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Abstract Werner syndrome is an autosomal recessive genetic disorder first
described in 1904 by Otto Werner, a German ophthalmologist. It is considered the
representative progeroid syndrome because various signs of aging, such as gray hair,
cataracts, diabetes, and skin ulcers, appear after puberty. The onset of the disease
begins in the 20s or 30s, leading to diabetes and atherosclerosis, and death in
mid-50s due to myocardial infarction or malignant tumors. The number of patients
in Japan is estimated to be between 700 and 2000, and 60% of the world’s reports are
from Japan, suggesting that this accelerated aging disease is more common in Japan.
The cause of Werner syndrome was identified in 1996 as a mutation in the WRN
gene, a RECQ helicase located in chromosome 8. Since then, various studies have
shown that the syndrome is associated with decreased DNA damage repair and
genomic instability, shortened telomeres, chronic inflammation due to cellular
senescence- and senescence-associated secretory phenotype (SASP), decreased
mitochondrial function and accumulation of oxidative stress, stem cell senescence,
and epigenetic changes. While most premature aging syndromes occur in childhood
and involve a growth and developmental disorder, only Werner syndrome occurs
after normal growth and puberty, suggesting that this syndrome is a model of human
aging. The elucidation of the pathogenesis and molecular mechanisms of this disease
and the development of a treatment strategy are expected to lead to the elucidation of
the pathogenesis of general human aging and of aging-related diseases such as
diabetes and malignant tumors.
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2.1 Clinical Features and Pathogenesis of Werner
Syndrome

2.1.1 Introduction

Werner syndrome (WS) is a rare autosomal recessive disorder, resulting from
genetic instability (Gray et al. 1997), and is sometimes referred to as “accelerated
aging syndrome” because beginning in puberty, it presents with symptoms such as
cataracts and loss and graying of hair, which makes individuals look relatively old
for their age. It is estimated that there are approximately 700–2000 patients in Japan
(Matsumoto et al. 1997a; Satoh et al. 1999; Yokote et al. 2017; Yamaga et al. 2017).
Of the world’s reported cases to date, 60–80% are from Japan. The life expectancy of
people with WS is shorter than that of healthy individuals because of its frequent
comorbidities, such as diabetes, arteriosclerosis, and malignant tumors (Onishi et al.
2012). The characteristics of patients with WS include a bird-like face and a high-
pitched voice. Moreover, patients with WS have a high incidence of intractable
ulcers in the legs and feet, resulting in pain, infections, and even amputation of the
lower limbs, which can have a major negative impact on the person’s quality of life
and vital prognosis.

In Japan, a guide for the diagnosis of WS was created in 1984. In 1996, a mutation
in the DNA helicase Werner syndrome protein (WRN) encoded by the RecQ genes
on chromosome 8 was identified as the cause of the disease. Although no funda-
mental treatment has been developed for the disease, many studies are beginning to
suggest that patient life expectancy could potentially be extended with appropriate
treatment interventions. The diagnostic criteria for WS were revised, and the first
guideline for treatment was developed in 2012. WS was designated as an intractable
disease in Japan in 2015. A nationwide survey in 2017 identified 116 patients
diagnosed with WS (Koshizaka et al. 2020). The Werner Syndrome Registry (case
registration system) was established in 2017 (Koshizaka et al. 2020). Treatments for
WS were standardized, and the first guideline for its diagnosis and treatment in
English were developed in 2020 (Takemoto and Yokote 2021).

2.1.2 Diagnostic Criteria

Based on a nationwide epidemiological study carried out from 2009 to 2011, the
diagnostic criteria for WS were revised (Takemoto et al. 2013). From the results of
the aforementioned study, progeroid faces, bilateral cataracts, skin atrophy, clavus
and callus, flat feet, bird-like face, and abnormal voice were found in >85% of the
genetically confirmed cases of WS. Calcification in the Achilles tendon is a frequent
symptom of WS, and 80% of people with WS presented with this symptom.
Furthermore, the segmental and flame-like patterns of calcification were highly
specific to WS (Fig. 2.1) (Takemoto et al. 2013).
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On the basis of these results and the extensive clinical experience with Japanese
cases of WS accumulated over many years and with unanimous agreement from the
Japanese Werner SyndromeWorking Committee, new diagnostic criteria (Table 2.1)
(Takemoto et al. 2013) were formulated.

Fig. 2.1 Calcification in the Achilles tendon seen in Werner syndrome patients. (a) Segmental and
(b) flame-like calcifications in the Achilles tendon

Table 2.1 Revised diagnostic criteria for Werner syndrome

I. Cardinal signs and symptoms (onset over 10 until 40 years of age)

1. Progeroid changes of hair Gray hair, baldness, etc.

2. Cataract Bilateral

3. Changes of skin and intractable skin ulcers Atrophic skin, tight skin, clavus, callus

4. Soft tissue calcification Achilles tendon, etc.

5. Bird-like face

6. Abnormal voice High-pitched, squeaky, hoarse voice

II. Other signs and symptoms

1. Abnormal glucose and/or lipid metabolism

2. Deformation and abnormality of the bone Osteoporosis, etc.

3. Malignant tumors Non-epithelial tumors, thyroid cancer, etc.

4. Parental consanguinity

5. Premature atherosclerosis Angina pectoris, myocardial infarction

6. Hypogonadism

7. Short stature and low bodyweight

III. Genetic testing
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Addendum: Mental retardation is seldomly found in WS, and cognitive function
is often appropriate for the patient’s age. Confirmed: All cardinal signs are present or
a gene mutation in addition to at least three cardinal signs. Suspected: One or two of
the cardinal signs (hair changes and cataract) plus at least two more from all the
signs.

Because the incidence of bird-like face is high (>93%), it is used as a cardinal
sign. The characteristic WS face (Fig. 2.2) (Takemoto et al. 2013) includes a pinched
nasal bridge and diminished subcutaneous tissue. The patient’s voice might be high-
pitched, squeaky, and/or hoarse; an example of the voice in a WS case is available on
the committee website, with the patient’s consent (http://www.m.chiba-u.jp/class/
clin-cellbiol/werner/index.html).

Regarding hypogonadism, it has been reported that WS is associated with
secondary sexual underdevelopment, decreased fertility, and testicular or ovarian
atrophy. It is significant that fewer than 35% of patients in the present study had
children [Takemoto. et al. 2013].

On the basis of extensive clinical experience and published medical literature, the
cognitive function of WS patients is usually appropriate for their age.

Genetic analysis is now included in the diagnostic criteria. WRN is the only gene
associated with classic WS, and mutations can be identified by DNA sequence
analysis (Yu et al. 1996; Oshima et al. 1996; Friedrich et al. 2010) or Western
blotting (Goto et al. 1999; Shimizu et al. 2002; Takada-Watanabe et al. 2012).
However, these molecular genetic tests are not feasible at all institutions, and genetic
testing is not essential to confirm the diagnosis of WS.

For differential diagnosis, atypical WS (Chen et al. 2003a); mandibuloacral
dysplasia (Cavallazzi et al. 1960; Novelli et al. 2002); Hutchinson-Gilford progeria
syndrome (Eriksson et al. 2003), caused by LMNA mutation; Rothmund-Thomson
syndrome, caused by RECQ4 mutation (Kitao et al. 1999); and Bloom syndrome,
caused by RECQ2 mutation (Ellis et al. 1995), are listed. These syndromes typically
present with progeroid symptoms earlier than WS and are extremely rare in Japan.

2.1.3 Werner Syndrome Registry

The Werner Syndrome Registry in Japan was established in 2017. Forty-three
patients were enrolled and registered in the registry. Table 2.2 shows the major
signs of WS observed in registered patients. Almost all patients exhibited some of
the major signs, such as graying hair, hair loss, cataracts, skin atrophy changes, and
soft tissue calcification. Approximately 90% of patients had a characteristic bird-like
face and high-pitched voice. Over half of the patients had diabetes, impaired glucose
tolerance (67.5%), dyslipidemia (65.0%), and fatty liver (52.5%). The major signs
and clinical symptom at the time registered to the registry are shown in Table 2.2. A
small percentage of patients in the registry had a history of atherosclerosis (0%),
angina pectoris or myocardial infarction (2.5%), or arteriosclerosis obliterans
(15.0%). Angina pectoris or myocardial infarction significantly decreased
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(2.5% vs. 14.8%, P ¼ 0.049) compared with the previous survey conducted in 2009
(Takemoto et al. 2013). This result may have arisen because of improved compre-
hensive control of diabetes, dyslipidemia, and hypertension with new treatments
such as HMG-CoA reductase inhibitors (statins) or peroxisome proliferator-
activated receptor gamma agonists (Yokote and Saito 2008; Yokote et al. 2004a;

Fig. 2.2 A bird-like face is
typically seen in Werner
syndrome patients. The
nasal bridge of a 57-year-old
woman appears pinched,
and subcutaneous tissue is
diminished. (a) front of face,
(b) side of face
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Table 2.2 The frequency of major signs and clinical symptoms of and medications administered to
patients with Werner syndrome at the time registered to the registry

% n N

Major signs
Graying of hair, hair loss 97.5 39 40

Cataracts 100 40 40

Skin changes 97.5 39 40

Intractable skin ulcers 67.5 27 40

Soft tissue calcification 87.5 35 40

Bird-like face 90 36 40

High-pitched voice 87.5 35 40

Clinical symptoms
Diabetes, IGT 67.5 27 40

Dyslipidemia 65 26 40

Hypertension 42.5 17 40

Fatty liver 52.5 21 40

Cerebral bleeding 0 0 40

Cerebral infarction 0 0 40

AP or MI 2.5 1 40

ASO 15 6 40

Amputation 15 6 40

Malignant tumor 20 8 40

Medications
Diabetes, IGT
DPP-4 inhibitor 37.0 10 27

Biguanide 33.3 9 27

Thiazolidine 48.1 13 27

Alpha GI 7.4 2 27

Sulfonylurea 11.1 3 27

SGLT2 inhibitor 3.7 1 27

Glinide 0 0 27

GLP-1 analog 3.7 1 27

Insulin 14.8 4 27

Dyslipidemia
Statin 65.4 17 26

Fibrate 3.8 1 26

Ezetimibe 0 0 26

EPA 11.5 3 26

Resin 0.0 0 26

Nicotinic acid 19.2 5 26

Probucol 0 0 26

Hypertension, among others
Ca blocker 47.1 8 17

ARB 35.3 6 17

ACE inhibitor 0.0 0 17

(continued)
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Yasuda et al. 2010). These treatments appeared to have ameliorated the arterioscle-
rotic outcomes in the patients with WS.

Two thirds of patients with WS had an intractable ulcer. The nationwide survey in
2017 revealed that a higher percentage of patients with WS were reported by plastic
surgeons (7.7%) and dermatology specialties (7.9%) than by other departments. It is
speculated that patients with WS visited the hospital for the treatment of ulcers or to
receive more specialized treatments in dermatology and plastic surgery departments.
Limb amputation was observed in 15.0% of patients.

It is noteworthy that approximately 30% of the patients’ parents had a consan-
guineous marriage.

2.1.3.1 General Information

Age at Onset and Diagnosis

The patients’ average age at registration was 50.1 � 7.5 years. The average age at
WS onset was 26.1 � 9.5 years; however, the age at diagnosis was 42.5 � 8.6 years
(Table 2.3). There was a delay between the age at onset and the age at diagnosis. This
tendency was also reported in 2006 in the international WS Registry (Huang et al.
2006). In the Japanese registry, the age at onset of cataracts was 31 years, and the age
at diagnosis or referral was 43 years. These results suggest that it is necessary to
consider measures for early diagnosis and early intervention. WS onset is usually
marked by bilateral cataracts or gray hair and hair loss, which are the first symptoms
(Takemoto et al. 2013). Patients undergo an ophthalmologic operation for cataracts
around their third decade of life. However, around their fourth decade, patients tend
to have intractable ulcers and visit dermatologists or plastic surgeons. The national
survey showed that many patients were reported by dermatologists or plastic sur-
geons, rather than ophthalmologists. Improvements in earlier diagnostic methods are
needed. As one possible solution, calcification in the Achilles tendon is easily

Table 2.2 (continued)

% n N

Alpha1 blocker 0.0 0 17

Beta blocker 11.8 2 17

Diuretics 0.0 0 17

Antiplatelet 5.0 2 40

Anticoagulant 12.5 5 40

The percentages of medications administered to treat abnormal glucose metabolism, dyslipidemia,
and hypertension are shown for the total number of patients with each disorder. N number of
patients, n number of patients with symptoms or treatment drugs, IGT impaired glucose tolerance,
AP angina pectoris, MI myocardial infarction, ASO arteriosclerosis obliterans, DPP-4 dipeptidyl
peptidase-4, alpha GI alpha glucosidase inhibitor, SGLT2 sodium-glucose cotransporter-2, GLP-1
glucagon-like peptide-1, EPA eicosapentaenoic acid, Ca calcium, ARB angiotensin II receptor
blocker, ACE angiotensin-converting enzyme inhibitor
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examined on routine X-ray and is highly indicative of WS, and proactive X-ray
images are recommended when WS is suspected. However, Achilles tendon calci-
fication might not be present in young patients, and minute calcifications might
require diagnosis by a specialist, such as an orthopedic surgeon (Takemoto et al.
2013).

Physique

In the registry, the patients’ average height, body weight, and body mass index
(BMI) (159.7 cm, 49.0 kg, and BMI 19.2 kg/m2 in men and 147.2 cm, 38.1 kg, and
BMI 17.6 kg/m2 in women, respectively) (Table 2.3) were lower than those of the
average Japanese individual in the fifth decade of life (169.2 cm, 68.1 kg, and BMI
23.5 kg/m2 in men and 156.6 cm, 55.0 kg, and BMI 22.2 kg/m2 in women,
respectively). Patients with WS present with central obesity; the average abdominal
circumference was 80.4 � 12.2 cm in men and 73.0 � 10.8 cm in women. The
average abdominal circumference was large, although the respective BMIs were low
(Table 2.3). In other words, patients with WS have lipodystrophy.

Table 2.3 Patient background, physical findings, body composition, and physical function at the
time registered to the registry

Total Men Women

Mean SD n Mean SD n Mean SD n

Patients’ backgrounds

Age (years) 50.1 � 7.5 40 49.4 � 7.6 22 50.9 � 7.5 18

Onset age (years) 26.1 � 9.5 30 28.2 � 8.5 16 23.7 � 10.2 14

Diagnosed age
(years)

42.5 � 8.6 39 42.0 � 6.4 21 43.2 � 10.8 18

Physical findings

Height (cm) 154.0 � 10.7 40 159.7 � 8.6 22 147.2 � 9.0 18

Body weight (kg) 44.1 � 9.5 40 49.0 � 9.3 22 38.1 � 5.4 18

BMI (kg/m2) 18.5 � 3.1 40 19.2 � 3.5 22 17.6 � 2.5 18

Waist circumfer-
ence (cm)

77.3 � 12.0 24 80.4 � 12.2 14 73.0 � 10.8 10

Visceral fat area
(cm2)

102.3 � 61.4 10 112.4 � 81.5 4 95.6 � 51.7 6

SMI (kg/m2) 4.3 � 0.8 9 4.5 � 0.9 5 4.1 � 0.6 4

Physical function

Mean grip strength
(right) (kg)

17.1 � 8.7 23 20.8 � 8.6 13 12.3 � 6.3 10

Mean grip strength
(left) (kg)

16.0 � 7.6 23 19.5 � 7.3 13 11.4 � 5.3 10

Mean walking
speed (m/s)

0.8 � 0.6 13 0.9 � 0.6 6 0.8 � 0.6 7

BMI body mass index, SMI skeletal muscle mass index, SD standard deviation
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Life Expectancy

Previously, it was reported that patients with WS die around the fifth decade of life
(Goto and Matsuura 2008). However, the life expectancy for Japanese patients with
WS has steadily increased compared with that two decades (Goto 2000) or even one
decade ago (Koshizaka et al. 2020; Takemoto et al. 2013).

Laboratory Test

Regarding laboratory tests, on average according to the registry, patients had more
than twice the levels of gamma-glutamyl transpeptidase than the upper normal
limit [Koshizaka et al. 2020]. The levels of glycated hemoglobin, plasma glucose,
and low-density lipoprotein cholesterol (LDL-C) levels were well controlled.

2.1.3.2 Symptoms

Patients with WS display various signs of aging that appear from the second decade
of life. Gray hair and hair loss appear at 20 years of age, and bilateral cataracts appear
at 30 years of age. They exhibit lipodystrophy and sarcopenic obesity and often have
the following symptoms: sarcopenia, diabetes, dyslipidemia, fatty liver, osteoporo-
sis, foot skin ulcers, ulcer infection, and calcification in tendons. They also often
have myocardial infarctions, and malignant tumors appear at 40 years of age [Goto
et al. 2000; Takemoto et al. 2013]. However, these symptoms in patients with WS
are different from those of simple aging in that the incidence of some common
aspects of aging, such as dementia, are rare.

Sarcopenia

Sarcopenia is defined as a condition that combines decreased skeletal muscle mass
with weakness or decreased physical function. Patients with WS are characterized by
visceral fat accumulation and thin limbs. A decrease in skeletal muscle mass
frequently occurs in patients with WS before 40 years of age.

According to the registry, the average of the total limb skeletal mass index,
identified using dual-energy X-ray absorptiometry, was 4.5 � 0.9 kg/m2 for men
and 4.1 � 0.6 kg/m2 for women. Grip strengths were (right) 20.8 � 8.6 kg and (left)
19.5 � 7.3 kg for men and (right) 12.3 � 6.3 kg and (left) 11.4 � 5.3 kg for women.
Walking speed was 0.8� 0.6 m/s on average (Table 2.3). The average grip strength,
walking speed, and skeletal muscle mass index met the diagnostic criteria for
sarcopenia. Therefore, most patients aged over 40 years had sarcopenia.

Although the mechanism is still unclear, various potential factors including aged
skeletal muscle, metabolic abnormality, and inflammation, or a decreased amount of
activity due to low physical function, have been considered. Resistance exercise may
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prevent the appearance of sarcopenia, and early intervention is required in patients
with WS (Kuzuya et al. 2021). Sarcopenia appears early in most patients with WS;
therefore, sarcopenia may be prevented by early intervention with strength training
and treatments including amino acids such as leucine, whey protein, calcium, and
vitamin D (Cruz-Jentoft et al. 2020; Martinez-Arnau et al. 2019).

Diabetes

More than 60% of patients with WS have diabetes (Koshizaka et al. 2020). Diabetes
associated with WS is classified as “accompanied with other diseases and conditions
and the one occurring mainly in association with other genetic syndromes.” The
patients used to require high amount of insulin and were still on poor glucose
control. Diabetes due to WS is marked by accumulated visceral fat and high insulin
resistance, despite low BMI (Takemoto et al. 2021). Therefore, thiazolidine deriv-
atives and metformin (Yasuda et al. 2010) are effective for glycemic control. There
have been many reports on the effectiveness of a thiazolidine derivative, an agonist,
of peroxisome proliferator-activated receptor γ, an insulin sensitizer (Yokote et al.
2004a, b; Honjo et al. 2008; Takino et al. 1994; Izumino et al. 1997; Imano et al.
1997; Hattori et al. 2004; Yamamoto et al. 2007). Dipeptidyl peptidase-4 (DPP-4)
inhibitors (Watanabe et al. 2013; Kitamoto et al. 2012) and glucagon-like peptide-1
receptor agonists (Ide et al. 2016) are also beneficial for patients with WS. More than
30% of patients with diabetes were treated with a DPP-4 inhibitor, biguanide, or
thiazolidine in the registry (Koshizaka et al. 2020).

Dyslipidemia

Arteriosclerosis is one of the two leading causes of death in patients with WS, along
with malignancy (Goto 1997). Among the various forms of arteriosclerosis that
patients with WS develop, coronary artery diseases and peripheral arterial disease
have a high incidence, and the latter plays a role in causing skin ulcers in patients
with WS to become refractory (Takemoto and Yokote 2012). Disorders of carbohy-
drate metabolism and lipid metabolism associated with WS act as promoting factors
for atherosclerosis (Tsukamoto et al. 2021). Previous guidelines showed that hyper-
cholesterolemia occurred in 53% of patients with WS (Takemoto and Yokote 2012).
The incidence of dyslipidemia in patients with WS is high, at 85%. The most
common type of dyslipidemia is hypertriglyceridemia, occurring in 76% of patients,
followed by hyper-LDL cholesterolemia/non-high-density lipoprotein (HDL)
cholesterolemia in 68% of patients and hypo-HDL cholesterolemia in 32% or
patients. Patients with WS and dyslipidemia develop diabetes at a high rate
(�90%). The mean BMI of patients with WS and hypertriglyceridemia was 18.2,
showing a lack of association with obesity. The rates of achieving the lipid control
target values among patients with WS are high, at 91% for LDL cholesterol, 91% for
HDL cholesterol, and 82% for triglycerol. Strong statin dosage is mainly used as an
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antidyslipidemic drug and contributes to the achievement of the control target values
(Tsukamoto et al. 2021). Two-thirds of patients in the registry with dyslipidemia
were treated with statins (Koshizaka et al. 2020).

Fatty Liver

WS patients with fatty liver had a mean BMI of 18.8 and a maximum BMI of 22.6,
and 83% of these patients were underweight. The L/S ratio showed a positive
correlation with HDL cholesterol levels and a negative correlation with triglyceride
levels. It did not correlate with liver enzyme levels (Tsukamoto et al. 2021). Insulin
resistance associated with a fatty liver (nonalcoholic fatty liver disease) and accu-
mulation of visceral fat has been considered to play a major role in metabolic
abnormalities (Kitade et al. 2017; Kahn and Flier 2000; Hardy et al. 2012). There
is evidence regarding treatments with pioglitazone (Belfort et al. 2006; Aithal et al.
2008), vitamin E (Sanyal et al. 2010), and ursodeoxycholic acid (Leuschner et al.
2010) in the general population, and Takemoto et al. reported that astaxanthin, a
carotenoid, improved fatty liver in patients with WS (Takemoto et al. 2015).

Atherosclerosis

Early-onset atherosclerosis occurs in WS patients, and the incidence of ischemic
heart disease and arteriosclerosis obliterans is particularly high. Because of the high
possibility of silent myocardial ischemia, proactive and regular tests for arterioscle-
rosis are recommended for confirmed cases of WS. In contrast, the prevalence of
morbidity because of stroke in WS patients is similar to that found in the general
population of the same age in Japan (Okabe et al. 2012).

Malignancy

Malignant tumors were observed in 20.0% of patients in the registry. The morbidity
of malignant tumors is still high in patients with WS. Reportedly, age at cancer
diagnosis in patients with WS advanced by 20 years when compared with that of the
general Japanese population (Lauper et al. 2013). Because neoplastic lesions start
developing from a young age, regular screening for malignancies is necessary for
confirmed cases of WS. Epithelial and non-epithelial tumors are equally common in
WS cases, in contrast to the 10:1 (epithelial-to-non-epithelial) ratio observed in the
general population. Cancer was significantly more prevalent in WS patients with
diabetes. Therefore, routine cancer screening is especially important in this particular
subgroup. Epithelial tumors with high frequency include thyroid cancer, lung cancer,
gastric cancer, hepatic cancer, and pancreatic cancer. Non-epithelial tumors with
high frequency were malignant fibrous histiocytoma, melanoma, meningioma, and
myelodysplastic syndrome (Onishi et al. 2012).

2 Clinical and Basic Biology of Werner Syndrome, the Model Disease of Human. . . 43



Osteoporosis

Osteoporosis has been observed in approximately 41% of WS patients (Murata and
Nakashima 1982). Although osteoporosis was relatively rare in younger patients,
almost all patients who were at least 40 years of developed osteoporosis. It is likely
to be more severe in the femur than in the lumbar spine (Mori et al. 2017, 2021).
Osteoporosis is considered to occur because bone formation is inhibited, while bone
resorption is normal in WS (Rubin et al. 1992). Research showing the relation
between theWRN gene polymorphism and osteoporosis suggests that genetic factors
might also be involved in osteoporosis associated with Werner syndrome (Ogata
et al. 2001; Zhou et al. 2015). No clear evidence to date regarding treatment for
osteoporosis associated with WS has been found. Therefore, the treatment of
osteoporosis according to the guidelines for this purpose is considered appropriate
(HO osteoporosis prevention and treatment guideline 2015).

Skin Ulcers

Approximately 40% of patients with WS have skin ulcers (Kubota et al. 2021). WS
is characterized by symptoms such as atrophy of subcutaneous tissues, decreased
blood flow (Okabe et al. 2012), and lower activity of fibroblast cells (Hatamochi
et al. 1994) due to metabolic disorders in connective tissues (Muftuoglu et al. 2008),
which may easily cause refractory skin ulcers (Yeong and Yang 2004). Skin ulcers in
patients with WS often arise from hyperkeratotic lesions and trauma to pressure
points such as the plantar region and are more difficult to treat than wound healing in
healthy individuals. The ulcers are often located at the distal one-third of the lower
legs (Kubota et al. 2021). Skin ulcers lead to reduced quality of life of patients.
Callosities in the foot also often form. A callosity in WS is an important therapeutic
target for the prevention of ulcers.

Macroscopic evaluations of ulcers are important. Plain radiography and com-
puted tomography are helpful for examining the shape of the entire foot and the
conditions of the individual bones of the foot. Vascular evaluation is necessary.
Magnetic resonance imaging examination is useful for suspected osteomyelitis.

Treatment includes topical application of a keratolytic agent for keratosis around
the ulcer. The treatment of skin ulcers is the same as for normal ulcers, and if the
ulcer is associated with infection and necrotic tissue, surgical debridement with a
scalpel or scissors should be performed as much as possible after washing with saline
or mildly warm water or with an antibacterial agent. Topical medications that
promote softening and debridement of the necrotic tissue can be used with careful
control of moisture in the wound. Topical agents that promote granulation should be
used in wounds where necrotic tissue has been removed without infection. Dressings
to maintain a moist environment in the wound may also be useful. If the wound does
not improve with conservative treatment, surgical treatment should be considered
(Motegi et al. 2021). The combination of surgical treatment and wound bed prepa-
ration is important in the treatment of skin ulcers (Kubota et al. 2021).
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Infection

Generally, foot skin ulcers may often become severe, leading to the failure of
conservative treatment and necessitating surgical excision of the infected site. The
goal in the treatment of an infection caused by refractory skin ulcers in patients with
WS is to minimize the exacerbation of the ulcerated skin lesion by detecting signs of
infection early and treating it. It is important to identify the bacterial etiology causing
an infection in the skin ulcer and treat with an effective antimicrobial. For poorly
controlled infection, debridement and surgical excision are needed at an appropriate
time (Taniguchi et al. 2021a).

Calcification in Tendons

It can be presumed that a considerable number of Japanese individuals with WS are
never correctly diagnosed. Achilles tendon calcification was observed in 76.1% of
patients with WS, whereas it was observed in only 0.88% of patients without WS,
accompanied by 1–4 calcified masses with a maximum diameter ranging from
9.7 mm to 63.2 mm. The frequency of Achilles tendon calcification in patients
with WS is far higher than that in patients without WS. Achilles tendon calcification
could contribute to the diagnosis of WS (Taniguchi et al. 2021b).

2.2 Basic Research and Molecular Mechanisms of Werner
Syndrome

2.2.1 Werner Gene and Protein

The causative gene of WS, WRN, was cloned in 1996 (WRN gene: OMIM 604611)
(Yu et al. 1996; Oshima et al. 1996; Matsumoto et al. 1997b). It is a RecQ-type DNA
helicase and consists of 1432 amino acids (Gray et al. 1997). To date, 83 different
mutations have been reported, and additional novel mutations have been identified
(Yokote et al. 2017). Among them, the type 4 mutation (the mutation of the base
immediately before exon 26 from G to C results in the formation of a truncation
mutant protein: c.3139-1G > C) is found in approximately 70% of Japanese WS
patients and is considered to be the founder mutation (Oshima et al. 2017).

The accelerated aging mechanism of WS involves the loss of function of the
RecQ-type DNA helicase, which plays an important role in various nuclear functions
such as DNA repair, replication, recombination, and transcription (Oshima et al.
2017). In the presence of ATP, WRN protein converts DNA double strands into a
single strand in the 30 ! 50 direction. In addition, the N-terminus of WRN protein
contains an exonuclease domain that removes bases one by one in the 30 ! 50

direction. As a result of structural analysis using the large synchrotron radiation
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facility Spring 8, it has recently been reported that the winged-helix motif of the
WRN protein acts as a “molecular knife” to unravel the double-stranded DNA at G
quadruples, holiday junctions, or other unusual complex structures of DNA (Kitano
et al. 2010; Gilson and Geli 2007; Huang et al. 2000). The C-terminus of WRN
protein contains a nuclear translocation signal. The mutant WRN protein reported so
far is a truncated protein that does not form a C-terminus and lacks the nuclear
translocation signal, which inhibits nuclear translocation. This may be the reason
why there is no obvious correlation between mutations and symptoms in
WS. Indeed, mutant WRN protein that lacks C-terminal 30 amino acid residues
cannot localize in the nucleolus where WRN usually resides (Suzuki et al. 2001).
WRN contains two other domains, namely, RecQ helicase-conserved (RQC) region
and the helicase, RNase D, C-terminal-conserved (HRDC) region (Fig. 2.3).

2.2.2 WRN and DNA Damage Repair

The role of WRN gene in DNA damage repair, especially after double-strand break
(DSB), has been extensively reported. WRN protein is usually located in the
nucleolus and moves to DNA damage sites upon CBP/P300-mediated acetylation
(Blander et al. 2002). Sirt1 deacetylates WRN and regulates its reentry to the
nucleolus from the nucleoplasm after DNA damage response (Li et al. 2008).
When exonuclease domain-deficient WRN protein, helicase domain-deficient
WRN, and WRN protein lacking both domains were expressed in fibroblasts from
WS patients, DNA damage repair was most improved when the WRN protein
lacking both domains was expressed. Interestingly, DNA damage repair requires
balanced activities of helicase and exonuclease domains (Chen et al. 2003b).

There are two types of repair systems after DSB: homologous recombination
(HR) that produces the new strands using genomic homologous sequences as
templates and nonhomologous end joining (NHEJ), which connects both damaged
ends. In addition, NHEJ includes two pathways, classical NHEJ and alternative
NHEJ, which utilize different mechanisms. HR is preferentially active in S and G2 as
sister chromatid is available after DNA replication, and NHEJ is active in all the cell
cycle phases. HR has a high fidelity, and NHEJ is more prone to produce errors
because it does not refer to intact homology sequence. Ku70/80 heterodimer protein,
along with DNA-dependent protein kinase catalytic subunit (DNA-PKcs), is the
essential regulator of DNA damage response that initiates the cascades of classical

Fig. 2.3 A scheme of WRN protein. WRN has exonuclease domain, RecQ helicase domain, and
nuclear localization signal at C-terminus
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NHEJ (Walker et al. 2001). WRN has two putative Ku-binding motifs: one at the
N-terminus next to the exonuclease domain and one at the C-terminus next to an
XLF-like motif. The N-terminal Ku binding motif enhances exonuclease activity of
WRN (Grundy et al. 2016). DNA-PK also interacts with WRN, thereby phosphor-
ylating its serine 440 and 447 sites and regulating relocalization of WRN to the
nucleoli (Kusumoto-Matsuo et al. 2014). WRN also interacts with XRCC4-DNA
ligase IV complex (X4L4), and this binding promotes the exonuclease activity of
WRN to generate DNA ends suitable for XRCC4-LIG4-mediated ligation
(Kusumoto et al. 2008). In addition, it has recently been reported that WRN pro-
motes classical NHEJ via helicase and exonuclease enzymatic activities and inhibits
alternative NHEJ using nonenzymatic functions (Shamanna et al. 2016). Taken
together, the enzymatic activity of WRN, especially the exonuclease activity to
process damaged DNA ends, promotes classical NHEJ.

On the other hand, WRN is also involved in HR. The critical regulators of HR are
MRE11/RAD50/NBS1 (MRN) complex in conjunction with CtIP (Garcia et al.
2011). The endonuclease and 30–50 exonuclease activities of MRE11 are required
for the initiation of HR. Following this, exonuclease 1 and/or the nuclease DNA2
with the RECQ helicase Bloom syndrome protein mediates extensive DNA resection
(Nimonkar et al. 2011). WRN interacts with MRE11 and NBS1 (Cheng et al. 2004),
and this results in the enhancement of WRN helicase activity. WRN also binds to
DNA2 and facilitates extensive DNA resection (Sturzenegger et al. 2014). More-
over, cyclin-dependent kinase 1 (CDK1) phosphorylates at Ser1133 and promotes
the DNA end resection by DNA2 at replication-related DSBs (Palermo et al. 2016).
The Ser1133 phosphorylation of WRN is required for the interaction with the
MRE11 complex. WRN also interacts with other HR proteins including RAD51,
RAD54, RAD52, and BRCA1/BARD1 complex, and these interactions stimulate
WRN helicase activity. These studies indicate the critical role of WRN also in HR
(Lachapelle et al. 2011; Otterlei et al. 2006; Lu and Davis 2021) (Fig. 2.4).

2.2.3 WRN and Telomeres

WRN proteins are also involved in telomere maintenance. Telomeres are
chromosome-terminating complexes composed of the characteristic repeating
DNA sequence TTAGGG and a protein called the shelterin complex, which protects
the DNA ends of chromosomes. Telomeres shorten with aging, and when telomeres
exceed a certain length, cells irreversibly stop proliferating, leading to cellular
senescence. The shelterin complex mainly consists of six proteins, TRF1, TRF2,
RAP1, TIN2, TPP1, and POT1. WRN interacts with POT1 and TRF2 (Opresko et al.
2004) (Machwe et al. 2004), and this interaction facilitates WRN to resolve G4
quadruplex, holiday junctions formed at D- and T-loops of telomeres (Opresko
2008; Nora et al. 2010). WS patients aged 40–60 years show prominent telomere
reductions compared to WS patients younger than 30 years or age-matched non-WS
patients, indicating that the loss of WRN function leads to accelerated telomere
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attrition (Ishikawa et al. 2011). In fibroblasts derived from WS patients and genet-
ically created WRN-deficient cells, telomere loss leads to fusion, segregation
defects, and instability of chromosomes (Laud et al. 2005; Crabbe et al. 2007).
When WRN is mutated, the guanine tetramer produced during telomere replication
cannot be unraveled, and the lagging strand of DNA synthesis is stopped, preventing
replication and accelerating telomere shortening (Shimamoto et al. 2015). In fact, it
has been reported that reintroduction of telomerase activity can inhibit telomere loss,
new chromosomal aberrations, and cellular senescence in cells derived from WS
patients. Therefore, at least part of the WS phenotype is thought to be due to telomere
defects (Fig. 2.3) (Crabbe et al. 2007; Wyllie et al. 2000). At telomeres, SIRT6, one
of the longevity genes, sirtuin, removes the acetylation of histone H3K9 in a
nicotinamide adenine dinucleotide (NAD+)-dependent manner. SIRT6-mediated
histone acetylation is required for WRN to bind to telomere chromatin (Michishita
et al. 2008). On the other hand, shortening of telomeres was not observed in
hepatocytes derived from WS patients, and keratinocytes in the skin retained telo-
merase activity and did not show replicative senescence (Ibrahim et al. 2016),
suggesting that telomere damage caused by WRN deficiency may vary depending
on the tissue (Tokita et al. 2016).

Concerning G4 quadruplex and WRN, in fibroblasts from WS patients, signifi-
cant association was observed between G-quadruplex loci and the loci whose gene
expressions were upregulated (Johnson et al. 2010). Significant enrichment of G4
motifs has also been observed at the transcription start site and 50 end of first introns
of genes downregulated in WS fibroblasts. WS fibroblasts display senescence-
associated gene expression programs, disease-associated miRNAs, and
dysregulation of canonical pathways that regulate cell signaling, genome stability,
and tumorigenesis. Together, WRN regulates transcription by binding to G4-DNA
motifs (Fig. 2.5).

In addition, we recently reported the difference of telomeres between regions of
the body. The differences of gene expression profiles were compared in fibroblasts
between the limbs and trunk in WS patients, in whom the trunk is relatively plump,
but the limbs are extremely atrophic, leading to intractable skin ulcers. We found
increased cellular senescence and shortened telomeres in the periphery compared to
the abdomen. Interestingly, fibroblasts in the periphery restored osteo-differentiation
capacity and markedly reduced adipogenicity, reflecting the pathogenesis of WS
(Kato et al. 2021a).

2.2.4 WRN and Mitochondria, mTOR, and Autophagy

Cells from WS patients and genetically modified WRN-deficient cells show pheno-
types with mitochondrial dysfunction. WRN depletion leads to a global alteration in
the gene expressions that regulates energy production and redox condition. This
change attenuates antioxidative defenses and increases mitochondrial oxygen con-
sumption leading to increased reactive oxygen species (ROS) and oxidative DNA
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damage. In cancer cells, this metabolic change counteracts the Warburg effect and
results in the suppression of cell proliferation and senescence-like phenotype. This
effect may be preferable in cancer settings, and a reason why WRN-deficient cells
show the synthetic lethality that will be discussed later (Li et al. 2014). Cells that lack
WRN accumulate oxidative bases including 8-oxoguanine, FapyG, and FapyA, and
the double-strand break marker gamma H2AX, indicating the function of WRN in
oxidative damage repair in the genome. NEIL1 is a mammalian DNA glycosylase
required for repairing oxidatively damaged DNA bases. Upon exposure to oxidative
stress, WRN binds to NEIL1 via the RQC region, colocalized in the nuclei, and
functions to excise oxidative regions from bubble DNA substrates (Das et al. 2007).
In 2019, Fang et al. reported impaired mitophagy, accumulation of ROS and
depletion of NAD+, the co-enzyme of sirtuins, and many metabolic enzymes, in
WS patient cells and WRN-deficient invertebrates. NAD+ repletion using nicotin-
amide riboside (NR) improves the transcriptome profile of the WRN-deficient
worms and their mitochondrial quality through DCT and ULK1-dependent
mitophagy. Moreover, NR extends the life span of Caenorhabditis elegans and
Drosophila melanogaster models of WS. Thus, mitochondrial dysfunction is a
critical mechanism for the accelerated aging phenotype of WS and simultaneously
may be a potential therapeutic target (Fang et al. 2019).

The mammalian target of rapamycin (mTOR) is an essential signaling molecule
that forms the hub of multiple metabolic pathways, and WRN may be involved in
this pathway and autophagy. In WRN knockdown primary fibroblasts, increased
autophagy was observed (Saha et al. 2014; Talaei et al. 2013). Short-term rapamycin
treatment, which inhibits mTOR, increased autophagy activity, while long-term
rapamycin treatment led to improved cell growth, reduced accumulation of DNA
damage marker 53 BPI, improved nuclear morphology, and reduced autophagy
markers LC3II and P62 (Saha et al. 2014). It is speculated that reduced protein
aggregates by early enhancement of autophagy resulted in better cellular function.

Fig. 2.5 The interaction between the shelterin complex and WRN: WRN plays a role in unraveling
the G quadruples that occurs during telomere replication and the DNA loops called t-loop structures
at telomeres. POT1 and TRF2, which are part of the telomeric shelterin complex, facilitate this
function of WRN
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2.2.5 Phenotype of WRN KO Mice

Although WS has a pronounced phenotype in humans, another feature of WRN is
that there is almost no phenotype in deficient mice. The first WRNmutant mice were
generated in 1998 by deleting the catalytic site of the helicase domain, but they did
not show any signs of aging such as gray hair or short life span until 13 months of
age. On the other hand, when heterozygotes were crossed, the birth rate of wild type:
heterozygote:homozygote was 1:1.9:0.6, and the birth rate of KO mice was reduced.
In addition, Embryonic stem cells derived from KO mice showed increased sensi-
tivity to topoisomerase inhibitors such as camptothecin (Lebel and Leder 1998).
Long-term observation of these mice showed mild shortening of life span after
20 months, the accumulation of ROS in the liver, and fatty liver (Massip et al.
2010). In contrast, Guarente’s group created mice lacking exon 18 and later part of
the WRN gene (most of the C-terminal side of the helicase domain), which resulted
in no signs of aging. But, double KO mice of WRN KO with P53 KO, a molecule
that protects the genome from DNA damage, showed shortened life span (Lombard
et al. 2000). Interestingly, double KO of WRN KO mice with telomere RNA
component-deficient mice, a noncoding RNA of the telomere maintenance complex,
resulted in the development of aging phenotypes such as gray hair, cataracts,
hunchback, and short life span after five to six generations (Chang et al. 2004).
The mechanism of this minor phenotype of WRN KOmice is not clear, but it may be
due to the redundancy of five subtypes of RecQ helicases that are complementary to
the WRN deficiency, and the possibility that the DNA damage accumulation is
insufficient because of the short life span. Intriguingly, telomerase activity is rela-
tively high in mice. Because the phenotype of WS is telomere dependent, the
relatively high telomerase activity in mice may mask the phenotype.

2.2.6 WRN and Stem Cell Senescence and Epigenome
Regulation

WS is also involved in stem cell senescence and epigenetic regulation. As cells
undergo senescence, the cytoplasm enlarges and the nucleus swells, and the tradi-
tional transcriptionally inactive heterochromatin structure loosens and becomes
euchromatin dominant, a structure that facilitates transcription (Zhang et al. 2020).
In 2015, Belmonte and colleagues at the Salk Institute generated WRN-deficient ES
cells and found no abnormalities in their ability to differentiate into endoderm,
mesoderm, and ectoderm, or in ES cell proliferation. Interestingly, when mesenchy-
mal stem cells (MSCs) were induced from these WRN-deficient ES cells, they
showed decreased proliferation; senescence-associated beta-Gal staining; expres-
sions of p16 and p21 and other cell cycle-inhibitory senescence markers, IL6 and
IL8, and other senescence-associated secretory phenotypes (SASPs). In addition,
WRN protein interacts with histone methyltransferase complex proteins such as
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SUV39H1, LAP2beta, and HP1alpha to regulate histone methylation H3K9me3 and
H3K27me3. InWRN-deficient cells, this mechanism is impaired, and H3K9me3 and
H3K27me3 are reduced, resulting in an aging phenotype (Zhang et al. 2015).
WRN-deficient MSCs and MSCs derived from ES cells carrying the mutation of
other early-onset progeroid syndrome, Hutchinson-Gilford progeria syndrome
(HGPS), have been compared (Wu et al. 2018). HGPS is caused by a mutation of
lamin A, shows symptoms of early-onset premature aging from infancy, and
develops severe atherosclerosis leading to myocardial or cerebral infarction. Con-
trary to expectations, WRN-deficient MSCs show more early-onset cellular senes-
cence than HGPS MSCs; however, the phenotype was much milder. The HGPS
MSCs show late-onset acute premature aging phenotype, providing a useful tool that
recapitulates the pathology of WS and HGPS. Using this system, a flavonoid,
quercetin, and the antioxidative vitamin, vitamin C, were identified as compounds
that retard cellular senescence of WS (Li et al. 2016; Geng et al. 2019).

In addition, CRISPR Cas9-based screen was performed using mesenchymal
precursor cells that have pathogenic mutations for WS and Hutchinson-Gilford
syndrome. The result identified KAT7, a histone acetyltransferase, as a factor
whose deficiency alleviated cellular senescence. The lentivirus treatment encoding
Cas9 and Kat7 targeting guide RNA improved hepatocyte senescence and liver
aging and extended the life span in aged mice and progeroid model Zempste24
null mice, indicating that epigenetic modification may also be a target of antiaging
interventions (Wang et al. 2021).

Epigenomic findings in WS patients have also been reported. Horvath et al.
proposed the epigenetic clock, which estimates the aging of cells and tissues by
analyzing DNA methylation in 391 CpG regions of the genome. Using this method
to analyze DNA methylation in the whole blood of WS patients, the average age of
methylation in WS is 6.4 years more than that in the healthy group (Maierhofer et al.
2017). However, further analysis showed that DNA methylation in WS did not show
differences in retrotransposons such as LINE1 and ALU, which are reportedly
altered during aging. This suggests that WS aging is partly different from the normal
aging epigenome (Maierhofer et al. 2019).

2.2.7 WS Patient-Derived iPS Cells

As mentioned above, ES cells lacking WRN do not show an obvious phenotype, but
then what about iPS cells created from WS patient cells that have accumulated DNA
damage over a lifetime? In 2014, Shimamoto et al. established iPS cells from skin
fibroblasts of WS patients, which had infinite proliferative potential for more than
2 years, maintained an undifferentiated state, and showed no increase in chromo-
somal aberrations during the culture period. On the other hand, when the cells were
induced to differentiate into somatic cells, signs of premature senescence were
observed. Furthermore, it was speculated that part of this phenotype was due to
the extension of telomeres by reprogramming (Shimamoto et al. 2014). At the same
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time, WS-specific iPS cells were also established in the National Institute of Health
in the USA, and early senescence was observed when induced into MSCs, but not
when differentiated into neural progenitor cells in the ectoderm. Recently, genomic
gene correction was performed on iPS cells generated from a WS patient’s blood
using CRISPR/Cas9 technique and enabled the isogenic comparison between
patient-derived iPS cells and normal iPS cells (Kato et al. 2021b). MSCs derived
from WS-specific iPS cells showed decreased expression of various growth factors
and reduced ability to differentiate into cartilage, bone, and fat (Tu et al. 2020).
These abnormalities in MSCs and the relative preservation of other germ-derived
tissues are consistent with the symptoms of WS, in which abnormalities are concen-
trated in mesenchymal tissues, resulting in subcutaneous tissue atrophy, visceral fat
accumulation, myocardial infarction, and mesenchymal sarcoma, but not cognitive
decline. In recent years, MSCs have shown promise as a cell therapy for a variety of
conditions, including skin ulcers and diabetes, and may be a potential therapeutic
strategy for WS.

2.2.8 Malignancy and WRN

Patients with WS have a high incidence of malignancy, as described in the previous
section. The mechanism is considered to be genomic instability caused by the loss of
WRN, leading to the accumulation of DNA damage and tumorigenesis. On the other
hand, WRN is attracting attention as a synthetic lethal gene in cancer therapy,
although it appears to be quite the opposite. Synthetic lethality refers to a phenom-
enon in which the loss of a single gene is not lethal to cells, but the simultaneous loss
or disruption of two or more pathways causes cell death. In 2019, a CRISPR- or
RNAi-based screen showed that tumors exhibiting microsatellite instability (MSI)
caused by defective DNA mismatch repair showed a significant decrease in cell
survival whenWRNwas deleted or suppressed. In these cells, the loss of WRN leads
to DNA breaks and apoptosis. On the other hand, the survival of cancer cells without
MSI remains unchanged even whenWRN is reduced (van Wietmarschen et al. 2020;
Chan et al. 2019). Furthermore, in 2021, a study using 60 preclinical cancer models
with MSI reported that the phenomenon of cancer cell death after loss of WRN was
widely observed. This means that WRN-targeted therapy may be effective in a wide
range of settings, such as initially or after the acquisition of anticancer drug resis-
tance in malignancies with MSI (Picco et al. 2021). These studies may suggest that
WRN deficiency relatively suppress epithelial cancers. Indeed, increased chemo-
therapeutic activity of camptothecin in cancer cells by siRNA-induced silencing of
WRN helicase has been reported in 2007 (Futami et al. 2007). Although these
findings are about the function of the WRN gene in tumors, not in patients with
WS, the fact that there is a biological advantage to suppressing the WRN gene may
indicate the significance of the existence of a substantial population with heterozy-
gous WRN mutations.
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2.3 Conclusion

Although more than 20 years has passed since the identification of the WRN gene, it
has been difficult to elucidate the pathogenesis of WS because of the lack of
phenotype in WRN-deficient mice and the difficulty in culturing cells due to
premature aging. In recent years, however, advances in genetic modification tech-
nology, material delivery systems, and stem cell biology have gradually revealed the
molecular mechanisms of WS. On the other hand, the average life expectancy of
patients with WS has extended due to the improved management of metabolic
complications such as diabetes and dyslipidemia and advances in the treatment of
intractable skin ulcers. The combined knowledge of clinical and basic medicine will
lead to further improvement in the prognosis of WS, as well as to a better under-
standing of the mechanisms of aging and aging-related diseases.
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