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Foreword:
DC Outreach and Its Role

Dyskeratosis Congenita Outreach, Inc. (DCO) was unofficially
born in 2006 when two people affected by the rare, genetic
condition connected over the common desire to reach out.
Together they created a conduit of support among patients and
families that had never before existed.

At its inception, DCO was simply a name, a website and an
email address, yet a much-needed component of the
dyskeratosis congenita landscape.

The absence of a family support group had also been
recognized by physicians involved with the National Cancer
Institute’s (NCI) Inherited Bone Marrow Failure Syndrome
Study. It was a void that a team of scientists, led by Dr. Blanche
Alter, principal investigator of the study, set about filling by
procuring funding to sponsor a family symposium for DC
patients. Held in Bethesda in September 2008, the meeting
allowed DC families to meet for the first time. Some of them had
informally met through the DCO website, but most were coming

face-to-face with another DC patient for the first time.
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The meeting attendees, who likely would not have met
otherwise, bonded over shared experiences. A number of them
quickly organized into a group driven to expand the DC-
community.

Symposium participants stepped forward and formed a
volunteer group of directors. The nine-member board began
holding monthly meetings via internet teleconference. In 2009
Dyskeratosis Congenita Outreach, Inc. received its official
501(c)3 status, giving it legitimacy as a charitable foundation.

A five-member medical advisory committee, comprised of
some of the world’s foremost authorities on DC, works closely
with DCO to assist patients and educate the wider medical
world on DC. The committee’s current chair — Dr. Sharon
Savage, chief of the Clinical Genetics Branch, Division of Cancer
Epidemiology and Genetics, NCI — has not only been involved
with the discovery of several genes linked to telomere disorders
such as DC, but took the lead on creating the Clinical Treatment
Guidelines.

Since its inception, the organization has grown to include
many international families, which has been facilitated by DCO’s

expanding online presence. The site www.DCOutreach.org is

continually updated with new features and information to better
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serve the needs of the DC community. In addition to the website
DCO maintains accounts with Twitter, Pinterest and Facebook,
which have several hundred followers from dozens of countries.

In 2010, DCO initiated a biannual family retreat, which was
held on Sebago Lake in Maine at Camp Sunshine, a retreat for
families of children with life-threatening illnesses. These events
have been resounding successes, attended by families from all
over the world.

For many families one of the most difficult initial aspects of a
DC diagnosis is the sense of isolation. So few people, doctors
included, are familiar with or even aware of the disease, let alone
have it. The chance for face-to-face interaction among patients
and families —direct engagement with others who truly
understand —is precious. Add to that the expert lectures,
counseling sessions, opportunities for one-on-one time with
some of the world’s top DC-specialists, and a healthy dose of
fun, and the experience becomes one that many attendees call
“life changing.”

These family retreats are free of charge to attendees, and

DCO is committed to sponsoring them as long as possible.
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Also in 2010 the group began publishing a semi-annual
newsletter, the DC Companion, which is written and edited by
DCO board members and alumni.

The group began hosting family support meetings, held via
internet conference, in 2012. The monthly support calls are
typically attended by a member of the medical advisory
committee or another DC-specialist. The calls not only give
participants the chance to gain an expert’s perspective, but allow
patients and family members the opportunity to relate to others
who can empathize and understand.

In 2013, DCO was one of ten advocacy groups selected from
hundreds of applicants to participate in a revolutionary research
program organized by Genetic Alliance and funded by the
Patient-Centered Outcomes Research Institute (PCORI). In
autumn 2014, DC patients and family members began filling out
“patient powered” surveys, the results of which have the
potential to become part of a massive secure database allowing
cross-referencing of patients, diseases and symptoms. The
survey is optionally anonymous, yet the data will provide a
wealth of information including symptom commonalities and

interrelationships between diseases.
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Genetic Alliance has stated it hopes to expand the study to
include all disease advocacy groups. The DC Outreach
community is fortunate to be involved from square one.

Attending scientific meetings is also among DC Outreach’s
initiatives, and since 2011 DCO has maintained a presence at the
American Society for Hematology’s annual conference.

Over 20,000 hematologists from around the world attend, and
as an exhibitor the group spreads awareness about the condition
by demystifying commonly held beliefs and distributing
informational literature to attendees. Every year, as DCO
representatives speak with numerous individuals who’ve never
heard of or seen a DC-patient, the amount of outreach yet to be
done remains evident.

The pronounced lack of both familiarity with DC and readily
available information within the medical community are what
prompted DCO to pursue the creation of this document. The
number of stories told about children lost because of either
misdiagnosis or sub-optimal medical treatment is both
unbearable and unacceptable.

In line with DCO’s mission to provide information and
support services to families affected by DC and to educate

medical providers, a goal has been to publish and disseminate a
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definitive and comprehensive reference guide for the diagnosis,
treatment, and management of DC and its related symptoms and
manifestations.

DCO began as a two-person “support group.” While it now
has a seven-person board, five medical advisors, and a growing
number of families and supporters, it’s still an extremely small
organization. Because of its size, the group depends on the
dedication and contributions of so many to fulfill its mission.

Foremost among those contributors have been Drs. Alter and
Savage of the National Institutes of Health. Their foresight has
guided the creation of this foundation as well as the creation of
this document.

This text has been written by some of the most practiced DC-
clinicians and researchers. Their expertise on the disease’s
impact on each of the body’s major organs and systems is
unparalleled. We are profoundly grateful for the gift of their
time and knowledge.

Our hope is that the availability of this resource will lead to
more positive outcomes for Dyskeratosis Congenita patients all
over the world.

—Nancy Cornelius, DC patient, daughter, and mother; founding
member; and president of DCO from 2011-2014



Chapter 1:
Introduction to Dyskeratosis Congenita

Sharon A. Savage, MD

Introduction

Welcome to the first edition of the Dyskeratosis Congenita and
Telomere Biology Disorders: Diagnosis and Management Guidelines.

These guidelines are the result of dyskeratosis congenita (DC)
families, physicians, and scientists coming together for a
common cause, to advance understanding of DC and its
management. Chapter authors and their reviewers were
purposely chosen because of their expertise in the field and also
because of their varied experiences with DC.

The chapters were reviewed both at an in person meeting in
Chicago, IL in October 2014 and through conference calls and
email exchanges. There have been no clinical trials for most of
the DC-associated medical complications. Thus, the clinical
management suggested herein is based on the opinions and

experience of the chapter authors and reviewers. Every effort
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was made to illustrate points in which authors do not
specifically agree or for which there are limited clinical data.
These clinical care guidelines are meant to provide background
and general clinical guidance as we await comprehensive clinical

trials on the management of the multiple complications in DC.
A brief history of dyskeratosis congenita

The disorder now known as dyskeratosis congenita (DC) was
likely first described in 1906 at a conference in Bern,
Switzerland'2 The skin manifestations were the focus of that
report and it was described as poikilodermia vascularis
atrophicans. A second report described a patient with abnormal
skin, sparse hair and latticework skin pigmentation.

Professor F. Zinsser subsequently published a manuscript in
1910 on two brothers with skin, nail, and tongue abnormalities®.
Additional reports led to its initial designation as Zinsser-Cole-
Engman syndrome?*°. The mucocutaneous features and
apparent congenital occurrence likely led to its designation as
dyskeratosis congenita. DC was thought to be solely an X-linked
disease because the early publications described the clinical
manifestations in males only. In 1963, the first female case of DC

was reported®.
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An expanded clinical phenotype, which included bone
marrow failure and multi-organ system involvement, was
subsequently documented. Variable expressivity, or a range of
signs and symptoms in individuals with the same genetic

condition, is now recognized in DC”10,
The causes of dyskeratosis congenita

Dyskerin (DKC1) was identified as the cause of X-linked DC
in 1998,

This discovery also led to the first clues that DC was a
disorder of telomere biology'2. Understanding of DC etiology
advanced significantly from 2004 to date, with the discovery of
at least 10 other genes and recognition of autosomal recessive
and autosomal dominant inheritance patterns (TERC, TERT,
NOP10, NHP2, TINF2, WRAP53, RTEL1, ACD, CTC1, and PARN)
7-10,13,14

Major technical advances in DNA sequencing have rapidly
accelerated the pace our discoveries of the causes of inherited
disorders. In fact, mutations in PARN were reported as a cause
of autosomal recessive DC just one week before the final
formatting of this book was completed and were thus unable to

be incorporated into the final version of these guidelines.

10
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What we have learned

The link between DC and telomere biology intersects several
broad areas of study. Basic scientists are very interested in
understanding the molecular biology of telomeres. Cancer
researchers are actively pursuing studies of telomere length as a
cancer risk factor as well as telomere biology in cancer cells?.

The advent of telomere length diagnostic testing and
expanded genetic testing have revealed a growing clinical
spectrum of DC-associated telomere biology disorders”101617. We
now understand that aberrant telomere biology may be present
in patients without the classic mucocutaneous findings of DC
but with one of the complications seen in DC, for example, TERT
mutations patients with isolated aplastic anemia® or pulmonary
fibrosis'>%. Biology has also served to connect the multisystem
disorder Coats plus with DC due to the discovery of mutations
in the telomere-capping gene CTC1 as the primary cause of
Coats plus?4,

The clinical management of DC requires a multidisciplinary
approach. Most complications of DC are managed
symptomatically. Outcomes after hematopoietic cell
transplantation (HCT) for bone marrow failure have improved
in recent years, but are still unsatisifactory??. Studies of the

11
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progression of medical problems and case series of responses to
therapy are helping us to understand DC but are limited by their

observational nature3%3!,
What the future holds

Rapid advances in the understanding of telomere biology and
thus the causes of DC have the potential to form the basis of
studies aimed at treating the clinical complications. This will
occur much more efficiently if clinicians, scientists, and families
work together. These clinical care guidelines are an important
first step in solidifying these collaborative efforts. As such, it is
hoped they will form the foundation for advances in DC for

years to come.

References

1. Zinsser F. Atrophia cutis reticularis cum pigmentione,
dystrophia unguium et leukokeratosis oris. lkonogr Dermatol.
1906;5:219-223.

12



Dyskeratosis Congenita Guidelines, 2015 Ed.

2. Dokal I. Dyskeratosis congenita in all its forms. Br J Haematol.
2000;110(4):768-779.
3. Zinsser F. Atrophia Cutis Reticularis cum Pigmentations,

Dystrophia Unguium et Leukoplakis oris (Poikioodermia atrophicans
vascularis Jacobi). lTkonogr Dermatol. 1910;5:219-223.

4. Costello MJ, Buncke CM. Dyskeratosis congenita. AMA Arch
Derm. 1956;73(2):123-132.

5. Cole HN, Rauschkolb J, Toomey J. Dyskeratosis congenita with
pigmentation, dystrophia unguium, and leucokeratosis oris; review of
the known cases reported to date and discussion of the disease from
various aspects. AMA Arch Derm. 1955;71(4):451-456.

6. Sorrow JM, Jr., Hitch JM. Dyskeratosis Congenita. First Report
of Its Occurrence in a Female and a Review of the Literature. Arch
Dermatol. 1963;88:340-347.

7. Ballew BJ, Savage SA. Updates on the biology and
management of dyskeratosis congenita and related telomere biology
disorders. Expert Rev Hematol. 2013;6(3):327-337.

8. Dokal I. Dyskeratosis congenita. Hematology Am Soc Hematol
Educ Program. 2011;2011:480-486.
9. Nelson ND, Bertuch AA. Dyskeratosis congenita as a disorder

of telomere maintenance. Mutat Res. 2012;730(1-2):43-51.

10.  Armanios M, Blackburn EH. The telomere syndromes. Nat Rev
Genet. 2012;13(10):693-704.

11.  Heiss NS, Knight SW, Vulliamy TJ, et al. X-linked dyskeratosis
congenita is caused by mutations in a highly conserved gene with
putative nucleolar functions. Nat Genet. 1998;19(1):32-38.

12. Mitchell JR, Wood E, Collins K. A telomerase component is
defective in the human disease dyskeratosis congenita. Nature.
1999;402(6761):551-555.

13. Stuart BD, Choi J, Zaidi S, et al. Exome sequencing links
mutations in PARN and RTEL1 with familial pulmonary fibrosis and
telomere shortening. Nat Genet. 2015;47(5):512-517.

14. Tummala H, Walne A, Collopy L, et al. Poly(A)-specific
ribonuclease deficiency impacts telomere biology and causes
dyskeratosis congenita. J Clin Invest. 2015;125(5):2151-2160.

15. Prescott J, Wentzensen IM, Savage SA, De Vivo L.
Epidemiologic evidence for a role of telomere dysfunction in cancer
etiology. Mutat Res. 2012;730(1-2):75-84.

13



Chapter 1: Introduction to DC

16.  Alter BP, Baerlocher GM, Savage SA, et al. Very short
telomere length by flow fluorescence in situ hybridization identifies
patients with dyskeratosis congenita. Blood. 2007;110(5):1439-1447.
17. Alter BP, Rosenberg PS, Giri N, Baerlocher GM, Lansdorp PM,
Savage SA. Telomere length is associated with disease severity and
declines with age in dyskeratosis congenita. Haematologica. 2011.

18. Yamaguchi H, Calado RT, Ly H, et al. Mutations in TERT, the
gene for telomerase reverse transcriptase, in aplastic anemia. N Engl J
Med. 2005;352(14):1413-1424.

19. Armanios MY, Chen JJ, Cogan JD, et al. Telomerase mutations
in families with idiopathic pulmonary fibrosis. N Engl J Med.
2007;356(13):1317-1326.

20. Tsakiri KD, Cronkhite JT, Kuan PJ, et al. Adult-onset
pulmonary fibrosis caused by mutations in telomerase. Proc Natl Acad
Sci US A.2007;104(18):7552-7557.

21. Polvi A, Linnankivi T, Kivela T, et al. Mutations in CTC1,
encoding the CTS telomere maintenance complex component 1, cause
cerebroretinal microangiopathy with calcifications and cysts. Am J
Hum Genet. 2012;90(3):540-549.

22. Keller RB, Gagne KE, Usmani GN, et al. CTC1 Mutations in a
patient with dyskeratosis congenita. Pediatr Blood Cancer.
2012;59(2):311-314.

23. Anderson BH, Kasher PR, Mayer J, et al. Mutations in CTCI,
encoding conserved telomere maintenance component 1, cause Coats
plus. Nat Genet. 2012;44(3):338-342.

24, Savage SA. Connecting complex disorders through biology. Nat
Genet. 2012;44(3):238-240.

25. Gadalla SM, Sales-Bonfim C, Carreras J, et al. Outcomes of
allogeneic hematopoietic cell transplantation in patients with
dyskeratosis congenita. Biol Blood Marrow Transplant.
2013;19(8):1238-1243.

26. Dietz AC, Orchard PJ, Baker KS, et al. Disease-specific
hematopoietic cell transplantation: nonmyeloablative conditioning
regimen for dyskeratosis congenita. Bone Marrow Transplant.
2011;46(1):98-104.

27. Ayas M, Al-Musa A, Al-Jefri A, et al. Allogeneic stem cell
transplantation in a patient with dyskeratosis congenita after
conditioning with low-dose cyclophosphamide and anti-thymocyte
globulin. Pediatr Blood Cancer. 2007;49(1):103-104.

14



Dyskeratosis Congenita Guidelines, 2015 Ed.

28. Dror Y, Freedman MH, Leaker M, et al. Low-intensity
hematopoietic stem-cell transplantation across human leucocyte antigen
barriers in dyskeratosis congenita. Bone Marrow Transplant.
2003;31(10):847-850.

29. Mahmoud HK, Schaefer UW, Schmidt CG, Becher R, Gotz GF,
Richter HJ. Marrow transplantation for pancytopenia in dyskeratosis
congenita. Blut. 1985;51(1):57-60.

30. Khincha PP, Wentzensen IM, Giri N, Alter BP, Savage SA.
Response to androgen therapy in patients with dyskeratosis congenita.
Br J Haematol. 2014;165(3):349-357.

31. Islam A, Rafiq S, Kirwan M, et al. Haematological recovery in
dyskeratosis congenita patients treated with danazol. Br J Haematol.
2013;162(6):854-856.

15



Chapter 2:
Why Telomeres Matter

Roger R. Reddel, MD, PhD

Introduction

Biologists have studied telomeres for many decades — from
long before their connection with human diseases became
known. This chapter provides a background for the chapters that
follow by summarizing information obtained from telomere
research?. It begins with an overview of a few key aspects of
biology required to understand what telomeres are, how they
function, and the processes that protect and maintain them, and

then describes how defects in these processes can cause disease.
Types of cells

Organisms are composed of microscopic building blocks
called cells, and products (like the minerals and proteins that
help form bone) that cells export into their environment. Each
human contains many trillions of cells.

In the adult body, there are many types of cells with

specialized roles, and many different shapes and sizes to suit
16
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their functions. One example is peripheral nerve cells, which are
very long so they can carry electrical impulses from the spinal
cord to a muscle. Another is red blood cells, which are
essentially small bags containing the oxygen-binding protein
hemoglobin that get pumped around the body inside blood
vessels, carrying oxygen from the lungs to other tissues.

One fundamental distinction between cell types relates to
whether they are designed to pass on genetic information to the
next generation or not. Ova and sperm, the cells that fuse to form
a zygote and start the process of embryo formation, and the
specialized cells that give rise to ova and sperm, are referred to

as germ line cells. All other cells are called somatic cells.
Why cells need to make copies of themselves

Cells are able to replicate themselves via a process which
usually involves growing in size and then dividing into two
cells. The process is known as cell division, which means that
this is one situation where division is the same as multiplication!

Throughout our lifetime, our cells need to replicate
themselves a large number of times. We start off as a single
fertilized egg cell (zygote), which needs to undergo a very large

number of cell divisions to produce a fully formed baby. Growth

17
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of a baby into an adult also occurs through the production of
enormous numbers of new cells.

Further increasing the need for cell replication, a large
number of cells are replaced many times over during a normal
life span. There are some exceptions, like certain types of nerve
cells that are made early on and can last for life, but cells of
many other types are broken down and replaced by new ones.

Some of our cells are replaced regularly, which may be
thought of as “programmed maintenance.” One example is red
blood cells, which are replaced with new cells every four months
on average; the old ones are broken down and their molecular
components are recycled.

Another example is skin cells, which are programmed to die
off and shed as skin flakes, and are continuously replaced by
new cells. The lining of the bowel is also being continuously
replaced. Other types of cells are either replaced when they are
damaged or are produced to meet a particular demand. For
example, certain types of white blood cells are produced in large
numbers when they are needed to fight an infection, and then

mostly die off when their job is completed.

18
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The molecules of life

Most cells contain a complete copy of the entire instruction set
required for them to function and interact with each other.

This is encoded in a very long molecule - DNA
(deoxyribonucleic acid). In contrast to the binary code used for
computers (which consists of long strings of ones and zeroes),
DNA contains four component nucleotides (represented by the
letters A [adenine], C [cytosine], G [guanine], and T [thymine])
which constitute a four-letter code. The complete set of DNA is
called the genome, and the DNA of the human genome is
divided into 46 pieces called chromosomes. Twenty-three of
these chromosomes come from one parent, and the other 23 from
the other parent. Twenty-two of them are paired (essentially
slightly different versions of the same genetic information) and
referred to as autosomes; the remaining two chromosomes are
the sex chromosomes, X and Y, which are similar in females
(XX), but not in males (XY).

There are many other types of molecules within a living cell,
but here just two other types will be mentioned: proteins and
RNA (ribonucleic acid) molecules.

Proteins are particularly important because they form much of

the intricate machinery that carries out a huge range of processes

19
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required for life, including copying DNA and other molecules
when cells are replicating. The precise makeup of individual
proteins is encoded within specific regions (genes) of the DNA.
Genes are used as the templates for production of RNA
molecules, which are transported to areas within the cell
responsible for manufacturing proteins (Figure 1).

Therefore, RNA acts as an intermediary molecule, taking
instructions from the genome to the places where proteins are

made. Biologists refer to the process of making RNA from the

replication

DNA ?ranscrigfion RNA translation Pr'o‘rein

A \
] !
I !
‘ I
Semeo LOVETSE .
transcription

Figure 1: Relationships among key molecules of life. The human
genome (which consists of 46 long DNA molecules) contains regions
(genes), which are instruction sets for making (transcribing) RNA
molecules. Many (but not all) RNA molecules contain an instruction
set that is translated by the protein manufacturing machinery into a
specific protein. Specialized proteins and RNA molecules assemble
into large molecular machines that make a replicate copy of a cell's
DNA (using the existing DNA as a template) when it is getting ready
to divide into two cells. Sometimes, an RN A molecule is used as the
template for making relatively small pieces of DNA, a process known
as reverse transcription.

20
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DNA code as transcription, and the process of making proteins
according to the instructions in the RNA as translation. There are
two functioning copies (alleles) of most genes, with many of the
genes on the sex chromosomes being notable exceptions.

The way DNA gets copied when cells are being replicated is
particularly interesting. DNA actually has two side-by-side
strands, twisted to form the well-known double helix structure
discovered by Watson and Crick. The strands are not identical;
instead, they are complementary to each other. The relationship
between the two strands in the double helix is determined by a
very simple rule: wherever one strand has an A the other strand
must have a T (and vice versa), and wherever one strand has a C
the other strand must have a G (and vice versa).

To copy DNA, specialized proteins pull the strands apart and
synthesize a new, complementary strand on each of the existing
strands. This means that each DNA copy contains one pre-
existing strand plus one newly synthesized strand.

Because RNA molecules are made according to the DNA code
(but with different chemical building blocks), they can
sometimes be "read backwards" by other specialized proteins to

synthesize DNA. This process is called reverse transcription.
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Telomeres

The arrangement of the human genome as a collection of 46
chromosomes, each with two ends, presents two big challenges
that cells need to deal with. The first challenge is that the DNA
copying machinery is incapable of copying all the way to the
ends of a DNA molecule. The consequence is that chromosomes
get slightly shorter every time cells are replicated.

The second is that cells need to be able to distinguish these 92
ends from accidental breaks elsewhere in the genome. Breaks in
DNA have potentially serious consequences for cells, and cells
therefore have elaborate sets of machinery for rejoining fractured
ends. It is very important, however, that ends of different
chromosomes not get "repaired" by being inappropriately joined
together. This would result in one larger chromosome, which
can then be pulled in two directions and break at some random
location when the cell next divides.

Cells solve these two problems in the following ways. First,
there is a specific DNA code at every chromosome end, which
consists of a string of six letters (TTAGGG) repeated many

hundreds of times. (Figure 2.) Because this repetitive DNA does
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...... TTAGGGTTAGGGTTAGGGTTAGGGTTAGGG......
109 01 0 ) )
...... AATCCCAATCCCAATCCCAATCCCAATCCC......

Figure 2. The DNA code at each chromosome end. One strand is
a string consisting of hundreds of copies of the letters TTAGGG.
The other strand contains the complementary letters, AATCCC.

not code for a protein, it is partly dispensable: some of it can be
lost due to normal shortening of chromosome ends without
adverse consequences.

Second, there are specialized proteins within the cell that
recognize DNA containing this specific code and bind to it, and
there are other proteins which bind to the DNA-binding
proteins. Together, these proteins form a complex structure that
coats the chromosome ends and protects (or shelters) them from
being mistakenly recognized as an accidental DNA break.
Collectively, these proteins are therefore called the shelterin
complex, and within this complex there are six different
proteins, TRF1, TRF2, TIN2, TPP1, POT1, and hRAP1.

The repetitive DNA at the end of a chromosome is called a
telomere. Sometimes, however, biologists use the same word to

refer to the DNA plus the proteins that bind to it. Although this
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is potentially confusing, in practice the meaning of the word is
usually clear from the context.

Although telomeres still function despite a considerable
amount of shortening, the amount of shortening that can occur
without consequence is not unlimited. If too much shortening
occurs, there is not enough TTAGGG left for shelterin to bind to,
which results in the chromosome ends losing their protection
from being treated as a DNA break.

Cells have a built-in mechanism to deal with shortened
telomeres. Once a telomere reaches a minimum length, the cell is
no longer permitted to divide again. In effect, it reaches its use-
by date for replication. Telomere shortening can thus contribute
substantially to the aging process. When there is a significant
decline in the number of cells that are able to replicate, tissues
and organs lose their capacity to undergo the renewal processes
upon which healthy function depends. Telomere shortening can
contribute to aging even in tissues that contain many non-
dividing cells (like the brain) because their health depends on
cells that do need to continue dividing. For example, the
nutrition of the non-dividing cells of the brain depends on blood
vessels lined by cells that must continue dividing to maintain

normal function.
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How telomeres can last a normal life span

Telomeres are part of a finely tuned biological system. Under
normal circumstances, telomeres continue to function, protecting
the chromosomes throughout all of the cell divisions of a normal
human life span. Two critically important factors in their
continued competence are their starting length and the rate at
which they shorten.

Germ line cells require processes to provide an adequate
starting length very early in the development of the embryo.
These processes involve the action of a complex molecular
machine called telomeraseb, which is able to add new DNA
(containing many repeats of the TTAGGG sequence) to the ends
of chromosomes, and thereby completely counteract the normal
shortening process that accompanies cell division.

The rate of telomere shortening is influenced by
environmental and lifestyle factors. For example, toxic chemicals
and cancer chemotherapy agents can cause tissue damage, and
therefore induce a lot of cell division, thus increasing the overall
rate of telomere shortening. Treatments that are normally used
to get a patient ready for a bone marrow transplant can also
cause this, and some viral infections can have this effect. In
addition, lifestyle factors, such as physical inactivity, smoking,
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severe prolonged stress, and obesity are associated with shorter
telomeres.

There are low levels of telomerase activity in the cells of many
somatic tissues, which partially counteract normal telomere
shortening. This slows down, but does not completely prevent
the shortening in normal somatic cells. This is particularly
important in organs that undergo a lot of cell division, including
the bone marrow, which constantly produces huge numbers of
new blood cells.

Telomerase is thus a key player in ensuring that our telomeres
last for a normal human life span. It not only is important for
providing a sufficient telomere length buffer at the start of life,
but also for slowing down the rate of telomere loss through
successive cell divisions. Inherited defects in telomerase can
result in telomeres that are excessively shortened and therefore

ineffective at preventing chromosome-related disease.
Telomerase

Telomerase is an enzyme that synthesizes the DNA sequence
TTAGGG and adds it to the ends of telomeres. It does this by
reverse transcribing an RNA molecule, which has a short
sequence in the template region that is complementary to the

TTAGGG DNA sequence. The RNA is sometimes referred to as
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hTER or hTERC, but usually hTR (human Telomerase RNA),
and is encoded by the TERC gene (Telomerase RNA
Component).

Telomerase also contains a protein subunit called TERT
(Telomerase Reverse Transcriptase), which does the reverse
transcribing. The name of the gene encoding this protein is
TERT.

A third component of the active telomerase complex is a
protein called dyskerin, which binds to RNA molecules like hTR.
The gene that encodes dyskerin is called DKC1 because it was
the first mutation confirmed to cause dyskeratosis congenita, one
of the syndromes caused by short telomeres.

The active telomerase enzyme complex contains at least six
molecules: two copies each of hTERT, hTR, and dyskerin.
(Figure 3). Manufacturing and assembling this complex molecule
requires the action of specialized proteins, including NOP10 and
NHP2.

In order to lengthen telomeres, telomerase needs to be
transported from the places where it is assembled to the ends of
telomeres where is does its work. TCAB1 (encoded by the gene

WRAP53) is a protein required for this transportation. TCAB1
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Figure 3. Schematic of
telomerase components.
It has not yet been
possible to get a high-
resolution "picture" of
what telomerase looks
like. However, the active
form of the molecule is
known to contain two
copies each of TERT,
hTR, and dyskerin. It
latches on to the end of a telomere (red line) in order to lengthen
it. For full-color illustrations, see Color Photo Appendix, p. 399.

(and also NOP10 and NHP2) may form part of the telomerase
complex at various stages in its life cycle.

Once telomerase arrives at the chromosome end, it needs to
dock with the telomere. A protein critically important for this is
TPP1 (encoded by the ACD gene). TPP1 has a small region on its
outer surface (the "TEL patch") with which it latches onto the

surface of the telomerase enzyme.
Other molecules needed for normal telomere length

Considering data from other species, it would not be
surprising to find that there are several hundred proteins that
influence telomere length in humans to a greater or lesser extent.

Of those that are already known, the shelterin proteins are very
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important, because of their ability to influence telomerase
activity and to protect the telomere. Telomerase synthesizes only
the TTAGGG strand of telomere DNA. CTC1, STN1, and TEN1
are three proteins which form a molecular machine (the CST
complex) which is thought to be involved in synthesizing the
complementary CCCTAA DNA strand. The complex is also
thought to be important in controlling the activity of telomerase.
The DNA of telomeres can be configured in a number of ways
other than the helical Watson-Crick structure. The presence of
many consecutive Gs in the telomere sequence means that
telomeres are able to form complex structures (known as G-

quadruplexes), whereby the Gs bind to each other instead of

Figure 4:. Telomeres can form structures called G-quadruplexes.
DNA that contains many runs of the letter G, can fold into
complex structures, where the Gs bond together (instead of

binding to the Cs on
the strand of
. complementary
o G G DNA). Four Gs can

bond to form a

il gy square-like structure
GGGG d

~ [ GG called a G-quartet
el (left), and stacks of G-
quartets (right) are
called G-

quadruplexes.
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forming G-C pairs. Telomeres can also form a “t-loop” structure.
A number of proteins, including RTEL1, are required to

prevent the G-quadruplex and t-loop structures from causing

problems when telomeres are being copied during cellular

replication.
Inherited causes of excessively short telomeres

Inherited defects in any of the genes that encode components
of telomerase (DKC1, TERC or TERT) or of specific genes that
encode proteins that are involved in telomerase's assembly
(NOP10 or NHP2), transportation to the telomere (TCAB1), or
docking with the telomere end (TPP1), can result in telomeres
being too short, Figure 5. (See Color Photo Appendix for full
page illustration.) In addition, defects in genes that encode
specific proteins involved in other aspects of telomere protection
and synthesis (TINF2 [the gene encoding TIN2, one of the
shelterin proteins], CTC1 and RTEL1) may also cause excessive
telomere shortening. Some individuals who have excessively
short telomeres do not appear to have mutations in any of these
ten genes, so it is likely that there are additional inherited causes
of short telomeres that have not yet been found.

The consequence of deficient telomerase activity is two-fold.

First, the normal shortening that accompanies cell division is
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counteracted less effectively than when telomerase is normal, so
telomeres shorten faster. Second, when there is less telomerase
activity than normal, it may not be possible to restore telomere
length in the germ line cells and early embryo. The result is that
an individual in the next generation inheriting the defective gene
may also inherit telomeres that start off shorter than normal, a
"double whammy" effect. This results in a tendency for short
telomere diseases to get worse from generation to generation, an
unusual pattern of inheritance called genetic anticipation.
Defects in the other genes which cause short telomeres may
follow a similar pattern, even though they may not directly
affect telomerase activity. Gene defects causing failure to protect
the telomere or to copy the telomere DNA properly during cell
division may speed up the rate of telomere shortening to an
extent that normal levels of telomerase are not able to adequately
counteract, either in somatic or germ line cells that pass DNA on

to the next generation.
Why short telomeres cause disease

Cells with excessively short telomeres reach their proliferative
"use-by date" much earlier than normal, which means that

various tissues and organs are not able to maintain themselves
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Figure 6. Telomeres need to last for a normal life span. The telomeres
of many somatic cells shorten throughout life but, if they have a
normal starting length and do not shorten too rapidly, we can live a
long life and still have sufficient cells that do not have critically short
telomeres (green line). Because of the amount of growth occurring,
telomeres shorten more rapidly
in early childhood than in
adults. If the telomeres shorten
faster than normal (which
occurs, for example, when cells
that undergo a lot of
proliferation do not have
enough telomerase), then some
organs may lose the capacity to
renew themselves later in life

Telomere length

short (amber line). Some
environmental factors may
cause cell death, which results
in an increased need for
proliferation and therefore an increased rate of telomere shortening,
and this may result in problems occurring earlier in life (dotted amber
line). Individuals who start out with short telomeres and also have an
increased rate of telomere shortening (red line) may have problems
from short telomeres early in life. See Color Photo Appendix, p. 399.

Age (years)

by normal numbers of cell divisions. Eventually, this may result
in an insufficient number of cells (cytopenia) in various organs.
The severity of the condition tends to be related to how short
the telomeres are. If the telomere length deficit is very severe,
there may even be insufficient cell division for organs to develop
normally in specific embryonic tissues (for example, in the

cerebellum and other parts of the brain). When short telomere
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diseases become manifest first in childhood, they often affect the
bone marrow, which is normally one of the most highly
proliferative organs. This causes a deficiency in numbers of red
blood cells (anemia), white cells (neutropenia), and platelets
(thrombocytopenia). The combination of these three deficiencies
is called aplastic anemia or bone marrow failure. When telomere
shortening is less severe, problems may not surface until later in
life.

Excessively short telomeres are also associated with an
increased risk of cancer. The reasons for this may include the
following. First, when telomeres become excessively short, they
lose their ability to protect chromosome ends from the DNA
repair machinery. This results in end-to-end fusion of
chromosomes and the potential for the joined chromosomes to
break at a random location when the cell next divides. This sets
up a cycle where continued random chromosome breakage and
random rejoining creates unpredictable changes in the genome,
which may increase the risk of cancer. Second, organs that are
depleted of normal cells may send increasingly powerful signals
to stimulate the remaining cells to divide, which may
inadvertently favor the growth of rogue cells on their way to

becoming cancerous. Third, normal cells in a normal organ can
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often restrain the growth of rogue cells, but this effect is
progressively lost as cytopenia develops.

Excessive telomere shortening can affect almost any organ
system, but it is still not clear why it causes bigger problems in
some organs than others. It seems easy to understand why bone
marrow, a highly proliferative tissue, may be affected.

It is difficult to understand, however, why there are more
often serious problems in lungs, which are thought to have only
moderate rates of cell division, than in the skin, or in the lining
of the gastrointestinal tract, both of which constantly undergo
high levels of cell division. It is also difficult to understand, for
example, why some individuals who have no major problems
with their bone marrow will develop lung disease. Even more
baffling, there are individuals with very short telomeres who
appear to be disease-free for a normal life span.

The answers may lie in part in the effects of environmental
and lifestyle factors. In some families with short telomeres,
pulmonary disease only occurs in individuals who have both
inherited the defective gene and who smoke. In other families,
an individual’s short telomere-related problems may become

manifest when treated with chemotherapy for cancer. The
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answers may also lie in the modifying effects of other genes we
do not yet know about.

This uncertainty also provides some grounds for optimism.
An individual who inherits a short telomere mutation will not
necessarily develop any manifestations of the condition, and
even if one or more of these manifestations occur, disease
progress may be quite unpredictable. The more that is
understood about interactions between the environment and
short telomere gene mutations, the better we may be able to

prevent or modulate the adverse effects of the genes.

Notes

2 This chapter will be posted at www.cmri.org.au so it can be
updated from time to time to incorporate new research findings.

b Many people find the similarity between the words
"telomere" and "telomerase" confusing. Telomeres are the DNA
at chromosome ends (which become shorter with cell division),
whereas telomerase is an enzyme (molecular machine) which

lengthens telomeres.
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Chapter 3:
Diagnosing Dyskeratosis Congenita and
Related Telomere Biology Disorders

Alison A. Bertuch, MD, PhD, Gabriela Baerlocher, MD, and
Blanche P. Alter, MD, MPH

Introduction

Dyskeratosis congenita (DC) was initially defined by the
mucocutaneous triad of lacy reticulated skin pigmentation, nail
dystrophy and oral leukoplakia (see Chapter 1).! However, it is
now known that DC develops as a result of defective telomere
maintenance, so this syndrome of telomere shortening is referred
to as a telomeropathy or telomere biology disorder.

DC can impact every organ system and lead to a wide range
of clinical manifestations, with bone marrow failure being a
major clinical feature (see Table 1, end of chapter).>® The
identification of genetic mutations causative of DC and
development of telomere length testing have facilitated
diagnosis (see Chapters 2 and 4). As a result, diagnostic criteria
for DC have evolved over the past two decades, although expert
opinions vary in the details.>*
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In some cases, features of DC are present at birth or during
infancy, while in others they present over the continuum of the
first two decades of life. In some patients, they do not appear
until adulthood.” # Genetic and telomere length testing provide
early identification of individuals with a potential telomere
disorder who have not yet manifested disease features. Serial
physical examinations are warranted in individuals at risk of
developing further symptoms —because DC features may
develop over time.

Individuals should be considered to have DC if they have
telomere lengths below the first percentile for age by multicolor
flow cytometry with fluorescent in situ hybridization (flow
FISH) in several subsets of leukocytes (granulocytes, CD45+
naive T cells, CD45- memory T cells, CD20+ B cells, CD57+
NK/NKT cells) or a damaging or deleterious mutation in a DC-
associated gene. In studies by Alter et al. with a selected patient
cohort (patients referred with a diagnosis of dyskeratosis
congenita or another inherited bone marrow failure syndrome
such as Fanconi anemia, Shwachman-Diamond syndrome, or
Diamond-Blackfan anemia), the results of telomere length
measurements suggest that telomere lengths below the first

percentile for at least 3 of 4 lymphocyte subsets are highly
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sensitive and specific for DC.>!! The authors caution that the
interpretation of telomere length results must be made in
conjunction with the clinical context and by persons experienced

in interpreting these results.
Major clinical features of DC

1. The mucocutaneous triad

The mucocutaneous triad of reticulated skin pigmentation,
nail dystrophy, and oral leukoplakia typically manifests in mid-
to-late childhood. The features need not present simultaneously
nor do all need to be present to make a diagnosis of DC (see

Chapter 10 for Dermatologic Manifestations of DC).
a. Reticulated skin pigmentation

Skin changes most often appear as reticular or lacy hypo- and
hyperpigmentation, but may also be more punctate (Figure 1).
All areas of skin may be affected, although changes may be
restricted to neck, upper chest, and proximal parts of the limbs
initially. In some cases, the pigmentation follows Blaschko
lines.!? Skin findings may simulate manifestations of graft versus
host disease, a complication of hematopoietic cell transplantation

(HCT). Some unrelated disorders also manifest reticular skin
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pigmentation including dermatopathia pigmentosa reticularis,
Naegeli syndrome, poikiloderma with neutropenia (also known

as poikiloderma Clericuzio type), and Kindler syndrome.

Figure 1: Skin pigmentation changes in DC.
(Reproductions in Color Photo Appendix on page 399.)
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b. Nail dystrophy

Changes to the finger and toe nails may be subtle or severe,
with ridging, thinning, peeling, or slow growth (Figure 2). Nail
changes in a given patient may be asynchronous, with normal
appearing nails adjacent to nails that are clearly affected. With

: " 3= 4
age, nails may even seem to “disappear.

Figure 2: Nail dystrophy in DC
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¢. Oral leukoplakia

Oral leukoplakia appears as thickened, white patches that
cannot be scraped off the buccal mucosa or along the edges and
surface of the tongue (Figure 3). An experienced

otolaryngologist or oral surgeon best evaluates oral leukoplakia.

Figure 3: Leukoplakia in DC
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2. Bone marrow failure

Bone marrow failure is generally defined as bone marrow
cellularity less than normal for age, and with one or more
peripheral blood cytopenias (absolute neutrophil count,
hemoglobin, or platelet count below the lower limit of normal
for age). It is a common feature of DC, with up to 85% of patients
in the London Dyskeratosis Congenita Registry reporting bone
marrow failure by the age of 30 years.? In a competing risk
analysis, the cumulative incidence of bone marrow failure in the
National Cancer Institute Inherited Bone Marrow Failure
Syndrome Study was 50% by age 50.1° The extent of bone
marrow failure can be mild to severe, and can precede the
mucocutaneous features of DC. Bone marrow failure at any age
should prompt consideration of a diagnosis of DC.

Diagnostic evaluations for bone marrow failure include:

e Complete blood count, including mean corpuscular
volume (MCV). An elevated MCV may indicate presence
of an inherited syndrome such as DC, in distinction from
immune-mediated acquired aplastic anemia.

e Absolute reticulocyte count

e Hemoglobin F measurement. Elevated hemoglobin F

suggests inherited rather than acquired aplastic anemia.
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e Bone marrow aspiration and biopsy

e Bone marrow cytogenetic analysis by G banding

e Bone marrow fluorescence in situ hybridization to detect
5q-, 7q-/monosomy 7, trisomy 8, and 20q-, if clinically

indicated.

Additional evaluations that may be considered
e Chromosome breakage analysis to rule out
Fanconi anemia
e RBC folate and vitamin B12 to assess stores,

if MCV is elevated

The hematologic manifestations of DC and their treatment are

presented in detail in Chapter 7, Management of DC.
Identifying additional features of dyskeratosis congenita

Table 1 lists the multitude of clinical findings that may be
observed in DC. Some of these findings may be apparent on
physical examination, whereas others require specific testing.
Clinical evaluations that may be done to uncover additional
features of DC are listed below. These should be considered on

an individual patient basis, as clinically indicated.
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Growth delay
e Birth weight and length measurements and gestational
age at birth to assess for intrauterine growth retardation
e Current weight and length to assess for short stature

and/or failure to thrive

Developmental delay/intellectual disability (see also Ch. 20)

e Neuropsychological testing

Neurologic manifestations
e Frontal-occipital head circumference measurement to
detect microcephaly
e Brain magnetic resonance imaging to detect cerebellar
hypoplasia (Figure 4)

e Head X-ray or brain computed tomography to detect

calcification

Figure 4: Cerebellar hypoplasia
in Hoyeraal-Hreidarsson
syndrome (red arrow)
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Ophthalmologic manifestations (see also Chapter 11)**

Examination should be performed by an ophthalmologist and
include a retinal exam. Findings may include:
e Epiphora (constant tearing) due to lacrimal duct stenosis
or its congenital absence
e Blepharitis
e Exudative retinopathy
e Retinal neovascularization

e Retinal hemorrhages

Hearing loss
e Audiogram or auditory brain-stem evoked response

testing
Dental involvement (see also Chapter 12)

In addition to oral leukoplakia, screening should allow for
detection of:
e Extensive caries or tooth loss
e Periodontal disease
e Taurodontism (enlarged tooth pulp chambers) or

decreased tooth root/crown ratio
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Dental radiographs should be done with digital machines if

possible, to reduce radiation exposure.
Lung involvement (see also Chapters 14 and 15)

Initial evaluations to assess lung involvement include:
e Pulse oximetry
e Pulmonary function tests (PFTs)
e Diffusion capacity of the lung for carbon monoxide
(DLCO testing)
e Six minute walk test for young children unable to perform

PFTs

In cases in which lung involvement is suspected, additional
testing includes:
e Chest radiography
e Non-contrast high resolution chest computed

tomography

Gastrointestinal tract and liver involvement (see also
Chapters 16 and 17)
e A patient may report dysphagia (pain on swallowing) due
to the presence of an esophageal web or stricture, which is

diagnosed by barium swallow or esophagram.
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e Upper and lower gastrointestinal tract bleeding due to

ulceration, telangiectasias, or varices may be diagnosed

by upper and lower tract endoscopy.

e Liver disease may be revealed by the following testing:

(@]

o

Aspartate aminotransferase (AST/SGOT)

Alanine aminotransferase (ALT/SGPT)

Alkaline

Gamma-glutamyltransferase (GGT)

Conjugated and unconjugated bilirubin

Albumin

Prothrombin time (PT)

Liver ultrasound, fibroscan, or magnetic resonance
imaging

Liver biopsy, which may be indicated if the above
studies are abnormal, should include assessment of

liver iron stores in addition to histopathology.

Genitourinary tract involvement (see also Chapter 18)

e Physical examination may reveal

o

O

Urethral stricture
Hymenal stricture in females
Phimosis in males

Hypogonadism (small testes) in males
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e Urinalysis may uncover microscopic hematuria due to

hemorrhagic cystitis.
Musculoskeletal and endocrine disease (see also Chapter 13)

Complaints of hip or shoulder pain may be due to avascular
necrosis (AVN) of the humeral or femoral head. AVN can be
diagnosed by:

e X-ray — most sensitive for late stage disease
e DBone scan
e Magnetic resonance imaging — may pick up early changes

in bone

Osteoporosis may be present and is diagnosed by:
e Dexascan

e Spine X-ray, which may also reveal compression fractures
Immunologic abnormalities (see also Chapter 9)

Patients may present with common variable
immunodeficiency or severe combined immunodeficiency.!®”
Testing for immunodeficiency may include:

e Quantitative immunoglobulin levels for IgG, IgM, IgA,
and IgE
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e Determination of T, B, and NK cell percentages and
absolute numbers
e Lymphocyte proliferation panel for mitogens and

antigens

Additional mucocutaneous findings

e Atrophy of the papillae on the dorsum of the tongue

e Complete or patchy alopecia

e Premature graying of the hair

e Sparse eyebrows and lashes

e Telangiectasias

e Hyperpigmentation of the gums, tongue, palms, and soles
have been anecdotally reported in individuals of African
descent. ACD (TPP1)

¢ Glyphs (fingerprints) may disappear over time
Pertinent history
Cancer history of patient (see also Chapter 21)

Cancer may be the presenting feature of DC. The most
common neoplasms seen in DC include:

e Myelodysplastic syndrome and acute myelogenous

leukemia (AML)
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e Head/neck cancer, especially squamous cell carcinoma of
the tongue

e Anogenital squamous cell carcinoma
Family history

Obtaining a thorough family history is crucial. As discussed in
Chapter 4, disease anticipation, with earlier onset and more
severe disease manifestations, may be observed in successive
generations. Patient pedigree should note if there is a history of:

e Dyskeratosis congenita

e Pulmonary fibrosis

e Liver fibrosis or cirrhosis of nonalcoholic, noninfectious
etiology

e Bone marrow failure, myelodysplastic syndrome, or
leukemia

e Cancer in young relatives (age less than 50 years),
especially of the head and neck

e Infant or early childhood death due to immunodeficiency
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Molecular diagnosis

Telomere length testing

Several methods have been developed to measure telomere
length, including;:

e Multicolor flow cytometry combined with FISH, which
provides a measurement of telomere length in cells within
a variety of leukocyte subsets,'® 1 and

¢ Quantitative polymerase chain reaction (qPCR), which
provides a relative estimate of telomere length with
measurements of telomeric repeat-containing DNA and
an internal single copy control.20*!

e Southern blot analysis, which uses an electrophoretic
pattern of DNA to estimate the median telomere length of

the total leukocytes within the sample.

Telomere length declines with normal aging. Additionally,
there is a broad distribution of telomere length at any given age
within a healthy population. For these reasons, a large number
of individuals, from newborns to the aged, is needed to establish
age-based normal values.

Clinically certified testing of telomere length by automated

multicolor flow FISH is available in Canada (CLIA-certified) and
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Switzerland (see Resources section). Importantly, since this
testing is performed on fresh peripheral blood cells, it is best
used as a diagnostic tool prior to HCT; after transplant, donor,
rather than patient, cells would be assayed. Many investigators
use qPCR or Southern blots to measure telomere length in white
blood cells in the research setting; however, it is less accurate,
reproducible, sensitive, and specific than telomere
measurements by automated multicolor flow FISH.?

Individuals with DC have very short telomere length across
cell types, defined as telomere length less than the first percentile
for age.”!-» Specifically, very short telomere length in practically
all leukocyte subsets (granulocytes, naive T cells, memory T
cells, B cells, and NK/NKT cells) as determined by automated
multicolor flow FISH is both highly sensitive and specific for DC
(see Figure 5, right, and Table 2, end of chapter).”!!

Telomere length slightly below the first percentile in three of
the lymphocyte populations is only very rarely observed in
patients with acquired aplastic anemia or inherited bone marrow
failure syndromes other than DC, such as Fanconi anemia,
Diamond-Blackfan anemia and Shwachman-Diamond
syndrome.”!! Additionally, three patients with Dubowitz

syndrome? and one with Coronin 1A deficiency syndrome?
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Figure 5: Telomere length according to age in patients with DC and their
relatives. (See color version of the figure in the Color Photos Appendix.)
The vertical axis represents telomere length in kb. The curved lines in the
figures indicate the first, tenth, 50, 90, and 99t percentiles of results
from 400 normal controls. Colored symbols represent patients with DC
and their relatives. Red circles: classical DC patients; green triangles:
Hoyeraal-Hreidarsson; black diamonds: Revesz syndrome; blue squares:
silent carriers; open black squares: DC relatives in families with
unknown genes; open black triangles: DC relatives without mutations in
the probands’ genes. Top panels show granulocytes, lymphocytes, and
CD45RA*/CD20 naive T cells. Bottom panels show CD45RA"- memory T
cells, CD20* B cells, and total NK/NKT cells. Figure and Figure Legend
directly from Alter et al., Haematologica 2012.10
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have been reported to have very short telomere lengths. Further
study is needed in these rare disorders to better understand the
significance of these findings. Thus, while highly sensitive and
specific for DC, very short telomeres alone are insufficient to
render its diagnosis. Results should be interpreted in the context
of the patient’s other clinical features and family history (see
above “Features sufficient to establish a diagnosis of DC”).
Bone marrow failure can precede the development of other
DC features. Therefore, telomere length in leukocyte subsets by
multicolor flow FISH testing is highly recommended for all
patients with aplastic anemia. This is particularly true for
patients being considered for HCT, as the diagnosis of DC has a
major impact on the conditioning regimen and may influence
donor selection. For example, siblings with very short telomeres
would be considered suboptimal donors even in the absence of
overt disease (see Chapter 8). Additionally, medical treatment
for DC might include androgens, while immunosuppressive
therapy might be indicated in cases of acquired bone marrow
failure. Thus, telomere length testing has the potential to greatly
influence treatment strategy. See Chapters 7 and 8 for further

information.
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Gene sequencing

To date, mutations in 11 genes have been found to cause DC:
DKC1, TINF2, TERT, TERC, WRAP53 (TCAB1), NOP10, NPH2,
RTEL1, CTC1, ACD and PARN.?8 (See Chapter 4 for further
discussion of the genetics of DC). Clinical laboratories offer
targeted sequencing of many of these genes, and whole exome
sequencing is also available as an alternative approach (see
Resources section). Sequencing of the known DC-associated
disease in large cohorts of individuals, including both children
and adults, with a clinical diagnosis of DC will identify causative
mutations in ~70% of cases. It is important to recognize that the
absence of a known mutation in a known gene does not rule out
DC in a person who may yet have limited features of the disease.
For instance, aplastic anemia and telomeres well below the first
percentile may be seen in the absence of mucocutaneous or other
features of DC. In addition to aiding the diagnosis of an
individual patient, obtaining a molecular diagnosis through
gene sequencing provides a mechanism to screen family
members and to offer genetic counseling, as well as permit pre-
implantation genetic diagnosis (see Chapter 5 on Genetic

Counseling).

55



Chapter 3: Diagnosing DC and Telomere Biology Disorders

Additional considerations

Female carriers of DKC1 mutations

Although DKC1 mutations result in X-linked recessive
disease,” female carriers may occasionally manifest clinical
features of DC, such as delayed wound healing, abnormal
pigmentation, and nail dystrophy.® In addition, they may have
skewed leukocyte X chromosome inactivation,'? defined as
greater than 90 percent of cells inactivating the same X
chromosome (for example, the X chromosome inherited from the
mother). Clinical X chromosome inactivation analysis utilizing
the human androgen receptor assay is offered by numerous
testing facilities (info on Repeat Diagnostics Inc. and University
Hospital Bern in the Resources section) and may be useful in
determining the carrier status of females when DKC1 testing is

not available or a variant of uncertain significance is identified.
Revertant somatic mosaicism

Similar to that seen in Fanconi anemia, revertant somatic
mosaicism has been reported in autosomal dominant DC.3! This
phenomenon refers to the presence (within the same person) of
cells bearing a mutation originating from the germline, as well as

a subpopulation of cells in which the mutant allele has reverted
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to wildtype. Reversion is thought to occur via mitotic
homologous recombination. Hematopoietic stem cells no longer
bearing a DC-associated mutation may have stabilized or
possibly lengthened the telomeres. They may thereby have the
potential to drive effective hematopoiesis. Such growth
advantage is not observed in other somatic tissues like lung,
liver, and skin. Patients may have clinical features suggestive of
DC but with minimal hematopoietic abnormalities. Sequencing
of blood cell DNA may fail to detect the presence of the mutant
allele due to its relatively smaller proportion in peripheral blood.
Therefore, in cases in which revertant somatic mosaicism is
suspected, for example in patients with solely
extrahematopoietic manifestations of DC, DNA from
nonhematopoietic tissue, like skin fibroblasts, should be

analyzed.
Dyskeratosis congenita subtypes

Three subtypes of DC have been recognized. They are
frequently referred to as “severe” variants, reflecting their

presentation in the first months to two years of life, and
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association with neurodevelopmental defects '*. Their diagnostic
criteria are listed below, and are also described in greater detail

in Chapter 6.

1. Diagnosis of Hoyeraal-Hreidarsson syndrome (OMIM
300240)** Meets diagnostic criteria of DC (see above), plus

e Cerebellar hypoplasia

Additional features with high penetrance in Hoyeraal-
Hreidarsson syndrome include
e Intrauterine growth retardation
e Developmental delay and intellectual disability
e Microcephaly

e Immunodeficiency
2. Diagnosis of Revesz syndrome (OMIM 2681300)%

Meets diagnostic criteria of DC (see above) plus

e Bilateral exudative retinopathy (bilateral Coats disease)

¥ The authors of this advise caution against the use of the term
“severe” for these specific subtypes, as patients with classical DC
or those with single system involvement such as pulmonary
fibrosis or bone marrow failure also experience severe and life-

threatening disease states.
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Additional features may include:

Intrauterine growth retardation
Sparse hair

Intracranial calcification

3. Diagnosis of Coats plus (OMIM 612199)*

Distinctive pattern of intracranial calcification involving
the thalamus, basal ganglia, dentate, and deep cortex,
with associated leukoencephalopathy and brain cysts
Retinal telangiectasia and exudates (as seen in Coats
disease)

Osteopenia with tendency to fracture and with poor bone
healing

Recurrent gastrointestinal hemorrhage due to vascular
ectasias in the stomach, small intestine, and liver
Intrauterine growth retardation

Additional features overlapping with DC may be present:
dystrophic nails, sparse hair, and abnormal skin

pigmentation
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Table 1: Diagnostic Findings in DC. These features present with variable
severity and may not be present in all patients, modified from ref. 3.

Physical Features

Mucocutaneous triad

Dystrophic nails

Lacy reticulated pigmentation, especially

neck and thorax

Leukoplakia (white patches), usually oral

Additional features (in order

of frequency?)

Epiphora (tearing), lacrimal duct stenosis,

Eyes
blepharitis, exudative retinopathy
Hair Early graying, loss, sparse eyelashes
Esophageal stricture, liver fibrosis, cirrhosis,
Gastrointestinal
peptic ulceration, enteropathy
Stature Short
Caries, missing teeth, periodontitis,
Dental
decreased crown/root ratio, taurodontism
Skeletal Osteoporosis, hip avascular necrosis

Head/Neurodevelopmental

Microcephaly, cerebellar hypoplasia (ataxia,
spasticity, hypotonia), intracranial

calcification

Low birth weight, intrauterine growth

Perinatal
retardation
Lung Fibrosis, restrictive; arterio-venous fistulas
Small testes, undescended testes, phimosis,
Males

meatal stenosis, urethral stricture,
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hypospadias, leukoplakia

Skin Hyperhidrosis

Learning disability, developmental delay,

Neurodevelopmental
intellectual disability, depression, anxiety
Laboratory Features

Anemia, and/or thrombocytopenia, and/or

Blood
neutropenia
High MCV for age

High fetal hemoglobin (Hb F) for age

Bone Marrow

Aplastic: Hypocellular for age

Myelodysplastic syndrome: significant
dyspoieses (per WHO? +/- cytogenetic

clone

Leukemia: > 20% blasts in marrow

Below first percentile for age by automated

multicolor flow-FISH in three of four

Telomeres lymphocyte subsets (CD45* naive T cells,
CD45 memory T cells, CD20* B cells, CD57+
NK/NKT cells) and granulocytes
Deleterious/damaging mutations in a DC-
Genes

associated gene
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DC NP
DC Patients/ | Relatives/ o Sen | Spe | PPV
N abnormal N OR | 95% CI s% | ¢% | % y
Yo
abnormal
Granulocytes 60/62 22/123 138 | 31-1200 | 97 82 73 | 98
Lymphocytes 63/65 11/127 332 | 68-2942 | 97 91 85 | 98
CD45RA*/C
D20- naive T 61/64 9/127 266 | 64-1468 | 95 93 87 98
cells
CD45-
memory T 61/64 11/127 214 | 53-1161 | 95 91 85 98
cells
CD20~ B cells 54/58 12/127 129 | 37-546 93 91 82 97
CD57+
NK/NKT 50/59 12/119 50 | 18-140 85 90 81 92
cells
24/6 lineages 61/64 9/117 244 | 58-1346 95 92 87 97
23/5
lymphocyte 62/64 9/119 379 | 74-3390 | 97 92 87 98
lineages
4/4
lymphocyte 42/55 7/127 55 | 19-170 76 94 86 90
subsets
>3/4 113
lymphocyte 54/55 7/127 926 98 94 89 99
37479
subsets
3/3 naive and
memory T 51/58 7/127 125 | 38-437 88 94 88 94
and B cells
>2/3 naive 97.
and memory 57/58 9/127 747 30241 98 93 86 | 99
T and B cells
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bC NP
DC Patients/ | Relatives/ o Sen | Spe | PPV
N abnormal N OR | 95% CI s% | ¢% % y
o
abnormal
2/2 naive and
memory T 59/64 7/127 202 | 55-806 92 94 89 96
cells
1/2 naive and o
memory T 63/64 13/127 552 98 89 83 99
22333
cells
Granulocytes
+ 58/65 11/127 87 30-273 89 91 84 94
lymphocytes

Denominators vary according to the number of patients in whom each

included lineage had sufficient numbers of cells for analysis. The best

performance characteristics are in lymphocytes alone, and at least

three of the four lymphocyte subsets. Abnormal: below the first

percentile for age in normals. OR: odds ratio in favor of being a DC

patient compared with an unaffected relative. CI: confidence interval;

sens: sensitivity; spec: specificity; PPV: positive predictive value; NPV:

negative predictive value. Table reproduced from Alter et al.,

Haematologica 2012.1°
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Chapter 4:
The Genetics of Dyskeratosis Congenita

Sharon A. Savage, MD, and Tom Vulliamy, PhD

Introduction

Dyskeratosis congenita (DC) is inherited in X-linked recessive
(XLR), autosomal dominant (AD), or autosomal recessive (AR)
patterns.

De novo germline mutations are also relatively frequent in DC.
To date, about 60-70% of DC patients have an identifiable
germline mutation.'? These mutations occur in genes responsible
for the functioning and maintenance of telomeres (Figure 1, next
page).

Currently, germline mutations in nine different telomere
biology genes have been shown to cause DC (DKC1, TERT,
TERC, TINF2, WRAP53, NOP10, NHP2, CTC1, and RTEL1).»2
Mutations in USB1 have been reported in patients with
symptoms similar to those of DC but with normal telomere
lengths. Most of the mutations reported are private (occur in a

single patient or family). However, a few do occur repetitively in
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Telomerase Enzyme Complex
DKC1, XLR, 22%
TERC, AD, 6%
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Figure 1: Schematic of the telomere and functions of the proteins affected in
dyskeratosis congenita and the related telomere biology disorders. Protein
names are shown. Abbreviations: XLR, X-linked recessive; AD, autosomal
dominant; AR, autosomal recessive; DC, dyskeratosis congenita; TCABI,
telomere Cajal body-associated protein 1 (gene name: WRAP53); TIN2, TRF1-
interacting nuclear factor 2 (TINF2); TPP1, telomere protection protein 1
(encoded by ACD, adrenocortical dysplasia homolog); NOP10, NOP10
ribonucleoprotein (NOP10); NHP2, NHP2 ribonucleoprotein (NHP2); DKCI,
dyskerin (DKC1); TERC, telomerase RNA component (TERC); TERT,
telomerase (TERT); RTEL1, regulator of telomere elongation helicase 1
(RTEL1); CTC1, CTS telomere maintenance complex component 1 (CTC1);
USB1, U6 snRNA biogenesis 1 (USB1). Percentages are estimates and based
on the literature and unpublished data from the National Cancer Institute’s

dyskeratosis congenita study. Color version in Color Photo Appendix, p. 399.
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multiple unrelated patients, most notably p.Ala353Val in DKC1
(more than 40 families) and p.Arg282His in TINF2 (more than 30
families). As described elsewhere, there is a wide range of
phenotypes associated with mutations in these genes, although a
review of published variants shows that each gene has quite a

distinctive spectrum (Table 1, at end of chapter).
Telomerase-associated genes

The first DC-associated gene, XLR DKC1, was discovered by
linkage analysis in 1998.% The protein encoded by this gene,
called dyskerin, was known by homology to be involved in the
maturation of ribosomal RNA. The connection between DC and
telomere length was made when dyskerin was shown to affect
telomerase RNA. Primary fibroblasts and lymphoblasts from
patients with DC bearing DKC1 mutations exhibited low levels
of telomerase RNA, reduced telomerase activity, and short
telomeres compared to normal controls.*

The link between DC and telomere biology was supported by
the subsequent discovery of h'TERT and hTR (encoded by TERT
and TERC, respectively) mutations in patients with AD forms of
DC.5¢ The TERT mutations found in these patients are generally
nonsynonymous coding mutations that lead to telomerase

haploinsufficiency (having half the amount of telomerase as
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normal). TERC encodes the RNA template, which is required for
the addition of telomeric nucleotide repeats by telomerase. In
addition to these mutations affecting the template region of
TERC, mutations in the promoter region, as well as other
domains of TERC have been described.”

Rarely, TERT can be mutated in AR forms of DC; biallelic
mutations are associated with more severe disease, and those
patients have dramatically reduced levels of telomerase. AR DC
can also be the result of biallelic mutations in NOP10 or NHP2
(encoded by genes of the same names), all of which affect
telomerase biogenesis.

Disruption of telomerase trafficking in the nucleus can result
from germline mutations in TCAB1 (encoded by WRAP53).8
Patients with compound heterozygous mutations in TCABI were
reported to have features of classic DC. Their clinically silent
relatives who had one mutant allele had normal telomere
lengths, suggesting that biallelic mutations are required for this
phenotype. Compound heterozygous mutations in patient cells
prevented telomerase from localizing to Cajal bodies for
assembly. This results in misdirection of telomerase RNA to the

nucleoli, precluding telomerase from elongating telomeres.
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The Shelterin telomere protection complex

Germline mutations in TIN2 (encoded by TINF2) are also
responsible for AD DC, mostly occurring de novo.

TIN2 is not directly involved in telomerase function; rather, it
is part of the shelterin complex, a six-protein telomere-specific
complex that protects telomeres and participates in length
regulation. Causative TINF2 mutations cluster at the consensus
site for heterochromatin protein 1-gamma (HP1y). This
association between TINF2 and HP1y is required for sister
telomere cohesion, thereby preventing sister telomere loss.’

However, the exact mechanism by which mutations in TIN2
result in very short telomeres and DC has not been determined.

Germline mutations in TPP1 (encoded by ACD) have been
reported in two families with DC.1%!! One mutation is a deletion
of the part of TPP1 that binds to telomerase and is known as the
TEL patch. The other reported mutation is a missense mutation
that may act as a disease modifier and result in the more severe
form of DC, Hoyeraal-Hreidarsson syndrome (HH).!!

Mutations in the other four shelterin components (TRF1,

TRF2, POT1, RAP1) have not yet been found in DC.
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Telomere capping proteins

Compound heterozygous mutations in CTCI were first
reported as a cause of Coats plus and in the phenotypically
similar disorder termed cranioretinal microangiopathy with
calcifications and cysts (CRMCC). Patients with those mutations
had short telomeres and features that phenotypically overlapped
with DC. 1214

Mutations in CTC1 were subsequently demonstrated to cause
AR DC?®1 Telomere length in CTCI-associated DC was not as
short as in DC due to other causes, but still shorter than controls.
CTC1 is part of the trimeric CST telomere capping complex,
containing also STN1 and TEN1. The CST complex has both
extra-telomeric and telomeric roles; at the telomere, it cooperates
with the shelterin complex to protect telomeres from

degradation and aberrant recognition by DNA repair machinery.
Regulator of telomere elongation helicase 1 (RTEL1)

Several groups independently identified RTELI mutations
using whole exome sequencing in families with DC and
Hoyeraal-Hreidarsson syndrome (HH).1”"” The RTEL1 protein
regulates telomere length, may interact with PCNA

(proliferating cell nuclear antigen), and also plays a role in DNA
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repair.””!® Most of the RTEL1 mutations appear to be AR, but AD

mutations have been reported.!”
U6 small nuclear RNA biogenesis 1 (USB1)

Linkage analysis led to the identification of mutations in
C160rf57, which at the time was of unknown function.? It is now
called USB1, and known to be involved in the maturation of a
small nuclear RNA (U6), which plays a crucial role in RNA
splicing.

USB1 mutations were first reported in individuals with
Rothmund Thomson syndrome and Poikiloderma with
Neutropenia, suggesting an overlapping clinical spectrum.?
These patients, including those with a DC phenotype, tend to
have normal telomere lengths. However, it is interesting to note
that yeast cells which lack the ortholog of this protein (Ampn1)
display increased levels of telomeric repeat-containing RNA and

short telomeres.”
Genetic heterogeneity

Our understanding of inheritance patterns in DC is
complicated by the presence of silent carriers, arising because of
incomplete clinical penetrance of disease-associated mutations.

Incomplete penetrance occurs in genetic disorders when a
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person with a disease-associated mutation does not develop the
expected phenotype.

This is possibly due to a combination of genetic,
environmental, and lifestyle factors. As more family members
are tested for DC-associated mutations, more silent carriers are
being recognized. Specifically, carriers of germline mutations in
TERT, TERC, and TINF2 with few symptoms consistent with DC
have been identified because of the increased scrutiny brought
about by the diagnosis of a family member. This occurs at least
in part because the clinical signs and symptoms of DC can
develop at different rates in different individuals, even within
the same family.

Having the phenotype of very short telomeres is defined as
having telomere length less than the first percentile expected for
age, so 99 out of 100 people of the same age have longer
telomeres. This observation in individuals from a family with
variable clinical penetrance was used in the linkage scan that
discovered mutations in TINF2 as a cause of DC.?! Silent carriers
of DC-associated mutations should be counseled regarding their
potential risk of disease.

Genetic anticipation refers to a younger age of onset and

increased severity of the symptoms of a disease over successive
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generations within a family. This has been reported in cases of
telomerase haploinsufficiency: older generations are often
asymptomatic, or may have adult-onset pulmonary fibrosis, but
later generations with the same mutation can exhibit classic
symptoms of DC or present with aplastic anemia in
childhood.>*% A similar finding has been noted in a family with
a TINF2 mutation.?! It is also notable that in all of these reports
the offspring have shorter telomeres than the parents.

Genetic analysis of DC is made more complex by the recent
identification of somatic mosaic reversion. This phenomenon has
been reported in DC families where a germline TERC mutation
identified in skin fibroblasts was spontaneously corrected by

mitotic recombination in blood cells.?
Summary

Causative germline mutations have been identified in about
60-70% of patients with DC. Scientists are using next-generation
sequencing technologies to discover the genetic cause of DC in
mutation-negative families. Genetic counseling for the patient
and their family members is an integral component of DC
clinical management (see Genetic Counseling Chapter 5). This
can be particularly challenging in the context of the variable

penetrance discussed above.
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Table 1: Numbers of published variants in the 11 different DC-

associated disease genes and their clinical manifestation.

DC HH AA MDS AML IPF
DKC1 48 14 1
TERC 14 1 25 14 3 7
TERT 14 6* 28 5 5 30
TINF2 24 3 8 1
WRAP53 6

NOP10 1

NHP2 3
CTC1 4 2 2

RTEL1 1 17
ACD 1 2
USB1 4

The numbers of published variants in the 10 DC genes are given, not
the number of cases. Only the primary phenotypes are given, and the
occurrence of AA, MDS, and AML within DC is not included here.
Several variants have been associated with more than one phenotype;
in these instances the different phenotypes are scored separately. Only
phenotypes described more than once are included. Abbreviations are

as follows: DC, dyskeratosis congenita; HH, Hoyeraal Hreidarsson
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LC RS CR/P CM PN RTS

DKC1

TERC 2

TERT 7

TINF2 3

WRAP53

NOP10

NHP2

CIC1 17 10

RTEL1

ACD

USB1 11 5

syndrome; AA, aplastic anemia; MDS, myelodysplastic syndrome;
AML, acute myeloid leukemia; IPF, idiopathic pulmonary fibrosis; LC,
liver cirrhosis; RS, Revesz syndrome; CR/P, Coat’s retinopathy/plus;
CM, cerebroretinal microangiopathy with calcification and cysts; PN,
poikiloderma with neutropenia; RTS, Rothmund-Thomson syndrome.
*Note that the TERT variants associated with HH are usually homozygous or

compound heterozygotes or potential bystanders.
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Chapter 5:
Genetic Counseling for Families with
Dyskeratosis Congenita

Ann Garrity Carr, MS, Sharon A. Savage, MD, FAAP

Introduction

The National Society of Genetic Counselors defines genetic
counseling as the process of helping people understand and
adapt to the medical, psychological and familial implications of
genetic contributions to disease.

This process integrates interpretation of family and medical
histories to assess the chance of disease occurrence or recurrence.
It also includes education about inheritance, genetic testing, and
disease management. Patients are informed of resources and
research opportunities as well as given disease-specific
counseling (National Society of Genetic Counselors, 2005,

http://www.nsgc.org).

Genetic counselors are master’s degree level health care
professionals who typically work as part of a medical team. An

appointment with a genetic counselor can result in better
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understanding a diagnosis of dyskeratosis congenita (DC)
through a discussion including family history, general and DC-
specific genetic information, genetic testing options,
psychological and social issues, risk assessment for other family
members, family planning, and identifying support for families

with DC.
Family and medical history

A family medical and cancer history is obtained to help
determine whether only the individual being evaluated may
have DC or whether other family members may also be at risk of
having the disorder.

In preparation for a genetics visit, a family should spend time
thinking about relatives on both sides of the family: do any
individuals in the family have any signs of DC or cancer? This
may require speaking with other family members, since some of
the classic physical features of DC (abnormal fingernails and/or
toenails, lacy rash on the chest and neck, and white spots in the
mouth) may not be something one would normally notice in
another individual.

Additionally, not everyone with DC will have these classic
features. The family history may help the healthcare team in

deciding which DC-associated gene(s) to test. For example, if
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only males related through the same female relatives have DC,
one would begin testing for the X-linked recessively inherited
DKC1 gene. However, if there were multiple family members of
both genders affected over multiple generations, one would
begin testing for the most common of the autosomal dominant
DC genes. Since testing the relatives of someone known to have
DC may uncover the fact that others in the family also have a
mutation associated with DC, counseling of the entire family

should be considered.
Cells, DNA, genes, amino acids, and proteins

Our cells contain 46 chromosomes that are made up of
approximately 22,000 genes. These genes encode all the
instructions needed for our bodies to function. The genes are
composed of DNA (deoxyribonucleic acid), which is made up of
a combinations of four bases called Adenine (A), Guanine (G),
Thymine (T), and Cytosine (C). Combinations of the bases in
groupings of three encode the twenty amino acids. Amino acids
are assembled together, like beads on a string, to make proteins.
Proteins contain the information necessary for cells to function.

If the A, T, G, and C letters of the code are not in the correct
order, if one or more is deleted, or there are extras, the genes that

instruct our cells how to perform their jobs will not be put
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together properly, resulting in what is referred to as a mutation
or a pathogenic variant. In the case of genes associated with DC,
the mutation affects proteins important in maintaining telomeres
that are essential for chromosomal stability. Thus, people with a
DC-associated gene mutation will most likely have shorter than

normal telomeres.
Inheritance of genes associated with DC

As of June 2015, there are 11 genes known to be associated
with DC: DKC1, TERC, TERT, TINF2, NOP10, NHP2, WRAP53,
CTC1, RTEL1, ACD, and PARN (see Chapter 4, Genetics of DC).

The USB1 gene may be associated with DC, but those patients
had normal telomere lengths. Several of these genes are
associated with more than one inheritance pattern (autosomal
dominant and autosomal recessive). Approximately 70% of
people with DC have a mutation in one of these eleven genes'®.

We normally have two copies of each of our genes, one of
which we inherit from our mother and the other from our father.
Genes associated with DC can be inherited in one of three ways:
autosomal dominant (AD), autosomal recessive (AR), or X-
linked recessive (XLR).

One can also have DC because of a spontaneous mutation in a

DC-associated gene, and so be the first in a family to have DC. In
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this instance, neither of the parents would be carriers of the
mutation.

AD inheritance means that a person needs only one copy of a
abnormal gene in order to be at risk for having DC. Each of the
children of someone with an AD mutation has an 50% chance of
inheriting the mutation from that parent. AD genes for DC
include TERC, TERT, TINF2, RTEL1, and ACD.

AR inheritance requires that a person inherit a mutation in the
same gene for DC from both their mother and their father. Each
child has a 1 in 4, or 25%, chance to inherit both mutations, a 2 in
4 (50%) chance of inheriting one mutation from either parent,
and a 1 in 4, or 25%, chance of inheriting neither the maternal
nor paternal mutation.

If a person were to inherit a mutation for each of two different
AR genes for DC, they would be a carrier for each of the two AR
gene mutations but would not likely be at risk for DC. If a
person has a different AR mutation in each copy of the same
gene for DC, each of their children will inherit one of the two
mutations. If the other parent carries a mutation in the same DC
gene, there is a 1 in 2 (50%) chance of each child having DC, and

1in 2 (50%) chance for them to be a carrier of only one mutation.
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AR genes for DC include TERT, NOP10, NHP2, WRAP53, CTC1,
USB1, RTEL1, and ACD.

With XLR inheritance, a boy inherits a mutation on the X
chromosome from his mother and will be at risk for DC.
However, a female who inherits the mutation from her mother
will carry the mutation and likely not have DC due to having
another likely normal X chromosome, inherited from her father.

If a woman has an XLR mutation, each son has a 1 in 2 (50%)
chance of inheriting the X chromosome with the mutation, and
so be at risk for DC. Each daughter has a 1 in 2 (50%), chance of
inheriting the X chromosome with the mutation, and so of being
a carrier. Males with XLR DC will pass the mutation to all of
their daughters on their X chromosome, and their daughters will
be carriers. However, none of their sons will be affected, since
males give a Y chromosome and not an X to each of their sons.
The only known XLR gene for DC is DKC1.

It is important to note that not everyone who has a mutation
in a DC gene will show signs or symptoms of the disease. This
concept is referred to as reduced penetrance. Additionally, there
may be variable expressivity. This term refers to the fact that
even within the same family, one person may have severe

physical manifestations, while another person may have only
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abnormal nails and another person may only have pulmonary

findings.
Testing for DC

Once a diagnosis of DC is confirmed clinically by the
physician, a genetic counselor should speak with the individual
and/or family to explain more about DC, possible inheritance
patterns, testing options, and the testing process. Other issues
may be addressed more accurately once mutation of a specific

gene is identified (see Mutation Positive Test Results below).
Telomere testing

The first step in testing for DC is to assess the telomere length
in a specific subtype of white blood cells. This test is very
sensitive in screening for DC (see Chapter 3, Diagnosing DC). If
all or nearly all of the white blood cells” telomeres are
determined to be very short, the test result indicates a diagnosis

of DC.*1® Diagnostic genetic testing can then be performed.
Genetic testing

A genetic counseling session prior to testing helps individuals
understand general and DC-specific genetics concepts, as well as

the process by which genetic testing occurs. It is also an
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opportunity to explain the testing consent form, and discuss the
risks, benefits and limitations of testing.

The decision regarding which DC genes will be tested is based
on the gender of the affected individual, whether one or more
people in the family are affected and how they are related to
each other. If a mutation has already been identified in a family
member, other family members only need to be tested for the
specific mutation previously found. Testing may be performed
in a sequential fashion, ordering testing of one gene at a time, or
as a gene panel, whereby multiple genes are tested at the same
time. The type of genetic testing may be based on healthcare

provider or insurance preference.
Mutation positive test results

Once a mutation is identified, the genetic counselor reviews
the results with the affected person and/or the parents.
Discussion typically includes an explanation of the results and
review of the inheritance of the gene, the risk of having a child
with DC, and consideration of testing other family members.
Psychosocial issues arising from confirmation of the DC
diagnosis through genetic testing, as well as resources available
to help affected families such as the DC Outreach family support

group, may be discussed. Testing can determine whether one or
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both parents have a mutation, or if the mutation is likely a new,
“spontanteous” mutation in their child. If neither parent has the
mutation, chances are low that any other children or their
descendants will also have the mutation. However, there is still
a small risk of there being other affected children due to

germline mosaicism.
Germline mosaicism

Because the DNA in our cells must duplicate itself, mutations
may occur in any cell. If a person has a mutation not found in
either parent, this is referred to as a new, spontaneous, or de novo
mutation. This mutation likely occurred to a gene in the egg or
sperm that formed this person. In this case, there is a very small
chance that other egg or sperm cells also have the same
mutation, and other children may be at risk of inheriting the DC

mutation.
Mutation negative test results

When the clinical presentation is consistent with DC but no
mutation is found in known DC genes, an as yet unidentified DC
gene may be responsible. One may wait until the next DC-
associated gene is identified and available for testing.

Alternatively, whole exome sequencing (testing most of the
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DNA that codes for proteins) as part of a DC research study or
clinical exome sequencing may identify a mutation in a new
gene!l. Exome sequencing involves obtaining samples from both
parents and siblings when possible in order to interpret the data
and identify a mutation. One of the possible negative
consequences of exome sequencing is that the testing may

identify misattributed paternity.
Reproductive options

Families may choose to conceive through a natural pregnancy
without genetic testing until after the birth of the child. Other
families may choose not to have children. A family with a DC-
affected child may wish to conceive a child who is HLA (human
leukocyte antigen) matched to the sibling with DC, in case the
sibling were to need a bone marrow transplant. There are
currently several means to have a child unlikely to have DC,
including adoption, using a donor egg or sperm, prenatal testing
(chorionic villus sampling [CVS] or amniocentesis) for a known
mutation with the option of pregnancy termination based on a
mutation positive result, and in vitro fertilization (IVF) with pre-
implantation diagnosis (PGD). A genetic counselor can discuss

the details of these options with the family.
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Testing for DC prior to conception, during pregnancy, or
after birth

Genetic testing cannot be offered prior to conception or
during pregnancy when the DC-associated mutation has not
been identified. Prenatal testing for DC-associated mutations
during pregnancy can be performed by obtaining fetal cells via
either CVS at about 10 — 12 weeks, or amniocentesis at about 15 —
18 weeks of pregnancy. DNA can be extracted from these fetal
cells to test for the family mutation or HLA type.

A family may choose to have pre-conception or prenatal
testing when a mutation has been identified in a family member
with DC. IVF can be performed, and after a few days, PGD is
done by taking cell(s) from each embryo and analyzing it for the
DC mutation and/or desired HLA type. A family can then
choose to implant the embryos that do not have the mutation
and/or are an HLA match. The chance of having an embryo that
will not have the mutation or will be HLA identical will vary
based on the inheritance pattern of the specific gene. This
procedure reduces the risk of having a child with DC and
increases the likelihood of having a child who is an HLA match.
However, there is a chance that errors can be made leading to a

misdiagnosis. Performing confirmatory testing for the DC

92



Dyskeratosis Congenita Guidelines, 2015 Ed.

mutation and HLA type during pregnancy with CVS or
amniocentesis can corroborate the results of the PGD.

The process of IVF with PGD is time consuming, as well as
physically, psychologically, and financially demanding. In order
to confirm that the laboratory performing PGD will be able to
identify the presence or absence of the mutation(s) in an embryo,
DNA samples from the person with DC and their parents in
order to perform preparatory genetic testing,. Multiple IVF and
PGD cycles may be required to achieve a pregnancy that results
in a live baby.

Summary

Genetic testing for DC requires a comprehensive clinical and
family-oriented approach. Genetic counselors should be
included as an integral part of the medical team for patients and

families with DC.
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Chapter 6:
Subtypes of Dyskeratosis Congenita and the
Telomere Biology Disorders

Alison A. Bertuch, MD, PhD

Introduction

Several clinical variants of dyskeratosis congenita (DC) have
been described, each of which is linked to classic DC by shared
medical features, very short telomeres, and mutations in genes
important for telomere length maintenance.

In addition, several families have been described in which
affected individuals experience predominantly a single clinical
disorder, such as aplastic anemia with or without progression to
myelodysplastic syndrome or acute leukemia, pulmonary
fibrosis, or liver disease. Together with classic DC, these families
and those with the severe variants represent the spectrum of
clinical phenotypes associated with defective telomere

maintenance. Each is discussed below.

95



Chapter 6: Subtypes of DC and Telomere Biology Disorders

Hoyeraal-Hreidarsson syndrome

Hoyeraal-Hreidarsson syndrome (HH)'® is one of three
recognized variants of DC.

Nearly all individuals with HH have cerebellar hypoplasia,
which is associated with signs of cerebellar dysfunction such as
ataxia.® Additional features of HH are intrauterine growth
retardation, developmental delay, microcephaly,
immunodeficiency, and bone marrow failure. The
mucocutaneous triad (see Chapter 3) and additional features of
DC may also be present.” As it is now known that HH is a
variant of DC, some clinicians will consider an individual to
have HH if they meet diagnostic criteria for DC and have
cerebellar hypoplasia but lack other features of HH such as
intrauterine growth retardation or immunodeficiency.

Hoyeraal-Hreidarsson syndrome typically presents in early
childhood as a progressive, multisystem disorder. The
immunodeficiency may progress to severe combined
immunodeficiency syndrome (SCID) of the T+, B-, NK- cell type,
with lethal viral infection in infancy.®1° This has raised the
possibility that there are young patients with SCID who
succumb to infection prior to the recognition of underlying HH.

Gastrointestinal problems with chronic bloody diarrhea and
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feeding difficulties, have also been reported.!! Historically, the
vast majority of individuals with HH reported in the literature
have died within the first decade of life due to
immunodeficiency or bone marrow failure.'”? However, with
improved diagnosis, supportive care, and hematopoietic cell
transplantation, longer term survival is possible today.
All of the genes associated with HH to date are associated
with telomere maintenance (see also Chapter 4). These are:
e DKC1, which transmits X-linked recessive HH,*?
accounting for the large male preponderance
e TINF2, which results in sporadic HH due to de novo
heterozygous mutations
e TERT and RTEL1, each of which result in autosomal
recessive disease due to either compound heterozygous
or homozygous mutations
The carrier frequency of the HH-associated RTELT mutation
c.3791G>A (p.R1264H) is 1% in the orthodox Ashkenazi Jewish
and 0.45% in the general Ashkenazi Jewish populations.!*
Therefore, targeted sequencing may be considered initially in
these populations.
In addition to mutation in the above genes, a heterozygous

splice variant of DCLRE1B (SMN1B), which encodes the nuclease
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Apollo, was reported in a child with HH."> Apollo is implicated
in telomere maintenance, the hallmark abnormality of HH, but it
also has a role in certain forms of general DNA repair.

As with classic DC, a significant proportion of patients with
HH will not have a mutation in one of the currently known
genes. Most individuals with HH, however, will have very short
telomeres, even more so than patients with classic DC.'* Some
exceptions to this have been noted in the literature. In these
cases, including the case with the DCLRE1B splice variant,'
there is evidence of telomere dysfunction rather than a defect in
telomere length.!” Thus, telomere length above the first

percentile does not necessarily rule out a diagnosis of HH.
Revesz syndrome

Revesz syndrome (RS) is another rare variant of DC, with the
defining feature of bilateral exudative retinopathy, also known
as Coats disease. (See Chapter 11 for further information on
ophthalmologic manifestations of the DC spectrum disorders,
including RS.) Additional features of RS include intrauterine
growth retardation, intracranial calcification, sparse hair, and
bone marrow failure.!” Patients may also have microcephaly,
cerebellar hypoplasia, and additional features of DC, including

the mucocutaneous triad.
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The phenotypic overlap of RS and DC has long been
appreciated;'® however, there are very few cases of RS that are
well described in the medical literature.’”2¢ Of those, the vast
majority present to medical attention before the age of five years,
with the original case described in a six month old infant.!”

This early age of presentation, along with the severity and
spectrum of disease manifestations, has led to the frequent
description of RS as a severe variant of DC. Consistent with this,
patients with RS not only have very short telomeres, but
telomeres that are shorter than patients with classic DC, similar
to what is observed with HH.¢ Lastly, the majority of reported
cases are males; whether this reflects a true male predilection or
simply represents a reporting or recognition bias remains
unknown.

The only gene found to date to be mutated in RS is TINF2,
which encodes TIN2, a member of the telomeric shelterin
complex (see Chapter 4, Genetics of DC).%? Therefore, targeted
sequencing of TINF2 is a reasonable first step toward a
molecular diagnosis in a patient with RS. Not all patients with
RS, however, will have a TINF2 mutation.!® Heterozygous TINF2
mutations are also associated with classic DC and HH, and are

often de novo.?
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While it is probable that most cases of TINF2-associated RS
are due to de novo mutations, there is one case in the literature of
RS in which the TINF2 mutation was inherited, although, the
carrier parent was a mosaic.”

Recently, a family was described in which two siblings with
exudative retinopathy were found to carry a novel TERT
mutation, ¢.2603A>G, p.D868G.? Although these children had
very short telomeres, bone marrow failure, and early pulmonary
fibrosis, as seen in DC, they did not have the intracranial
calcifications or neurodevelopmental deficits frequently
observed in RS.

A large number of TERT mutations have been reported in the
literature, including homozygous mutations with severe
telomere shortening. These are not reported to be associated
with exudative retinopathy, so it remains to be determined
whether the ocular phenotype in this family is due to the TERT

mutation or is unrelated.
Coats plus

Coats plus is the clinical entity most recently placed within
the spectrum of telomere biology disorders.
Similar to RS, patients with Coats plus have bilateral

exudative retinopathy or telangiectasias, as well as a
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characteristic pattern of asymmetric intracranial calcification
involving the thalamus, basal ganglia, dentate, and deep cortex,
with associated leukoencephalopathy and brain cysts;
osteopenia with tendency to fracture and poor bone healing;
recurrent gastrointestinal hemorrhage due to vascular ectasias in
the stomach, small intestines and liver; and pre- and postnatal
growth retardation.?

Additional features include the mucocutaneous triad of DC
and bone marrow involvement, although not typically marrow
failure. Consistent with these overlapping clinical features of
DC, the vast majority of patients with Coats plus have biallelic
mutations in CTC1, a gene that encodes a factor important for
telomere maintenance (see Chapter 4, Genetics of DC)** and
patients diagnosed with classic DC have also been found to have
biallelic CTC1 mutations.?*2

Whether very short telomeres are a molecular feature of
CTC1I-associated disease remains to be determined. In the initial
two reports on patients with Coats plus and CTCI mutations,
one group found affected individuals had age-adjusted
lymphocyte telomere length below the first percentile, as
determined by flow FISH,?” whereas the other group found no

difference in the relative leukocyte telomere length between
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affected and control individuals, as determined by qPCR.*
Similarly, a report describing a patient with biallelic CTC1
mutations and classic DC with intracranial calcifications and
non-specific vascular retinal changes, found very short
lymphocyte telomere length by flow FISH.3! In contrast, another
report describing six individuals with DC or related bone
marrow failure disorders found no difference in relative
telomere lengths between the affected individuals and controls.
However these measurements were by qPCR.3? Simultaneous
measurements of telomere length using both methods in
individual Coats plus and DC patient samples may ultimately

resolve this question.
Distinguishing Revesz syndrome from Coats plus

As evident from the above descriptions, RS and Coats plus
share several features: intrauterine growth retardation, bilateral
exudative retinopathy, intracranial calcifications, sparse hair,
nail dystrophy, and cutaneous changes.

However, they are distinct both clinically and genetically.
Severe bone marrow failure is a dominant feature of RS, whereas
this is not frequently described in patients with Coats plus.
Patients with RS frequently have cerebellar hypoplasia, which is

rare in Coats plus. Conversely, patients with Coats plus have a
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very distinctive pattern of intracranial calcification. Further,
gastrointestinal bleeding and a skeletal phenotype of
osteoporosis and easy fracture are common. Genetically, TINF2
mutations are associated with RS,%2* whereas CTC1 mutations
are associated with Coats plus.?” Thus, the clinical features
should lead to direct testing for mutation in either TINF2 or

CTC1.

Familial aplastic anemia, myelodysplastic syndrome and

acute leukemia

Aplastic anemia associated with very short lymphocyte
telomere length or with a mutation in a telomere biology gene
should raise suspicion for a telomere disorder even in the
absence of other features of DC. In young children, aplastic
anemia may be the first manifestation of DC. As these children
age, they may develop additional clinical features and
eventually meet diagnostic criteria for DC.

In contrast, there are individuals who are well into adulthood
when they develop aplastic anemia as the sole manifestation of a
telomere disorder. Notably, mutation in TERC or TERT, and
finding of short telomeres have been reported in isolated adult

cases of aplastic anemia, as well as in up to 5 to 10% of
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individuals in cohorts of seemingly acquired severe aplastic
anemia.*3

Although the reported individuals lacked physical features of
DC, many had relatives who were also mutation carriers and
had histories of macrocytosis, blood count abnormalities
including aplastic anemia, myelodysplastic syndrome (MDS), or
leukemia. Immunosuppressive therapy, which is typically
effective in immune-mediated acquired aplastic anemia, was
ineffective in these cases. Thus, a thorough family history and
telomere length testing is recommended not only for children,
but also adults with newly diagnosed MDS or aplastic anemia.
This may reveal relatives also afflicted by MDS or with varying
degrees of bone marrow failure, which would suggest a familial
telomerase or other telomere maintenance gene mutation that
presents predominantly as an isolated hematologic

phenotype 3%
Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is the most common
manifestation of disease due to shortened telomeres,* and
approximately 8-15% of familial cases are associated with

mutation in TERT or TERC.#041
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The reader is referred to Chapter 14, where IPF is discussed in
more detail. In brief, IPF cases due to telomerase mutations
generally present in mid-adulthood. The majority are familial.

The pedigrees of some the familial cases are characterized by
pulmonary fibrosis as the predominant phenotype,** whereas
other pedigrees evolve from a pulmonary fibrosis-predominant
to bone marrow failure-predominant phenotype over successive
generations.®> The presence of an underlying germline
telomerase mutation is highly suggested when IPF is
accompanied by cytopenias or other hematologic abnormalities
such as macrocytosis or cryptogenic liver disease. Thus,
thorough medical histories, examination of peripheral blood
counts and liver function, and detailed family history are

warranted with IPF presentations.
Liver disease-predominant phenotype

Similar to familial IPF, pedigrees with a liver disease-
predominant phenotype, as well as individuals with sporadic
cryptogenic liver disease, have been described with germline
TERT or TERC mutations.*4¢

The reader is referred to Chapter 17, which describes in detail
the hepatic manifestations associated with the telomere

disorders. Here, we emphasize the importance of taking a
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thorough family history focused not only on familial liver
disease, but also surveying for bone marrow and lung disease as

steps in uncovering these cases.*
Silent carriers

Uncovering a pathogenic mutation in an individual with a
telomere-related disease has the potential to lead to genetic
testing and the discovery of additional family members who
carry the mutation but are asymptomatic, so-called silent
carriers.

The ability to anticipate the likelihood of developing disease
or having offspring with disease may vary from relatively easy
(as for a newborn male sibling with a pathogenic DKC1
mutation, who would be likely to develop disease) to more
difficult (as for the highly unpredictable occurrence of MDS at 40
years of age in the offspring of a 60 year old with a pathogenic
TERT mutation).

Even more difficult are cases in which a familial mutation is
not identified, but testing revealed telomere lengths around the
first percentile in asymptomatic relatives. As discussed in
Chapter 5 on Genetic Counseling, knowledge of silent carrier
status may impact health-related behaviors (like avoidance of

smoking or alcohol use), facilitate decisions on pre-implantation
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genetic counseling, and lead to disease surveillance (as with
periodic CBCs or oral, head, and neck exams).

Lastly, silent carrier status would have significant
implications with respect to related hematopoietic cell donation

as such carriers would be unsuitable donors.
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Chapter 7:
Medical Management of Bone Marrow Failure

in Dyskeratosis Congenita

Neelam Giri, MD, Neal S. Young, MD

Introduction

Many individuals diagnosed with DC have some degree of
abnormality in their complete blood count (CBC), and up to 80%
with classic dyskeratosis congenita (DC) will develop bone
marrow failure (BMF) by 30 years of age.!?

This may range from minor findings such as macrocytosis
(high mean corpuscular volume [MCV] for age due to large red
blood cells) or mild asymptomatic cytopenias in one or more
blood cell lineage, to symptomatic BMF (also referred to as
severe aplastic anemia).

Low platelet count is usually the first cytopenia to appear,
followed by anemia or neutropenia. Some patients may develop
progressive abnormalities (dysplasia) in the bone marrow
hematopoietic cells, which may evolve to myelodysplastic

syndrome (MDS) or acute myeloid leukemia (AML).?
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The time of BMF onset is highly variable among individuals.
Infants and young children with classic DC and DC variants,
such as Hoyeraal-Hreidarsson syndrome, Revesz syndrome, or
Coats’ plus subtypes may present with progressive BMF early in
life, even before other features of DC have appeared. Some
individuals, particularly those with mutations in TERC or TERT,
may never develop blood cell abnormalities, or they may appear
much later in life (see Chapter 6, Subtypes of Dyskeratosis
Congenita).*5

Individuals with mutations in TERC, TERT, and some with
other DC-related genes, may lack the classic mucocutaneous
features diagnostic of DC.**> They may instead present with
isolated cytopenias or other manifestations related to having
short telomeres seen in the clinical spectrum of telomere
diseases.

However, since patients with classic DC, as well as those with
short telomeres but without the DC mucocutaneous phenotype,
are all classified as having a telomere biology disorder,* they are

broadly grouped together here.

Definition of bone marrow failure

The diagnosis of BMF is made if blood counts are persistently

below normal for age, and the bone marrow is hypocellular with
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a blast count <5%. Other causes of low blood counts, such as
infection, medications, peripheral blood cell destruction, or
nutritional deficiencies must be excluded.

Bone marrow failure in DC can be broadly categorized as
mild, moderate, or severe based on the degree of peripheral
blood cytopenia in the most severely affected cell lineage
(Table 1). This classification is modified from the Fanconi anemia
consensus guidelines for the treatment of BMF,® and is meant to
function as a guide for treatment planning.

Table 1: Classification of bone marrow failure

Perg’;ﬁ?;g?()d Mild Moderate Severe
Absolute
neutrophil <1,500 - 1,000 <1,000-500 <500
count/mm?3

Platelets/mm® | ;5 500 — 50 000 | <50,000 — 20,000 | <20,000

Hemoglobin gm/dL <normal* - > 8.0 <8.0

*Less than normal for age

In an individual suspected or diagnosed with DC, a CBC and
bone marrow examination are useful to determine baseline
hematologic status, regardless of whether BMF is present or not.

Diagnostic evaluations for BMF include:
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e Complete blood count, including MCV

e Absolute reticulocyte count

e Bone marrow aspiration and biopsy

e Bone marrow cytogenetic analysis by G-banding

e Bone marrow fluorescence in situ hybridization (FISH) to
detect 5q-, 7q-/monosomy 7, or trisomy 8 and 20q- if
clinically indicated

Also refer to Chapter 3, Diagnosing Dyskeratosis Congenita, for
more on evaluation of BMF.

Some investigators and clinicians may obtain fetal
hemoglobin and erythropoietin levels because these parameters
can be elevated in patients with inherited bone marrow failure
syndromes (IBMFS).

Bone marrow examination consists of a biopsy and an
aspirate. The biopsy assesses marrow architecture and
cellularity. The aspirate determines whether cells within the
bone marrow are morphologically normal or abnormal. Some
degree of morphologic abnormality in erythroid, myeloid, or
megakaryocytic lineages is common in patients with DC (and in
other IBMFS), and does not necessarily indicate a diagnosis of

MDS or portend progression to AML.
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Recognizing progression from mild, stable dysplasia to MDS
can be challenging in patients with IBMFS. Knowledge of the
baseline nature and degree of cell lineage dysplasia, and routine
surveillance of peripheral blood and bone marrow evaluation is
necessary to track changes. Bone marrow aspirate should be sent
for cytogenetic evaluation by G-banding. FISH studies to detect
5@-, 7q-/monosomy 7, or trisomy 8 and 20q- may be done when
clinically indicated as an adjunct to G-banding to look for
common clonal cytogenetic abnormalities associated with MDS.

An early consult with a hematopoietic cell transplantation
(HCT) team may be initiated in patients with progressive
cytopenias, or in those with morphologic MDS or cytogenetic

clones (particularly monosomy 7) associated with MDS.

Monitoring of bone marrow failure

Periodic update of the medical history and physical exam,
along with monitoring of blood counts and bone marrow, are
important to assess progression of disease so appropriate
therapeutic intervention can be initiated timely. It should be
noted that disease presentation and progression to severe
aplastic anemia (SAA) differ between DC subtypes (see Chapter
6). Therefore, guidelines for monitoring are determined by the

trajectory of blood count decline or bone marrow changes. In
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general, children have more rapidly progressive disease and
thus need more frequent monitoring, whereas many older
individuals have more stable hematological parameters —in
these individuals, less frequent monitoring may be adequate.

Guidelines for the management of DC-associated BMF follow
the model of Fanconi anemia and may change over time as new
data on the clinical spectrum, heterogeneity of manifestations,
progression, treatments, and associated complications become
available.

In general, for patients with:

Normal or mildly low blood counts and no cytogenetic
abnormality:

e (CBC may initially be checked every 4-6 months to
determine the stability of blood counts. In patients with
stable counts, annual monitoring of CBC may be
sufficient.

e Bone marrow aspirate, biopsy, and cytogenetic studies
should be performed if abnormalities appear in the blood
counts.

Patients with blood counts falling or rising:

e The blood counts may drop considerably following an

episode of infection in patients with limited bone marrow
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reserve. Most often the counts return to the patient’s
baseline within a few weeks of recovery.

e In patients with progressively changing blood counts
without a clinically apparent underlying cause, bone
marrow morphology and cytogenetic evaluation may be
indicated.

Patients with clonal cytogenetic abnormality:

¢ Clonal cytogenetic abnormalities, such as loss of
chromosome 5, trisomy 8, 11q23 translocation, and
deletion or loss of chromosomes 7, 20q, and 3q
abnormalities are known to occur in patients with MDS
and in association with transformation to AML. Presence
of such clones may require more frequent monitoring of
CBC and bone marrow evaluations, depending on the
stability of blood counts and bone marrow findings.

e Bone marrow exam with cytogenetics and FISH studies
may need to be repeated at 4-6 months interval to
determine if there is clonal progression or evolution, or

morphologic MDS.

Appropriate plans for intervention should be in place for

progressively worsening cytopenias, increase in bone marrow
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blast count to >5%, clonal progression or evolution, or
development of morphological MDS or AML.

Note: Presence of a cytogenetic clone by itself (without
morphologic evidence of MDS) does not necessarily indicate a
diagnosis of MDS. Experience has shown that some patients
have had clonal cytogenetic changes persisting for over 15 years

without progression to MDS or leukemia.
Treatment Options for Bone Marrow Failure

Treatment is recommended for patients with persistent,
severe BMF (SAA), that is, hemoglobin consistently below 8
g/dL, platelets lower than 20,000/mm?, or neutrophils below
500/mm?®. Asymptomatic patients with mild or moderate
cytopenias may be monitored by regular CBC checks without
therapeutic intervention.

Unlike patients with acquired aplastic anemia, most patients
with DC do not respond to immunosuppressive therapy,” so it is
generally not recommended. Improvement in blood counts has
been observed in some patients with mutations in TERC or
TERT.> Current treatment options for DC-associated BMF

include HCT or androgens.
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Hematopoietic cell transplantion

HCT is the only curative treatment for DC-related BMF and
other hematologic complications like MDS and leukemia. It is
considered the treatment of choice in eligible patients if there is a
matched, related donor proven to not have DC by physical and
laboratory examinations, mutation testing or telomere length
assay. HCT from an unrelated donor can be considered for those
lacking a matched, related donor. HCT is discussed in detail in
Chapter 8.

Androgens

Androgens are anabolic steroids that have been in use for a
variety of conditions for over 50 years, including treatment of
BMF in Fanconi anemia.® The published literature on androgen
use in DC is limited,*!° but suggests that androgen treatment is a
reasonable option in patients who are not candidates for HCT
due to medical ineligibility, lack of suitable donors, or personal
choice. As many as 50-70% of patients with DC receiving
androgens showed a hematopoietic response with sustained
improvement in hemoglobin, platelets, and neutrophil counts.’
Androgens, however, have considerable side effects, and
patients with DC seem to be particularly sensitive to them.

The most common side effects reported with androgens are:
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Virilization (or masculinization in females and children),
with facial and pubic hair growth, scalp hair loss, acne,
penile/clitoral enlargement, and deepening of the voice
Behavioral changes (for example aggression and mood
swings)

Liver toxicity (increase in transaminase or bilirubin level)
Alteration in blood lipid profile resulting in abnormally
elevated low density lipoprotein (LDL) and low high
density lipoprotein (HDL) levels.

Growth spurt in children, which may result in premature
closure of epiphyses (growth plates) and short adult
height

Liver adenomas, peliosis (blood lakes) in spleen or liver,

and rarely hepatocellular carcinomas

Oxymetholone was the most commonly used androgen for

DC-associated BMF until recently. The suggested starting dose

is 0.5 to 1 mg/kg/day, half the dose used in Fanconi anemia,

because patients with DC may be more sensitive to its side

effects.”!! In recent years, the availability of oxymetholone has

become very erratic.

Danazol is a synthetic androgen derivative that apparently

causes less severe side effects and notably less masculinizing in
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many patients, compared to oxymetholone. It is currently being
studied in patients with DC and related telomere biology
disorders.

Two recent reports showed that danazol effectively improved
the blood counts in patients with Fanconi anemia and DC, and
was well-tolerated with no severe or unacceptable side
effects.!*12 The suggested starting dose of danazol is 2.5-5
mg/kg/day in children, and 100-150 mg twice a day in adults.
The dose can be increased or decreased based on the response
while monitoring for androgen-associated side effects. A
baseline CBC, serum lipid profile, liver function profile, liver
and spleen ultrasound, and a hand X-ray for bone age (in a
growing child) should be obtained prior to starting treatment.

Once treatment has begun, it may take up to three months at a
constant dose to see an increase in hemoglobin, platelets, and
sometimes neutrophil counts. After blood counts have stabilized,
androgen dose may be gradually decreased over 2—6 months to
the lowest effective dose required to maintain stable blood
counts.

Every effort should be made to minimize or avoid toxicity

from androgens. Close medical supervision and periodic
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monitoring are important, with dose adjustment as required to
achieve the minimum effective dose with the least side effects.
Androgen treatment should be discontinued in patients who
have not shown a response to treatment after an adequate 3—4
month trial. Occasionally, patients who do not respond to one
androgen may respond to a different one.
Points to note in regard to androgen treatment:

e Androgen treatment does not cure bone marrow failure,
but can produce a rise in blood counts for the duration of
treatment. In some patients, this may be sustained for 15
years or even longer.

e Blood counts do not generally reach normal values with
androgen treatment, but may improve to the extent that a
previously transfusion-dependent patient may no longer
need red blood cell or platelet transfusion support.

e Androgens are likely to be more effective in patients who
have some degree of bone marrow reserve than in those
whose marrow hematopoietic cellular content is severely
depleted. In that case, patients may be or become
refractory to androgen therapy.

e Androgens do not prevent or delay the progression to

MDS or AML.
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Monitoring for the side effects of androgens

Patients on androgen treatment should have baseline and

treatment, as outlined in the table below.

regular follow-up clinical and laboratory evaluations while on

Table 2. Monitoring while on androgens

Parameter Before treatment On treatment
Repeat every 4-6
' weeks until counts
CBC Paseline CBC stable, then every 2-3
months
Liver function Baseline AST, ALT,

Every 6-12 weeks

test bilirubin, GGT
Baseline cholesterol,
Lipid profile LDL, HDL, Every 6-12 months
triglycerides
Liver/spleen
Baseline Every 6 months
ultrasound
Baseline in a growing
Bone age Every 6 — 12 months
child
Endocrine
Baseline Annually
evaluation
Height/ weight Baseline Every visit
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Patients receiving androgen therapy should be monitored
regularly by an endocrinologist for androgen-associated side
effects impacting growth, bone age (early fusion of epiphyses),
gonadal function, and lipid profile in case there is a need for
intervention. Persistently low HDL and high LDL levels may be
of concern for future cardiovascular risk in patients on long-term
(2-5 years or more) androgen therapy, but usually return to
baseline values within 3-6 months after discontinuing this
treatment. Thyroid function is not affected by androgen
treatment, but thyroid binding globulin level has been found to
be reduced in patients using oxymetholone.

Note: Prednisone 5 mg/day or every other day in combination
with androgens was used in the past by some physicians to
delay the early closure of epiphyses. This use is no longer
recommended because there are no data to support its beneficial
effects, and prednisone can cause avascular necrosis and bone

density loss (osteopenia and osteoporosis).

Other treatments

Cytokines

Hematopoietic growth factors such as G-CSF and GM-CSF
can achieve temporary improvement in counts and may be

useful in patients with persistent neutropenia (neutrophil count
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<500/mm?), particularly in the presence of recurrent or serious
infections. However, there is concern that growth factors may
also stimulate proliferation of a malignant clone, resulting in
malignant transformation. Splenic peliosis and splenic rupture
have been reported in two individuals with DC who received G-
CSF in combination with androgen treatment.’® Thus, concurrent
use of androgens with G-CSF, GM-CSF, and erythropoieten is
contraindicated in patients with DC.
Thrombopoietin receptor agonists

Eltrombopag has not been studied in patients with
dyskeratosis congenita, but there is concern for its inducing
clonal evolution to MDS in aplastic anemia.'* Thrombopoietin
receptor agonists should therefore not be used in dyskeratosis
congenita outside of an investigational protocol, and only with
rigorous monitoring.

Investigational protocols

Investigational protocols may be considered for patients who
are not candidates for HCT and who fail to respond to androgen
treatment.

A list of ongoing therapeutic trials can be found at

www.clinicaltrials.gov.
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Management guidelines for treatment of

bone marrow failure

The clinical management of DC and related telomere biology
disorders is complex because several systems may be affected
simultaneously to varying degrees, and presentation varies
greatly between patients. The treatment approach that works for
one patient may not be ideal for another. Therefore, the risks and
benefits of a regimen should be discussed with the patient or
family (of a pediatric patient) prior to initiating specific care.

A broad, general approach to treatment of BMF is outlined
below:

At the time of diagnosis of dyskeratosis congenita:

e Consultation should be sought with a hematologist with
expertise in DC who will evaluate, monitor, and manage
the patient. A detailed assessment of all systems should
be undertaken (as described in the DC Clinical
Guidelines) to assess the degree of other system
involvement.

e Older patients with mild cytopenias may be followed
with regular blood counts. For younger patients with any
degree of cytopenia, one should consider having a
conversation about treatment options in case cytopenia

progresses. Early discussion with a HCT team with
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expertise in treating patients with DC should be
considered. HLA-typing and testing of immediate family
members for DC can be initiated to assess the availability
of a potential HCT donor.

Families should be referred for appropriate medical and
genetic counseling. Those wishing to have more children
may be interested in pursuing prenatal screening or
preimplantation genetic diagnosis (PGD) with selection of
an unaffected, HLA-matched embryo for the patient. (See

also Chapter 5, Genetic Counseling).

Normal blood counts or mild to moderate bone marrow

failure:

Monitor CBC and bone marrow as discussed earlier (see
monitoring of BMF) until further treatment is needed.
Continue discussions regarding treatment options. For
patients with declining counts, consider referral to the
HCT team if not already done (as discussed above).

For patients lacking an HLA-identical sibling,
consultation with a transplant center to discuss the option

of future unrelated donor HCT should be considered.

Severe bone marrow failure:

Consider HCT for eligible patients.
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e Consider androgen treatment for patients who are not
candidates for HCT because they are unwilling, ineligible,
or have risk factors conferring a high transplant risk.

Severe bone marrow failure of high transplant risk patients
unresponsive to androgens:

e Offer supportive care

e Consider cytokines and investigational protocols.

MDS or AML
The diagnosis of MDS in a patient with DC or DC-related

telomere biology disorder may need to be confirmed by a
hematopathologist with expertise in these disorders. No
standard effective therapy other than HCT has been established
for MDS or AML associated with DC.
e Patients should be referred for HCT with or without prior
induction chemotherapy.
e Experimental phase I or II clinical trials may be
considered for patients ineligible for HCT.

Supportive care

Some patients with DC and related telomere biology disorders
may need red blood cell and platelet transfusion support before

definitive treatment can be initiated or becomes effective, or if
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other measures have failed. Timely referral to a transplant center
for consideration of HCT should be made for eligible patients.

Anemia

Red blood cell transfusions are indicated in anemic patients in
order to maintain normal hemoglobin and quality of life.
Patients on chronic red blood cell transfusions should be
monitored for iron overload by serum ferritin, T2* MRI of the
heart and liver, or other relevant studies. Appropriate treatment
with iron chelators such as deferoxamine (Desferal) or
deferasirox (Exjade) should be initiated in patients with iron
overload.

Thrombocytopenia

Platelet transfusions may be indicated in patients undergoing
invasive procedures or in those with mucosal bleeds.
Aminocaproic acid (Amicar) may be used as an adjunct to
platelet transfusions in patients with mucosal bleeds. Non-
steroidal anti-inflammatory drugs, aspirin, and other
medications that inhibit platelet function should be avoided.
Activities carrying high risk of trauma, like contact sports,

should be avoided.
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Neutropenia

G-CSF may be considered in patients with fever and
neutropenia (ANC <1,000/mm?). As stated earlier, G-CSF should
not be used in patients on androgens, as the risk of splenic

peliosis and rupture is higher with this combination.
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Overview

Hematopoietic cell transplantation (HCT) can cure blood
defects—bone marrow failure (BMF), myelodysplastic syndrome
(MDS), and leukemia—in patients with dyskeratosis congenita #*
(DC). However, HCT does not cure the other problems of DC.
Early experience in HCT for DC was characterized by high
morbidity and mortality, and raised concerns that conventional
transplant regimens accelerated other disease manifestations in

DC patients. HCT outcomes have improved in the past decade

?Because of a lack of data to support differential
management, in this chapter we do not distinguish classic
dyskeratosis congenita from other telomere diseases (like
Hoyeraal-Hreidarsson syndrome, Revesz syndrome, or aplastic
anemia with very short peripheral blood cell telomere length or
with mutations in telomere biology genes). The comments are
intended to apply generally to patients with telomere diseases.
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with advances in diagnosis, donor matching and supportive

care, and by using reduced-intensity, disease-specific regimens.
History

Case reports in the 1980s and 1990s demonstrated that aplastic
anemia in DC could be cured with HCT (reviewed in de la
Fuente and Dokal™?). -1

However, the overall results in this era were dismal, with a 5-
year overall survival of approximately 45%, and no long-term
survivors of unrelated donor HCT.'213, More than half of all
patients died within 4 months of the HCT procedure, most often
due to infections, graft failure, or graft versus host disease
(GVHD).1213

A striking increase in fatal lung and vascular complications
was noted, attributed to both predisposition to pulmonary and
endothelial disease in DC patients, and heightened sensitivity to
cytotoxic chemotherapy and radiation used in the conditioning
regimens.?”512, Other factors contributed to poor outcomes. The
interval from onset of BMF to transplant was often years,® and
identification of DC sometimes went undiagnosed until after
HCT because the clinical syndrome was not recognized and
genetic or functional testing was unavailable.®
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With increased awareness, new diagnostic tests, and the
application of lessons learned from reduced intensity
conditioning (RIC) in Fanconi anemia (FA),* HCT outcomes
have improved for DC in the past 15 years. In a retrospective
study of data reported to the Center for International Blood and
Marrow Transplantation Research (CIBMTR), the 5-year overall
survival probability for DC patients undergoing HCT from 2000-
2009 was 65%.

Similarly, in a retrospective review of DC transplants using
RIC regimens after 2000, approximately two-thirds of patients
were alive with a median follow-up of 16 months, and included
survivors of unrelated donor and cord blood transplants.!> The
improvement has been attributed to reduction or elimination of
both radiation and alkylating agents (such as cyclophosphamide,
busulfan, melphalan, thiotepa) in preparative regimens, and an
increasing use of fludarabine- and antibody-based
immunosuppressive conditioning.!>22

Better outcomes are also the result of improved supportive
care of transplant patients, expanded availability of alternative
donors and umbilical cord blood grafts, and advances in
molecular human leukocyte antigen (HLA) matching techniques.

Disease-specific, prospective HCT trials are underway for DC

136



Dyskeratosis Congenita Guidelines, 2015 Ed.

patients.’® These aim to exploit the telomere maintenance and
cellular replication defects in DC patients, and ask whether
minimally toxic conditioning regimens will permit successful
engraftment. One can anticipate that outcomes will continue to
improve in HCT for DC, with new knowledge and coordinated
efforts aimed at decreasing adverse effects, and increasing

overall length and quality of life for patients.

Proceeding to HCT
Diagnosis

Patients with DC can present with highly variable signs and
symptoms, from classic findings in children to isolated
hematological abnormalities in adults. Establishing the diagnosis
of DC as the cause of the patient’s hematological problems has
major implications for how the transplant should be conducted.
Therefore, a thorough investigation for DC should be conducted
in all patients with BMF and MDS (and some patients with

leukemia) who are being evaluated for HCT (see Chapter 3).
Indications for HCT

In general, the indication and timing of HCT depend on

several factors, including:
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e the nature of the patient’s hematological problem and its
severity;

e the degree of HLA match and the type of donor graft
available to the patient;

e the patient’s age and overall clinical condition;

e the transplant physician’s recommendation; and

e the patient’s or parents” decision.

For DC patients, several additional factors impact decision-
making regarding the timing of HCT.

More than 80% of patients with classic DC will manifest BMF
(defined as one or more peripheral cytopenias) by age 30.%
Results of HCT are generally better for patients who are
younger. The risk of graft failure is higher in patients who have
received a higher number of red blood cell or platelet
transfusions. DC patients have a high risk of MDS (>2500-fold
over the general population) and acute leukemia (200-fold over
the general population).?

HCT is curative for BMF in DC, and in theory eliminates the
risk of MDS or leukemia originating from the patient’s blood
cells. Results of HCT are generally better for patients who

present with BMF, compared to HCT outcomes of patients who
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present with MDS or leukemia. These factors argue in favor of
early intervention with HCT for DC patients manifesting
hematologic defects, prior to significant transfusion exposure or
evolution to MDS or leukemia. However, HCT is associated with
a risk of transplant-related death of at least 15% and a risk of
chronic GVHD of at least 10%. These risks are likely to be higher
in DC patients compared to other patients because of disease-
associated co-morbidities such as lung and liver dysfunction,
which adversely influence the HCT outcomes.

The decision on HCT timing for each DC patient is therefore
impacted by the individual’s clinical status and predicted
trajectory of hematologic disease, as well as the physician’s and
patient’s assessment of relative risks and benefits.

The following are considered absolute and relative indications

for HCT in DC patients:

Absolute indications:

e Severe cytopenias: defined as hemoglobin <8 g/dL;
absolute neutrophil count (ANC) < 500/mm?3; platelets <
20,000/mm?; or requiring red blood cell or platelet
transfusions to prevent significant symptoms of low

hemoglobin or platelets. Immunosuppressive therapy

139



Chapter 8: Hematopoietic Cell Transplantation

used for idiopathic aplastic anemia is unlikely to cure
BMF in patients with DC and should not be trialed in this
situation. Alternative treatments such as androgens or
hematopoietic growth factors may be tried as temporizing
measures, but for those without contraindications to HCT
and with access to a suitable donor, it may be advisable to
proceed to HCT without such a trial.

High-risk MDS and Acute leukemia (that is, high-risk
chromosomal abnormalities or marrow blast count >5%):
May require chemotherapy before HCT, depending on

the practice of the transplant center.

Relative indications

Moderate cytopenias: If there is evidence of progression
toward transfusion dependence, one may pursue HCT
when a donor/graft with a suitable degree of HLA
compatibility is available. Alternatively, it is reasonable to
consider a trial of androgen therapy prior to proceeding
with HCT.

Low-risk MDS (morphologic bone marrow dysplasia
with no chromosomal abnormalities or with low-risk

chromosomal abnormalities): Depending on donor
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availability, it may be preferred to proceed to HCT, given
concerns for clonal evolution, rather than continue

observation or trial androgen therapy.

Exclusions

In general, to undergo HCT, the patient must not have:
e uncontrolled bacterial, fungal, or viral infection

e severe organ dysfunction, such as kidney, liver, or
respiratory failure

e an active pregnancy

Individual circumstances and specific conditioning regimens
may permit consideration of HCT in patients with some of these

conditions, and should be discussed with the transplant

physician.
Assessment and planning for HCT
Referral to a transplant center

Because of disease-specific peri-transplant and long-term care
considerations, and need for a tailored RIC regimen, patients
should obtain a formal evaluation at a transplant center

experienced in conducting HCT for DC. To determine the
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experience of a transplant center, the physician or patient may
wish to ask the questions listed in Table 1 at the end of this
chapter. If a preferred transplant center is “out of network” for
the patient’s insurance, it may be possible to advocate for
coverage of care through coordinated efforts of the patient,
physician and the expert transplant center. A similar approach is
advised for international patients working with government or
private health care insurance.

There is no “standard” HCT regimen for DC that is used
across centers; each transplant center may offer a different
regimen for HCT, based on their own experience and opinion.
Although this is not unusual in the practice of HCT, it can be
unsettling for patients and families, who are in the position of
having to decide between complex medical regimens, usually
without a medical background to guide them. At the time of this
writing, there is an effort to develop multi-institutional clinical
studies employing consistent regimens for each HCT indication
in DC. In the future, it is hoped that these types of coordinated
efforts will yield more rapid advances in knowledge, which in
turn will lead to more uniform standards of care among

transplant centers.
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Patient assessment

Time and advanced planning are required to gather the
information needed for a comprehensive pre-transplant
evaluation. For DC patients, such an evaluation will involve the

following elements:
i. Past medical history

Because of the variability of DC clinical features, a
thorough history is required to elicit factors that may
complicate HCT. In particular, history should be obtained
regarding infections, blood transfusion requirements, and
use of prior therapies such as androgens and
hematopoietic growth factors. Prenatal, birth, and
developmental history, as well as neurologic,
ophthalmologic, dental, gastrointestinal, pulmonary,
hepatic, gynecologic/urologic, and oncologic conditions
should be reviewed in detail. Prior surgeries and medical
treatments, allergies, and current medications, including
vitamins, supplements, and herbal therapies, should be

detailed.

ii. Family history
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The family medical history is extremely important.
Without exception, any family members being considered
as potential HCT donors must undergo telomere length
analysis and genetic testing (if the genetic mutation is
known), to determine disease risk and suitability as a
donor. It has been shown that family members who
appear to be completely healthy and without any
manifestations suggestive of DC may still carry a genetic
mutation associated with DC, and may not be suitable
HCT donors.?” Moreover, in families with telomere
diseases, short telomeres can be inherited independent of
the genetic mutation;* this raises the unanswered
question of whether a well-matched unrelated donor is
preferable to a fully matched related donor who does not
carry the DC mutation but has short peripheral blood cell

telomeres.
iii. Social history

Behavioral, school, and work performance issues should
be reviewed. Alcohol and tobacco use should be

examined because of elevated risk of cancer, liver, and
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lung disease, both early on in the post-transplant period

and long-term.
iv. Physical examination

Prior to HCT, the physician should systematically assess
for physical abnormalities associated with DC that may
alter the risk or plan of transplant therapy. The general
examination should include particular attention to
establishing a baseline for each organ system. This may
include:

J neurological imaging to screen for brain
cysts, white matter changes, and calcifications

J ophthalmological evaluation for retinal
bleeding or exudate, and lacrimal duct obstruction
J oropharyngeal inspection for precancerous
lesions, general dental health, and infection risk

J pulmonary function testing, with
measurement of oxygen saturation, diffusion
capacity of the lung for carbon monoxide (DLCO),
and imaging for pulmonary fibrosis or

arteriovenous malformations
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J gastrointestinal status including liver
function, and evaluation for evidence of cirrhosis,
alimentary canal strictures, enteropathy, or gut
bleeding

. urogenital examination for urethral
strictures or precancerous lesions

J cutaneous inspection for baseline skin
pigmentation and nail abnormalities, or

precancerous skin lesions
The donor search

The compatibility of a patient and donor for HCT is
determined primarily by their degree of donor/recipient HLA
matching.

HLA antigens are encoded by several genetic loci, of which
each individual has two copies or “alleles”. The loci of primary
importance are HLA-A, HLA-B, and HLA-DRBI1. A “6 out of 6
match” refers to a match at both alleles for all three of these loci.
Two additional loci of importance for HCT are HLA-C and
HLA-DQB1, and identity at all five of these genetic loci yields a
“10 out of 10 match.” Donor/recipient mismatches may or may

not be acceptable for HCT, depending on several factors,
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including which HLA locus is mismatched and the type of donor
or graft.

Determining whether or not the patient has a suitable donor is
important for medical management decisions, even in the
absence of an obvious short-term need for HCT. Therefore, it is
essential that patients, siblings, and parents undergo HLA-
typing as soon as the diagnosis of DC is made. A patient has a
25% chance of being HLA-identical to a full biological sibling. It
is far less likely but possible for a parent to be a complete HLA
match.

There is no given lower age limit for a potential sibling donor;
infants can be used as sibling donors. However, because the
number of cells transplanted per unit recipient weight correlates
with success of engraftment, it may be difficult to use a sibling
donor who is much smaller than the patient.

Generally speaking, a matched sibling is an ideal donor in that
there is a higher degree of shared genetic identity with the
patient, which reduces the risk of GVHD, and usually a sibling is
readily available for donation, reducing the complexity and
delays in transplant scheduling. The potential drawbacks of
using sibling donors for HCT in patients with DC are that the

sibling may be a silent carrier of the genetic mutations causing
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the disease, and the sibling may have inherited short telomeres,
and hematopoietic stem cells may not be ideal for
transplantation.

Because of these issues, all potential sibling donors should
undergo a complete blood count, telomere length testing, and
genetic testing whenever possible. When there is uncertainty, a
bone marrow examination should be performed on the donor to
assess for hypocellularity or dysplasia.

If a sibling donor is unavailable, searching for an unrelated
donor involves comparing the patient’s HLA typing to
information stored in worldwide donor registries. A preliminary
donor search can be performed by a transplant center within a
few days and without cost to the patient. The availability of
stored umbilical cord blood (UCB) units that may be used for
HCT is also determined this way. Again, it is essential that the
availability of potential donors be determined as soon as the
diagnosis of DC is made. In addition to family HLA typing, a
preliminary search of existing registries for potential unrelated
donors should be performed very early after diagnosis.

A formal unrelated donor search involves determining the
willingness, compatibility, and suitability of one or more adult

individuals to donate blood or bone marrow to a specific patient.
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Because it involves blood tests, including high resolution HLA
typing of potential donors, there are costs to the patient or
insurance. The process of identifying a suitable donor can take
anywhere from several weeks to months. Once a donor has been
identified and the decision is made to proceed with HCT, it may
still take several weeks to schedule the donor collection and
complete the necessary pre-transplant evaluation and testing.

Therefore, early planning is required to prevent delays in HCT.
The graft

The graft is the blood or bone marrow product containing the
hematopoietic stem cells obtained from the donor for infusion
into the patient. Various types of graft can be used:

e Bone marrow (BM): Liquid bone marrow, similar in
appearance and consistency to blood, is typically
removed from the pelvic bones of donors via needle
aspiration. The donor is typically put under general
anesthesia for this procedure. The amount of BM removed
is dependent on the size of the patient, but ranges from
300-1200 milliliters (1040 fluid ounces). It is filtered and
may be further manipulated based on the donor and

recipient ABO blood types and recipient size.
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Peripheral blood stem cells (PBSC): Granulocyte colony
stimulating factor (GCSF) is given to the donor to
mobilize hematopoietic stem cells from the marrow into
the peripheral blood. The donor undergoes pheresis,
which entails: (1) collection of blood via intravenous
catheters, (2) separation and harvesting of white blood
cells (which contain the mobilized stem cells), and (3)
return of the remaining blood components to the donor.
The donor is awake for the procedure, which may require
multiple sessions over a few days. PBSC have the
potential advantage of improved engraftment compared
to bone marrow, but may be associated with higher risk of
GVHD.

Umbilical cord blood (UCB) cells: UCB is rich in
hematopoietic stem cells. It is collected from the umbilical
cord and placenta immediately after birth, HLA typed,
and frozen at specialized blood banks. These banks serve
as repositories for UCB units to be dispensed as needed
for patients requiring this graft source. The potential
advantages of using cord blood for transplantation are
that it is readily available, and there is a decreased risk of

GVHD. Therefore, less than perfect HLA matching at
150



Dyskeratosis Congenita Guidelines, 2015 Ed.

HLA-A, -B, and -DRB1 is acceptable. In the United States,
it is estimated that UCB units mismatched at one or two
HLA loci are available for almost all patients younger
than 20 years of age and for more than 80% of patients 20
years of age or older.” The disadvantage of UCB is that
the volume of the product (and therefore the stem cell
“dose”) is fixed and may be insufficient. In this case,
infusion of more than one UCB unit (a double UCB
transplant) may be required. When obtained from a
public bank, one cannot obtain more stem cells from the
same donor. There may also be a higher risk of graft
failure and certain post-transplant viral infections with
UCB transplants because of fewer mature immune cells (T

lymphocytes) in cord blood.

The choice of a BM, PBSC, or UCB graft for a given patient
will depend on several factors including: (a) urgency of HCT; (b)
degree of HLA match for a family donor versus unrelated donor
versus UCB donor unit(s); (c) regimen-specific or transplant
center requirement or preference; (d) donor preference (BM
versus PBSC donation); (e) clinical considerations, most notably

patient age and history of infections; and (f) donor/graft-specific

151



Chapter 8: Hematopoietic Cell Transplantation

considerations (for example, the age, parity, and
cytomegalovirus (CMV) status of the donor, or the cell count of

the available UCB unit[s]).
Conditioning regimen

The conditioning regimen (also known as preparative or
cytoreductive regimen) is the process by which the patient is
treated with chemotherapy, radiation, and/or
immunosuppressive drugs to allow engraftment of the donor
hematopoietic stem cells. The “intensity” of a conditioning
regimen refers to how aggressively the combination of agents
depletes the blood-forming and immune cells of the patient. A
higher intensity conditioning regimen more reliably enables
engraftment of donor cells, but also causes increased toxicity and
side effects. An ideal conditioning regimen would subject the
patient to the least toxic agents (or no agents at all), and would
achieve full replacement of the patient’s blood and immune cells,
as well as eradication of any dysplastic clones or leukemia cells.

Based on historical evidence showing an unacceptable rate of
toxicity and death, fully myeloablative regimens consisting of
high dosages of radiation or alkylating agents should not be

used to treat patients with DC. Although higher intensity
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conditioning regimens may be warranted to eradicate MDS or
leukemia, the focus of current research trials is to decrease short-
and long-term complications by minimizing conditioning
intensity as much as possible for DC patients with BMF.
Relatively few agents are used in reduced intensity regimens
for DC, but the combinations and dosages can vary significantly
between transplant centers. The major classes of agents, as well
as their typical dosages and range of toxic effects are listed in
Table 2. At the time of this writing, there is no standard or
“consensus” conditioning regimen for patients with DC, and
therefore the physician and patient should give detailed
consideration to the different regimens being offered at the
centers where the patient is being evaluated for HCT. It is also
important to note that given the high variability in symptoms
and complications affecting different individuals with DC, it is

unlikely that there will be one ideal regimen for all patients.
Graft versus host disease prophylaxis and treatment

All patients undergoing allogeneic HCT are at risk of GVHD,
which occurs when the immune cells in the donor graft
recognize the patient’s tissues as “foreign”, and cause

inflammation and cell destruction. The two phases of GVHD —
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acute and chronic—are characterized by different symptoms
(Table 3). GVHD is a major cause of morbidity and death after
HCT, and the risks of GVHD are higher in unrelated donor
PBSC or BM transplants compared to sibling donor or UCB
transplants. Chronic GVHD is of particular concern as it targets
tissues that are often already affected in DC patients, and so may
accelerate liver or lung failure, malignancy, or other disorders.

Several strategies are used to decrease the risk of GVHD,
some of which may be preferable in DC patients:

e Calcineurin inhibitors: Cyclosporine A (CSA) and
tacrolimus (FK506) are immunosuppressive agents that
diminish the response of immune cells to foreign
antigens, and are mainstays of GVHD prophylaxis. CSA
or FK506 is used for several months after HCT, typically
in combination with one or more other GVHD
prophylactic strategies described below. The side effects
and toxicity profiles of calcineurin inhibitors make them
suitable for use in HCT regimens for DC patients.

e Methotrexate (MTX): MTX is given for several doses in
the days immediately following graft infusion. Because it
inhibits DNA synthesis, it destroys donor immune cells

that otherwise divide rapidly in response to the patient’s
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“foreign” antigens. MTX effects are not specific to
immune cells. It may cause mucositis, pulmonary fibrosis,
and other cytotoxicity, so it is preferable to avoid using it
as chronic GVHD prophylaxis in DC patients.

e Mycophenolate mofetil (MMEF): MMF also inhibits
immune cells in the donor graft but without significant
toxicity to other cell types. It is given for several weeks
after HCT. The side effect and toxicity profiles make MMF
suitable for use in DC patients.

e Graft modification: Two types, ex vivo and in vivo T cell
depletion:

J Ex vivo T cell depletion: Removal of T cells
from the donor graft prior to infusion significantly
reduces the risk of GVHD without exposing the
patient to pharmacological toxicity. T cell depletion
may also permit a shorter duration of calcineurin
inhibitor administration. The main risks of T cell
depletion are graft failure and an increased
susceptibility to viral infections. T cell depletion is
not available at all transplant centers.

J In vivo T cell depletion: Anti-thymocyte

globulin (ATG), alemtuzumab, or other anti-
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lymphocyte antibodies given as part of the
conditioning regimen may persist in the patient
after infusion of the graft and so effectively result
in T cell depletion. The degree of GVHD protection
afforded by this strategy is difficult to measure and
is likely to be highly variable between patients.
Like ex vivo T cell depletion, major risks may

include increased graft failure and viral infections.

Despite preventive measures, patients may still develop
GVHD, ranging in severity from limited skin involvement to
life-threatening multi-organ failure. Corticosteroids such as
methylprednisolone are first-line therapy for GVHD, and
adequate control may require long-term immunosuppression. In
DC patients with GVHD, consideration should be given early on
to strategies that minimize cumulative exposure to high-dose,
systemic corticosteroids, in order to reduce additive effects on

musculoskeletal, endocrine, and other organ systems.
Transplant care timeline

The timeline of HCT for DC patients can be broken down into

4 periods: (1) conditioning/preparative therapy; (2) graft infusion
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and supportive care until engraftment; (3) post-HCT care; and
(4) long-term care. Patients are usually hospitalized from the
period of conditioning through engraftment, approximately 4-6
weeks, followed by outpatient post-HCT care over the

subsequent 9-12 months.

1. Conditioning/preparative therapy

Prior to or upon admission, a central venous catheter is placed
to enable routine blood sampling and supportive care during the
HCT procedure. In the 7-10 days prior to graft infusion, the
patient is hospitalized and the conditioning regimen is
administered. During this period and depending on the regimen,
patients may experience immediate side effects such as nausea,
vomiting, fever and fatigue. Medications to control these
symptoms and prevent infections are administered. GVHD

prophylaxis may begin during this time.
2. Graft infusion and supportive care until engraftment

The day of the graft infusion is termed “day 0.” Hydration
and medications to prevent infusion reactions are administered.

The graft is administered intravenously, similar to a blood
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transfusion. Blood counts fall in the days that follow due to the
effects of the conditioning regimen, and transfusion support is
administered. Pain management for oral mucosal breakdown
and nutritional support are usually required during this phase of
HCT; however, with some RIC regimens used for DC, the
severity of these symptoms is decreased. In the subsequent
weeks, patients are monitored closely for signs of complications
such as infections, organ dysfunction, metabolic disturbances,
and acute GVHD. Drugs for GVHD and infection prophylaxis
continue to be administered. Neutrophil engraftment is defined
as recovery of ANC to > 500 cells/mm? for three days, and
usually occurs between d