This study had some limitations. First, this was a retrospective
cohort study; therefore, a prospective study is needed to confirm
these results. Additionally, the number of participating patients
was small because WS is a rare disease. Moreover, the present
study focused only on the occurrence of the six cardinal signs
because it is based on the information in the referral letter for
request of genetic diagnosis; we could not describe the detailed
clinical data such as comorbidities, body composition, or onset
and progression of diabetes or atherosclerosis.

In conclusion, this study, for the first time, showed that sex
differences exist in WS symptoms. In addition, sex differences
were found for occurrence of abnormal voices in the cardinal
signs and were influenced by genotype. Further detailed studies
are required to clarify whether the sex differences observed in this
study are specific to WS or applicable to general aging.
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