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Abstract

Vascular complications such as bleeding due to gastrointestinal telangiectatic anomalies, pulmonary arteriovenous malforma-
tions, hepatopulmonary syndrome, and retinal vessel abnormalities are being reported in patients with telomere biology dis-
orders (TBDs) more frequently than previously described. The international clinical care consortium of telomere-associated
ailments and family support group Dyskeratosis Congenita Outreach, Inc. held a workshop on vascular abnormalities in the
TBDs at the National Cancer Institute in October 2017. Clinicians and basic scientists reviewed current data on vascular
complications, hypotheses for the underlying biology and developed new collaborations to address the etiology and clinical

management of vascular complications in TBDs.
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Background

The telomere biology disorders (TBDs) manifest with a wide
array of complex medical complications and are caused by
germline pathogenic variants in telomere biology genes
[1-4]. These disorders have also been termed short telomere
syndromes [3]. Patients with dyskeratosis congenita (DC),
the prototypic TBD, are often clinically characterized by the
triad of lacy reticular skin pigmentation, oral leukoplakia,
and dysplastic nails. They are at high risk of developing
bone marrow failure, pulmonary fibrosis, avascular necrosis
of the hips or shoulders, esophageal stenosis, and other med-
ical problems including a high lifetime risk of specific can-
cers [5, 6]. The discovery of germline pathogenic variants
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in DKCI (encoding dyskerin) as the cause of X-linked
recessive DC showed, for the first time, that aberrations in
telomere biology resulting in very short telomeres could
cause clinically significant human phenotypes [7, 8]. Since
then, 13 additional genes have been associated with DC and
related TBDs with de novo, autosomal dominant, and auto-
somal recessive inheritance patterns (Fig. 1) [1, 9—11].
The clinical spectrum of TBDs has expanded as discov-
eries of the genetic causes have grown (Table 1). Some
patients, primarily those with predominantly autosomal
dominant disease due to TERT, TERC, PARN, or RTELI
mutations, may develop just one feature of DC in adult-
hood in the absence of the mucocutaneous triad [1-3,
12-16]. Other patients, including those with DKCI muta-
tions, de novo TINF2 mutations, or autosomal recessive
disease may present at an earlier age. Those with Hoyer-
aal-Hreidarsson syndrome, a variant of DC that has fea-
tures of immunodeficiency and cerebellar hypoplasia, or

@ Springer


http://orcid.org/0000-0001-6006-0740
http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-018-9640-7&domain=pdf

96 Angiogenesis (2019) 22:95-102

Fig. 1 Factors and pathways A PARN
impacted by mutations found R e

. . . . o) ¥ NAF1
in patients w1'th TBD§. a v S, dyskerin: NHP2
Telomerase biogenesis and NOP10

activation. b Telomerase recruit- TERT

ment. ¢ Duplex telomeric DNA u_sl hTR
replication. d Terminal DNA

end structure. e Resolution of t

loop structure. f Approximate

number of classic DC patients

without detected mutation in

one of the known genes. Subu- B
nits in blue shade and hTR have

R dyskerin
‘A
been found mutated in patients TIN2

TERT
with DC. Those with red font TRF1 TRF}%

s N F=1hTR
are the most commonly mutated - 3

C e

20-30%
unknown

Cajal
body

/:‘\ E

D
TPP1
TIN2 2 @S
TREL TREZ. O crc1 S
= i =/ Rae__
1

Table 1 Clinical features of TBDs

Disorder Key clinical features

DC Mucocutaneous triad of nail dysplasia, abnormal skin pigmentation (hyper/hypopigmented, lacy, reticular

pigmentation), and oral leukoplakia. BMF, PF, PAVM, liver disease, hepatopulmonary syndrome, avascular
necrosis of hips and/or shoulders, urethral stenosis, lacrimal duct stenosis, esophageal stenosis, HNSCC,
MDS, AML, developmental delay. Traditional diagnosis of DC: classic triad or one of the triad, BMF, and
two other findings [1]

Revesz syndrome Features of DC plus bilateral exudative retinopathy. Intracranial calcifications and developmental delay also

reported
Hoyeraal-Hreidarsson syndrome Features of DC plus cerebellar hypoplasia. Immunodeficiency has been reported as presenting problem
Coats plus
DC-like

Bilateral retinopathy, intracranial calcifications, leukodystrophy, anemia, osteopenia, poor bone healing

BMF, AA, MDS, or PF occurring in the presence of at least one other DC-associated feature or family history
suspicious of DC

Aplastic anemia Progressive multi-lineage cytopenias. May occur in the absence of DC-associated features

Myelodysplastic syndrome Cytopenias with morphologic dysplasia and/or clonal chromosomal abnormalities. May occur in the absence

of DC-associated features
Acute myeloid leukemia May progress from MDS or aplastic anemia. May occur in the absence of DC-associated features
Pulmonary fibrosis May occur in the absence of DC-associated features

Liver fibrosis Non-alcoholic, non-infectious liver fibrosis. May occur in the absence of DC-associated features

BMF bone marrow failure, PF pulmonary fibrosis, PAVM pulmonary arteriovenous malformations, HNSCC head and neck squamous cell carci-
noma, MDS myelodysplastic syndrome, AML acute myeloid leukemia, DC dyskeratosis congenita, AA aplastic anemia

Revesz syndrome that encompasses features of DC with
exudative retinopathy and intracranial complications [1, 6,
17], may present in infancy. Coats plus, a rare autosomal
recessive disease, typically includes intracranial calcifi-
cations with associated brain cysts, gastrointestinal (GI)
bleeding due to telangiectasias, retinal vascular abnormali-
ties, and abnormal bone healing [18, 19]. Coats plus was
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linked with TBD when patients with DC were also found
to have mutations in CTCI [20, 21].

New clinical presentations are now being recognized
in patients with TBDs, likely due to improvements in sup-
portive care and survival into adulthood allowing for the
progression of disease. For example, hepatopulmonary syn-
drome, pulmonary shunting, and development of pulmonary
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arteriovenous malformations (PAVM) have recently been
recognized as a part of the phenotype [22, 23]. Life-threat-
ening GI bleeding, similar to that reported in Coats plus
[24, 25], has been reported by clinicians as a major cause of
morbidity in DC/TBD.

The expanding vascular phenotype of DC/TBD prompted
the international Clinical Care Consortium of Telomere-
associated Ailments (CCCTAA) to hold a workshop on this
topic at the National Cancer Institute in Rockville, MD, USA
on October 24 and 25, 2017. The 48 attendees consisted of
clinicians with expertise in pediatric and adult hematology,
oncology, hematopoietic stem cell transplantation (HCT),
gastroenterology, hepatology, ophthalmology, pulmonology,
vascular anomalies, and genetics, as well as representatives
from the family support group Dyskeratosis Congenita

Fig.2 Representative features of vascular abnormalities in the gas-
trointestinal tract of patients with TBDs. a Stomach, friable, erythe-
matous lesions (shown by black arrows) in the gastric antrum simi-
lar in appearance to gastric antral vascular ectasia. b Small intestine.
Numerous erythematous, telangiectatic-appearing lesions in the
proximal small intestine (shown by black arrows). ¢ Stomach-gross,

Outreach, Inc. (DCO; http://teamtelomere.org). Vascular
complications in patients with DC/TBD were discussed with
goals for developing new studies aimed at addressing these
challenging medical problems.

Are vascular complications more frequent
than previously appreciated?

Bleeding due to vascular telangiectatic anomalies of the GI
tract is the most common cause of death in patients with
Coats plus [18, 26] but there are little data on the clinical
management [27-29]. Workshop attendees reported clini-
cally significant GI bleeding in 16 patients with DC, a phe-
notype rarely reported in the over 100 years of DC/TBD
literature (Fig. 2). The majority of patients discussed at the

at time of autopsy. Petechial hemorrhage (shown by black arrows) is
present as are prominent submucosal vessels (shown by red arrows).
Courtesy Dr. Hao Wu, Baylor College of Medicine. d Stomach-dif-
fuse submucosal (shown by red arrows) congestion with focal conges-
tion of mucosal vessels (shown by black arrows). Courtesy Dr. Hao
Wau, Baylor College of Medicine
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workshop had a germline mutation in 7INF2. Patients with
mutations in TERC, TERT, or CTC1, and unknown genetic
cause of disease were also reported. The time from diagnosis
of DC or HCT to first GI bleed ranged from months to years.
GI bleeding could be present at diagnosis of a TBD and was
not solely as a post-HCT complication. Upper endoscopy
revealed that most patients had erythematous or telangiec-
tatic lesions in the lumen of the stomach or small intestine.
The diagnosis of gastric antral vascular ectasia (GAVE) was
applied to some of these cases during their work-up.

The presence of vascular telangiectasia could also be
compounded by portal hypertensive gastropathy and the
development of esophageal varices due to progressive por-
tal hypertension. Whereas esophageal varices are amenable
to banding, vascular hypertensive ectasia of the stomach
is much more difficult to treat. However, only one of the
patients with GI bleeding discussed at the workshop had a
history of GI bleeding due to esophageal varices. Workshop
participants reported the anecdotal use of estrogen, proges-
terone, propranolol, octreotide, thalidomide, budesonide,
bevacizumab, argon plasma coagulation, and radiofrequency
ablation, but there was insufficient data to reach consensus
on how to best manage GI bleeding in TBD patients.

Exudative vitreoretinopathy is characteristic of Coats plus
and Revesz syndrome but there are limited data on the spe-
cific ophthalmologic complications in patients with DC [30].
Case presentations at the workshop showed a wide array of
retinal vascular diseases in patients with DC. Laser photo-
coagulation of severe retinopathy is currently the preferred

Table 2 Approaches to understanding vascular complications in TBDs

mode of treatment for retinal vascular disease in DC/TBD.
The laser is applied to the avascular peripheral retina, which
presumably decreases vascular permeability factors and pro-
angiogenic factors that may be contributing to progressive
vasculopathy and pathologic neovascularization [31, 32].
Intravitreal injection of bevacizumab is a treatment option
[33]. The retinopathy in DC/TBD patients can result in a
tractional retinal detachment and vitreous hemorrhage. Such
advanced pathology is treated with vitreoretinal surgery
to clear the visual axis and reattach the retina. However,
advanced and chronic retinal detachment may become inop-
erable. Early screening of patient with TBD with ultra-wide-
field fluorescein angiography is important to detect these
subtle vascular abnormalities earlier in the disease course
to prevent complications.

Overall, vascular complications including GI bleeding
and retinal vascular disease appear to be more widespread
in TBDs than expected. Patients with GI bleeding did not
necessarily have features of Coats plus and those with exu-
dative vitreoretinopathy were not consistently diagnosed
with Revesz syndrome.

Challenges and opportunities in clinical studies
of rare TBDs

Table 2 illustrates some of the key questions and potential
answers in the setting of vascular complications in TBDs.
Multi-disciplinary, international collaborative studies
between patients, clinicians, and basic scientists are essential

Question Possible answer(s)

Ways to address the topic

What are we treating?

Vascular anomalies including gastrointestinal
bleeding, exudative vitreoretinopathy, pul-

Detailed studies of the clinical manifestations
Compile large collaborative case series

monary arteriovenous malformations

What is the pathophysiology? Unknown

Compare vascular anomalies in TBD with those
in other disorders and determine whether
there are common biomarkers

What are the biomarkers of interest?
Where does telomere biology fit in here?

What are potential therapeutic agents?

What is the definition of response?

Could vascular abnormalities cause bone
problems?

Could vascular abnormalities underlie onset
of bone marrow failure?

Identify markers to diagnose and track disease
progression

Understand role of telomere biology genes in
vascular biology

Estrogens, progesterone, androgens, proprano-
lol, octreotide, thalidomide, and bevaci-
zumab have been tried in a few cases but
there are not enough data to make evidence-
based recommendations

Resolution of clinically significant bleeding
Improvement in pulmonary function for
PAVM patients

Unknown

Unknown

Work with vascular biologists
Test known biomarkers in TBD patients

Basic science collaborators

Develop a clinical trial or observational clinical
study

Develop a clinical trial or observational clinical
study

Detailed studies of the clinical manifestations
Compile large case series

Investigate bone marrow biopsy samples for
similar vascular markers
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to improving understanding of all rare diseases, and espe-
cially of unique complications in these diseases. The work-
shop also featured talks by two basic scientists in order to
facilitate building bridges between clinicians taking care of
patients with DC/TBDs and basic scientists making novel
contributions to the telomere field.

Dr. Utz Herbig, Rutgers New Jersey Medical School, pre-
sented his research on telomeres and wound healing. There
is a growing appreciation of the impact of cellular senes-
cence on wound healing, including via telomere dysfunc-
tion-induced senescence and the resulting senescence asso-
ciated secretory phenotypes (SASP) [34]. The SASPs are
pro-inflammatory and postulated to be an important aspect
of vascular dysfunction and risk of cardiovascular disease
[35]. Since telomeres are sensitive to oxidative damage, it
is possible that very short telomeres, such as those seen in
TBDs, are even more susceptible to the SASP environment.
Although not yet studied, SASP in TBDs could result in
abnormal wound healing or cellular responses to inflamma-
tion. Another possibility that was raised in the discussion
is that short telomeres impair the healing process through
cell-autonomous defects.

There may be biological connections underlying the
TBDs and vascular complications. For example, the Wnt/
beta-catenin pathway is implicated in vascular development
and homeostasis [36]. To explore this further, Dr. Brad
Johnson, University of Pennsylvania, was invited to pre-
sent his research on Wnt/p-catenin signaling and telomere
capping. He discussed a possible role of this pathway in
TBDs [37, 38]. Supporting the importance of a link between
abnormal Wnt/p-catenin signaling and vasculopathy driven
by telomere dysfunction is the fact that the retinal vascu-
lar abnormalities of two diseases caused by mutations in
Wnt pathway signaling components, familial exudative vit-
reoretinopathy, and Coat’s disease (from which Coat’s plus
derives its name) are reminiscent of the retinal abnormalities
observed in TBDs [39-42]. Additional preclinical studies
are required, but it is intriguing to speculate on whether tar-
geting Wnt/beta-catenin could yield novel therapeutics for
TBDs.

The workshop also emphasized the importance of
multi-disciplinary collaborations and featured an explora-
tory study of airway epithelial stem/progenitor cells in one
patient with DC. Drs. Susan Reynolds and Don Hayes,
Nationwide Children’s Hospital and The Ohio State Uni-
versity, presented preliminary data showing reduced pro-
liferative capacity of these cells in the patient compared
with controls. These data raise the possibility that tel-
omere shortening decreases airway basal epithelial stem/
progenitor cell life-span and contributes to lung pathology
in TBD patients. In the clinical evaluation of this particu-
lar patient, a significantly elevated vascular endothelial
growth factor A (VEGFA) level was found in peripheral

blood. Based on published literature, the potential link
between basal epithelial stem/progenitor cells and vascu-
lar biology of the lung is a high expression of VEGFA by
these progenitor cells along with VEGFA-mediated cross-
talk between these progenitor cells and the endothelium.
This cellular interaction appears to modulate endothelial
activation and in turn stimulates and sustains basal epithe-
lial stem/progenitor cell growth [43].

Clinicians, researchers, patient groups, and other stake-
holders are in a key information gathering phase to under-
stand TBD-associated complications. Collaborative efforts
have grown significantly since the first DC-focused work-
shop in 2008 [4]. The CCCTAA facilitated peer-review of
the first edition of “Clinical Care and Diagnosis of Dysker-
atosis Congenita and TBDs” guidelines book (https://teamt
elomere.org/resources/#research) in close collaboration
with DCO, stimulated collaborative relationships towards
a multi-center HCT trial (ClinicalTrials.gov Identifier:
NCT01659606), and enabled a case series on PAVM in
DC [22]. The consortium is now conducting a systematic
retrospective case series of GI bleeding in patients with
TBDs to understand the approaches to diagnosis and man-
agement of this complex phenotype.

Conclusions

The clinical complications caused by aberrant telomere
biology are complex and our understanding of these is
still developing. The phenotypic spectrum is evolving
as TBDs continue to be connected through genetics, and
as clinicians and patient advocacy groups join forces to
rigorously document disease manifestations and natural
history. Clinicians and basic scientists are leveraging
this information to reappraise potential pathophysiologi-
cal mechanisms linking telomere biology to disease. It is
worthwhile to consider that defects in vascular biology
caused by telomere dysfunction provide a unifying mecha-
nism driving disparate phenotypic manifestations across
the TBD spectrum.
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