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Hereditary Syndromes With Signs

of Premature Aging

Davor Lessel, Christian Kubisch

Summary

Background: Segmental progeroid syndromes (SPS) are rare hereditary diseases in
which the affected individuals show signs of premature aging in more than one
organ or type of tissue. We review the clinical and genetic features of some of these
syndromes and discuss the extent to which their study affords a complementary
opportunity to study aging processes in general.

Methods: This review is based on publications retrieved by a selective search in
PubMed.

Results: Segmental progeroid syndromes are a clinically and genetically hetero-
geneous group of hereditary diseases. They can be categorized, for example, by
the age of onset of manifestations (congenital vs. infantile vs. juvenile/adult forms).
They are diagnosed on clinical grounds supplemented by genetic testing on the
basis of next-generation sequencing, which is of central importance in view of the
marked heterogeneity and complexity of their overlapping clinical features. The
elucidation of the genetic and molecular causes of these diseases can lead to
causally directed treatment, as shown by the initial clinical trials in Hutchinson—
Gilford progeria syndrome. The molecular features of SPS are identical in many
ways to those of “physiological” aging. Thus, studying the molecular mechanisms of
SPS may be helpful for the development of molecularly defined treatment
approaches for age-associated diseases in general.

Conclusion: Segmental progeroid syndromes are a complex group of diseases with
overlapping clinical features. Current research efforts focus on the elucidation of the
molecular mechanisms of these diseases, most of which are very rare. This should
enable the development of treatments that might be applicable to general processes
of aging as well.
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cal process, affecting every human being. Due to

the rise in life expectancy, age-related diseases are
a challenge of ever increasing proportions for both
society and healthcare systems. A targeted, molecularly
defined drug intervention for the prevention or treatment
of age-associated diseases is indeed an attractive perspec-
tive, but unachievable at present due to our incomplete
understanding of the molecular mechanisms underlying
the regulation of aging processes.

One possible approach to shed light on the mo-
lecular basis of aging processes is to study mono-
genic premature aging syndromes. Segmental proge-
roid syndromes (SPS) is the term used for a group of
disorders characterized by signs of premature aging
in more than one organ or tissue (1). By contrast, a
disorder is classified as unimodal progeroid, if pre-
mature aging is limited to one organ or one tissue,
e.g. monogenic hereditary colorectal cancer syn-
dromes or early-onset forms of Alzheimer’s dis-
ease). Among the typical signs of premature aging in
SPS is the premature onset of the following symp-
toms or disorders:

® Graying/loss of hair

® Hearing loss

© Cataract

® Scleroderma-like skin changes

© Type 2 diabetes mellitus

® Osteoporosis

® Atherosclerosis and coronary heart disease

® Various malignant tumors.

These signs typically occur in the general popu-
lation only at a more advanced age. An additional
characteristic feature of SPS is growth retardation, be-
cause many of the genes involved in the pathogenesis
of these syndromes play a role in various aspects of
cell viability; consequently, these patients stop grow-
ing as the result of significant functional impairment
of these genes. Even though the usually hereditary
SPS are very rare—the overall incidence worldwide
is estimated to be approximately 1:50 000—they can
be regarded as paradigms for research into aging pro-
cesses and age-related disorders in general. However,
it should be noted that just like in a healthy person not
all organ systems age at the same speed, patients with
SPS do not show signs of premature aging in all
organs—for this reason, these syndromes are referred
to as “segmental syndromes.

C ellular and organismic aging is a complex biologi-
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The clinical perspective

A segmental progeroid syndrome (SPS) should be included in the differential
diagnosis of newborns presenting with a combination of growth retardation,
sparse scalp hair, and wrinkled, very thin skin with prominent scalp veins. In the
further course of the disease, premature (for the respective age) occurrence of
age-related signs or disorders (e.g. graying/loss of hair, hearing loss, cataract,
skin changes, lipodystrophy, type 2 diabetes mellitus, osteopenia, cardiovascular
abnormalities, or malignancy) in more than one tissue can be strongly indicative
of SPS. However, the initial signs and symptoms of SPS are frequently non-
specific, making it difficult to relate them to a specific syndrome. Additionally,
more than 100 disease genes for different SPS have so far been identified; thus,
it appears advisable to perform an NGS-based genetic analysis. A definite
diagnosis supported by the identification of causative genetic changes enables
gene-specific personalized preventive care and aftercare in an increasing number
of cases. Currently, a causally defined experimental treatment is available for
patients with Hutchinson-Gilford progeria syndrome. The primary strategy for the
management of other SPS is to prevent or treat signs and symptoms or com-
plications as early as possible in order to improve survival and quality of life.

In many cases, interdisciplinary and regular cardiovascular, dermatological,
orthopedic, ophthalmological, and endocrinological care plays a decisive role;
physiotherapy and—in patients with increased cancer risk—additional oncological
care may be beneficial as well in individual cases.

More than 100 syndromes with clinical signs of
premature aging have so far been described in the
scientific literature, but only in recent years have the
genetic defects causing these syndromes been
identified by analyses performed on at times very
few patients, using high-throughput sequencing
(next-generation sequencing, NGS) (2-5). Segmental
progeroid syndromes are both clinically and geneti-
cally a very heterogeneous group of diseases. Based
on the age at onset of the disease, it is differentiated
between congenital, infantile, and juvenile/adult
forms of SPS.

Given the significant advances that have been
made in recent years in identifying the causes of SPS
and a first success in the development of a causative
treatment, this review is intended to provide an over-
view of this rapidly evolving field. Based on a selec-
tive search of the PubMed database, examples of
SPS typical for each age of onset will be described
and special clinical and genetic features of these
syndromes will be highlighted in order to enable the
reader to identify these variable and pleiotropic dis-
eases as early as possible. Building on this in-
formation, it will be shown, using the Hutchin-
son—Gilford progeria syndrome as an example, how
discovering the genetic cause of a rare syndrome
paved the way for the first successful use of a tar-
geted and causative treatment. Finally, it will be dis-
cussed how identifying the underlying genetic and
molecular mechanisms as well as developing tar-
geted treatment strategies for rare diseases can also

help to improve the management of age-related
diseases in general.

Congenital segmental progeroid syndromes
Wiedemann-Rautenstrauch syndrome

The Wiedemann—Rautenstrauch syndrome (WRS) was
described by Thomas Rautenstrauch (1977) and Hans
Rudolph Wiedemann (1979). Since then, about 50
patients with WRS-similar phenotype have been
described (6). These patients showed prenatal growth
retardation, resulting in reduced weight and length at
birth. Typical clinical features include sparse hair,
prominent scalp veins, triangular shape of face, sunken
eyes, microstomia with maxillary hypoplasia, natal
teeth, and a prominent chin (7able). Perinatal respi-
ratory problems are common among these patients. In
the further course of the disease, WRS 1is characterized
by growth delays, thin and atrophic skin, generalized
lipodystrophy with local fat pads, joint contractures,
progressive ataxia and tremor, as well as a global devel-
opmental delay (6). Clinical signs of premature aging
include thin and atrophic skin, progressive ataxia and
tremor, as well as lipodystrophy with associated
cachectic appearance. This autosomal recessive syn-
drome is caused by mutations in the POLR3A gene
which encodes a subunit of RNA polymerase III
(7-10). WRS-causing mutations are often located in
introns, i.e. in non-coding regions inside a gene, and
bring about defective splicing of pre-mRNA, resulting
in loss of RNA-Polymerase III function. The life
expectancy in patients with WRS is not yet known, but
is likely to be strongly associated with the severity of
perinatal respiratory problems.

PYCR1-related cutis laxa

Cutis laxa syndromes are a heterogeneous group of rare
(incidence < 1:1000000) connective tissue disorders
with the shared characteristic of wrinkled, redundant and
inelastic skin, resulting in a progeroid appearance. The
phenotypic variability of autosomal recessive PYCR-re-
lated cutis laxa is considerable, but patients typically
show prenatal growth retardation (11). In addition, many
patients present with poor sucking ability, sparse hair,
thin and transparent skin with prominent veins,
mandibular hypoplasia, and lipodystrophy (7able). Later,
these patients may develop a global developmental delay
(in some cases with cerebral malformations) with mild to
moderate intellectual disability, microcephaly, and
muscular hypotonia. Other clinical signs that typically
manifest in the first two years after birth include osteopenia
or osteoporosis, finger contractures, cataract, corneal
opacity, and movement disorders. Significant progression
of these signs is rare in children older than 2 years of age.
The life expectancy of patients with this syndrome also
remains unknown to date.

Infantile segmental progeroid syndromes
Hutchinson-Gilford progeria syndrome

The Hutchinson—Gilford progeria syndrome (HGPS,
incidence approximately 1:4 000 000) was described
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Wiedemann-
Rautenstrauch
syndrome

Clinical characteristics of selected segmental progeroid syndromes

PYCR1-
related
cutis laxa

Hutchinson-
Gilford progeria
syndrome

MDPL
syndrome

Werner
syndrome

Myotonic
dystrophy
type 1

Intrauterine growth retardation + + - - - -
Natal teeth + - - _ _ _
Perinatal respiratory problems + - - - _ _

Graying of scalp hair - - - - n -
Hair loss + + + - + n
Prominent scalp veins + + + - - -
Hearing loss - - + + - ¥
Cataract - - - - + +
Mandibular hypoplasia + + + + + -
Triangular shape of face + + - - - -
Microcephaly - + - - - _
Short stature + + + - n _
Joint contractures + - + - - _x
Hypermobility of joints - + - - - -

Thin/atrophic skin + + + + + -
Wrinkled skin - + - - - -
Telangiectasia - - - + - _
Skin pigment disorders - - + - + -
Ulcers - - - - + _
Hyperkeratosis - - - - n -

Type 2 diabetes mellitus - - - + + +
Lipodystrophy + + ¥ + + B
Hypogonadism - - - + + +

Intellectual disability + + - - - =
Muscle weakness - + + + + +
Myotonia - - - - - +

Atherosclerosis - - + - ¥ -
Arrhythmia - - - - - +
Osteopenia - + - - + -
Osteoporosis - - + - + -
Increased cancer risk - - - - + +
Causative altered gene POLR3A PYCR1 LMNA POLD1 WRN DMPK

MDPL, mandibular hypoplasia, deafness, progeroid features, and lipodystrophy;
+, typically abnormal finding; -, typically normal finding; %, in some patients; *, only with the congenital form
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Other segmental progeroid syndromes

Besides the two congenital segmental progeroid
syndromes (SPS) described here, there are other
early-onset progeria syndromes; however, these are not
discussed in detail in this article. They include Bloom
syndrome, Rothmund-Thomson syndrome, dyskeratosis
congenita, Hoyeraal-Hreidarsson syndrome, restrictive
dermopathy, marfanoid—progeroid-lipodystrophy syn-
drome, CAV1-associated neonatal progeroid syndrome,
LEMD2-assoziated progeroid syndrome, and Berardinel-
li-Seip syndrome, among others (4, 25, 36-38).
Likewise, besides the two infantile SPS discussed
here, there are numerous other syndromes with child-
hood onset, which could not be described in detail, again
for lack of space. These include Fanconi anemia,
xeroderma pigmentosum, Cockayne syndrome, ataxia
teleangiectatica, trichothiodystrophy, Néstor-Guillermo
syndrome, Ruijs—Aalfs syndrome, and MDM2-associated
progeroid syndrome, among others (2, 3, 5, 25, 37).

in 1886/1897 by Sir Jonathan Hutchinson and Hast-
ings Gilford. While affected children have a normal
appearance at birth, they typically develop failure to
thrive in their first year of life. During the first, sec-
ond, and third year after birth, the facial character-
istics of HGPS—a hypoplastic mandible and a thin
nose with a “beaked” tip—become increasingly ap-
parent. In addition, patients experience progressive
alopecia, loss of eyebrows and eyelashes, postnatal
growth retardation, scleroderma-like skin changes,
lipodystrophy, progressive joint contractures, and nail
dystrophy (7able). Over time, conductive hearing
loss, osteoporosis, and incomplete dentition can also
develop; in addition, some patients show insulin
resistance without manifest diabetes mellitus or de-
velop Raynaud’s syndrome. Motor and intellectual
development is usually normal. Patients typical die of
complications of atherosclerosis after myocardial
infarction or stroke; the average life expectancy is
approximately 15 years (12). The genetic cause is a
recurrent, synonymous, heterozygous de novo mu-
tation ¢.1824C>T (p.Gly608Gly) in exon 11 of the
lamin A/C (LMNA) gene which encodes a cell mem-
brane component (13, for details on pathogenesis, see
the Figure).

Mandibular hypoplasia, deafness, progeroid features,
and lipodystrophy syndrome

Mandibular hypoplasia, deafness, progeroid features,
and lipodystrophy syndrome (MDPL) is a rare (inci-
dence <1:1 000 000) syndrome which has been charac-
terized only recently (14). Similar to HGPS, affected
children appear normal at birth. The first clinical signs

rarely manifest before the fifth year of life; then, pa-
tients develop unusually thin arms and legs with broad
trunk and mandibular hypoplasia. Starting at the age of
10 years, progressive lipodystrophy, dental crowding
with irregular positioning of teeth, joint contractures,
general muscle wasting, hearing loss, and a high-
pitched voice are observed (7able). Later, patients fre-
quently develop type 2 diabetes, telangiectasia, and os-
teopenia or osteoporosis. The oldest described patient
was 62 years old at the time of the last follow-up exam-
ination (14). The genetic cause of MDPL are hetero-
zygous mutations in the POLDI gene which encodes
the catalytic subunit of DNA polymerase delta; the
majority of patients carry a recurrent deletion of a
single amino acid (p.Ser605del) (14, 15). Interestingly,
other heterozygous POLDI germline mutations are as-
sociated with an increased risk of early-onset colorectal
cancer and endometrial cancer (polymerase proof-
reading—associated polyposis, PPAP) (16), which can
be regarded as a unimodal progeroid syndrome. How-
ever, patients with MDPL appear not to have a (signifi-
cantly) increased tumor risk; thus, a good geno-
type—phenotype correlation can be assumed for this
gene (14). Some additional congenital and infantile
SPS are listed in the Box.

Juvenile/adult segmental progeroid syndromes
Werner syndrome

Werner syndrome (WS), described by Otto Werner in
his medical dissertation at the University of Kiel in
1904, is a prototypical example of juvenile SPS. WS
manifests during adolescence; a characteristic feature
is the absence of the growth spurt seen early in puber-
ty. Additional clinical features, such as graying/thin-
ning of scalp hair, scleroderma-like skin changes, re-
gional atrophy of the subcutaneous fat, and develop-
ment of a high-pitched voice, usually manifest after
the 20™ year of life. In the further course of the dis-
ease, patients often develop bilateral cataract, type 2
diabetes, skin ulcers (typically around the ankle), os-
teoporosis (especially of the long bones), calcification
in the Achilles tendon, hypogonadism, atherosclerosis
of the coronary arteries with increased risk of myocar-
dial infarction, as well as cancers, such as soft-tissue
sarcoma, osteosarcoma, melanoma, and thyroid
cancer, which are rather rare in the general population
(Table). The most common causes of death are
cardiovascular disease and cancer; the average life
expectancy is 54 years (17, 18). The genetic cause of
Werner syndrome are autosomal recessive mutations
in the WRN helicase gene, which encodes a RecQ-
type helicase, a DNA repair protein.

Myotonic dystrophy type 1

Myotonic dystrophy type 1 (DM1) is a progressive
multisystem disorder, primarily characterized by mus-
cular dystrophy. Although there is a very rare congeni-
tal form—characterized by muscular hypotonia and
very poor sucking ability, global developmental delay
(frequently associated with respiratory insufficiency),
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Progerin permanently anchored in the nuclear membrane:
changed nuclear morphology, increased DNA damage,
epigenetic and metabolic changes, transcriptional dysregu-
lation, loss of protein homoeostasis, stem cell dysfunction,
accelerated senescence, and cell death

Pathogenesis of Hutchinson-Gilford progeria syndrome. The LMNA gene, which encodes lamin A (a structural protein of the nuclear membrane), contains 12 exons.
The correctly spliced pre-messenger RNA (mRNA) results in lamin A which contains a detection site and cleavage site for the ZMPSTE24 enzyme within exon 11. The
¢.1824C>T mutation in exon 11, which is the cause of Hutchinson-Gilford progeria syndrome, activates a cryptic splicing site and causes an aberrant splicing event,
removing 150 nucleoctides (i.e. exactly 50 amino acids) from the mRNA. The post-translational protein modification normally consists of four steps: (1) A farnesy! group is
attached by farnesyl transferase to the cysteine of the C-terminal CAAX box. (2) The last three amino acid residues are proteolytically cleaved by ZMPSTE24.

(3) Carboxymethylation by ICMT. (4) The 15 C-terminal amino acids, including the farnesylated and carboxymethylated cysteine, are cleaved by ZMPSTE24. Since
progerin lacks the detection site and cleavage site for the ZMPSTE24 enzyme, the second cleavage cannot occur; thus, the last 15 C-terminal amino acids, including the
farnesylated cysteine are retained. As the result, progerin is permanently anchored in the nuclear membrane, influencing various cellular processes. Important progerin-
associated cellular effects are shown in the Figure. Lonafamnib, a faresyltransferase inhibitor, blocks the first step of posttranslational modification, the farnesylation.
Therefore, progerin generally remains in the nucleoplasm and is hardly bound to the nuclear membrane; consequently, its effects are mitigated (adapted from [24]).

and early death—, classical DM1 typically manifests
no earlier than about age 20 years. As an early clinical
sign, an initially distal weakness of the muscles is
noted. Typically, patients present with myotonia, but
may in addition develop primarily frontal alopecia,
cataract, sensorineural hearing loss, dysarthria and
dysphagia, cardiac arrhythmia, hypogonadism, Type 2
diabetes, and hypothyroidism (7able). Genetically, the
disease is caused by autosomal dominant inherited
expansions of unstable CTG repeats in the DMPK
gene, which encodes a kinase. The average life expec-
tancy is 48 to 55 years (19).
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First clinical studies

Clinical trials on rare diseases are difficult to conduct
as there are few patients available to participate. The
progressive course of the disease can be a further
challenge, because conducting a placebo-controlled
and randomized, double-blind study can be difficult for
ethical reasons. Understanding the molecular basis of
SPS is essential for developing a personalized
treatment. Studies on Hutchinson—Gilford progeria
syndrome led to the identification of progerin as a
likely cause. This assumption was also supported by the
identification of individuals with milder -clinical
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courses who produced less progerin compared to pa-
tients with typical HGPS (20). Lamin A is modified by
farnesylation and other reactions (Figure) (21). There-
fore, it was assumed that farnesyltransferase inhibitors
(FTI), originally developed as anti-cancer agents,
should, in principle, have a therapeutic potential which
was then substantiated in subsequent studies using
HGPS cell and mouse models (21). The first clinical
study evaluating the FTI lonafarnib in 25 HGPS
patients showed after a treatment period of 2 years a
reduction in joint stiffness, moderate weight gain, an
improvement in bone structure (22), and a survival
benefit of 1.6 years (95% confidence interval: [0.8;
2.4]; p<0.001) (23). Side effects included mild
diarrhea, fatigue, nausea, vomiting, anorexia, transient
elevation of liver enzymes, and transient reduction
in serum hemoglobin levels (22, 23). Likewise, the
only recently published data from a lonafarnib-based
clinical study with 63 patients demonstrated a
reduction in mortality after a median treatment
period of 2.2 years (hazard ratio: 0.12 [0.01; 0.93];
p =0.04) (24).

These studies show that a drug originally
developed for another indication can potentially be
used for the treatment of a distinct rare disease. This
approach is based on deciphering the genetic and
pathophysiological roots of this disease and will
have to be confirmed and/or optimized by follow-up
studies.

The significance of these findings for our
understanding of aging processes

The identification of the genetic causes of SPS and
the functional characterization of the identified mu-
tations in cell-/animal-based models have helped to
clarify the molecular characteristics of monogenic
premature aging syndromes. These findings showed
in particular the significance of telomere dysfunction,
genomic instability, mitochondrial dysfunction, ex-
haustion of the stem cell pool, cellular senescence,
deregulation of the cell cycle, as well as epigenetic
changes and inflammatory processes (25). Interest-
ingly, these features of SPS are almost identical with
known molecular characteristics of the “normal
aging* process (26). For example, the normal aging
process is also associated with progerin accumulation
(27), HGPS-like defects of the nuclear membrane,
changes to histone modifications, increased genomic
instability (28), and reduced expression of specific
marker proteins, such as PRKDC, Ku70 and Ku80
(29). The increased epigenetic age in fibroblasts of
patients with Werner syndrome is yet another
example (30). Sharing not only clinical signs, but
also molecular and cellular characteristics with “nor-
mal aging”, SPS represent a suitable model for re-
search into general aging processes. However, it is
important to emphasize that SPS do not represent
simple phenocopies of normal aging; for example,
osteoporosis in patients with Werner syndrome
affects primarily the long bones, while osteoporosis

in the general population primarily affects the spine
(17). In addition, there are other characteristic signs
of SPS, such as mandibular hypoplasia or growth
retardation, which are not typical for normal aging.
Nevertheless, it can already be seen that our
improved understanding of the mechanism under-
lying SPS contribute to the development of senolytics
which, for example, are designed to delay the onset
of age-related disorders and thus to increase the
healthy period of life by inhibiting senescence and/
or apoptosis (31, 32). A recently published pilot
study showed mobility improvements in participants
after treatment with a senolytic; however, due to the
small sample size the results should be interpreted
with caution and further randomized studies are
needed (33).

Outlook

SPS comprise a clinically and genetically highly
heterogeneous group of hereditary disorders which
resemble “normal aging” in many aspects. The
various syndromes often show overlapping signs and
symptoms, and in many cases significant experience
is required for the clinical classification of the
different syndromes. Given the marked heterogeneity,
variability and complexity of the overlapping
conditions (2, 3, 14, 34), an NGS-based analysis—
described in greater detail by us elsewhere
(35)—should be performed as the first diagnostic step
in a specialized center. Early diagnosis prevents a
long diagnostic journey, results in a differentiated
evaluation of the risk of recurrence for parents and
other relatives, and enables the creation of a personalized
screening program for an increasing number of
affected persons, currently especially patients with
Hutchinson—Gilford progeria syndrome and Werner
syndrome. In addition, a genetic diagnosis is the
foundation for a hopefully increasing number of
clinical trials and treatment approaches. In the long
term, exploring and discovering the basis of these
rare diseases will also help to obtain a better
understanding of normal aging and age-related
diseases, potentially paving the way for a targeted
positive influence on aging.
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Key messages

® Segmental progeroid syndromes are rare genetic disorders characterized by signs of premature aging affecting more than one

organ or tissue.

@ Given the variability and complexity of the partly overlapping conditions, a next generation sequencing (NGS)-based analysis
performed at a specialized center should be offered as the first diagnostic step.

® An early diagnosis allows a specific evaluation of the recurrence risk and can enable the creation of a personalized screening

program.

@ The discovery of the pathophysiological basis of rare diseases can pave the way for the development of a personalized
treatment, as shown using the Hutchinson-Gilford progeria syndrome as an example.

® The clinical signs and molecular basis of SPS are often similar to “normal aging” and thus are a suitable model for research into

general aging processes.
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&6} CLINICAL SNAPSHOT

Pneumatosis Cystoides Intestinalis as an Incidental Finding on Endoscopy

A 46-year old male patient attended
for outpatient index colonoscopy to
determine the cause of unspecific
symptoms in the left lower abdomen.
His medical history included a
non-insulin-dependent diabetes
mellitus and an episode of depression.
At first the endoscope could be
advanced without difficulty, but
starting at the right colonic flexure
we found multiple submucous cysts
that prevented safe advancement to
the cecal pole due to increasing
narrowing of the lumen. Abdominal
radiography confirmed the initial
suspicion of pneumatosis cystoides
intestinalis by showing grape-like
intramural accumulations of gas in
the right upper quadrant. The etiology
of this disease is unknown. Frequently, as in this case, it is an incidental finding, and asymptomatic patients need no treatment. Associations with
bronchial asthma, pulmonary emphysema, cystic fibrosis, steroid intake, and immunosuppression have been described. Pneumatosis cystoides
intestinalis has to be distinguished from intramural pneumatosis intestinalis in the context of visceral ischemia, which requires immediate
treatment. Radiological follow-up 8 weeks later showed no change. Further work-up of the lower abdominal pain revealed primary (adult) lactose
intolerance in this man of Moroccan birth.
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Figure: Left: Abdominal X-ray with grape-like accumulation of gas in the right upper quadrant and endoscopic view on
multiple submucous cysts.
Right: Coronary CT demonstrating intramural bowel gas collection in the right colonic flexure
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