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Abstract

Dyskeratosis congenita (DC) is a multi-system disorder which in its classical form is
characterized by abnormalities of the skin, nails and mucous membranes. In
approximately 80% of cases, it is associated with bone marrow dysfunction. A variety
of other abnormalities (including bone, brain, cancer, dental, eye, gastro-intestinal,
immunological and lung) have also been reported. Although first described almost a
century ago it is the last 10yrs, following the identification of the first DC gene (DKC1)
in 1998, in which there has been rapid progress in its understanding. Six genes have
been identified, defects in which cause different genetic subtypes (X-linked recessive,
autosomal dominant, autosomal recessive) of DC. The products of these genes encode
components that are critical for telomere maintenance; either because they are core
constituents of telomerase (dyskerin, TERC, TERT, NOP10 and NHP2) or are part of
the shelterin complex that protects the telomeric end (TIN2). These advances have also
highlighted the connection between the more “cryptic/atypical” forms of the disease
including aplastic anaemia and idiopathic pulmonary fibrosis. Equally, studies on this
disease have demonstrated the critical importance of telomeres in human cells
(including stem cells) and the severe consequences of their dysfunction. In this context
DC and related diseases can now be regarded as disorders of “telomere and stem cell

dysfunction”.
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1. Dyskeratosis Congenita

First described as a discrete syndrome in 1910 [1], dyskeratosis congenita (DC) is a
disease that can be pigeon-holed into a number of alternative classifications including
“premature aging syndrome”, “bone marrow failure syndrome™ and “cancer
predisposition syndrome”, amongst others. In truth, DC is a highly heterogeneous
disorder that is difficult to classify with precision. It was initially described as a muco-
cutaneous disorder and is still defined today largely by the presence of nail dystrophy,
oral leukoplakia and abnormal skin pigmentation. The incidence of bone marrow failure
is so high that this too is now considered a defining feature and the definition is
continually expanding as links with other clinical and molecular features become more
firmly established.

As well as presenting with a broad spectrum of clinical features, mutations in many
genes are known to be causative (six have been published so far) with X-linked,
autosomal recessive and autosomal dominant modes of inheritance recognised alongside
sporadic cases [2]. Because of this clinical and genetic heterogeneity, multiple
mechanisms have been postulated by which the abnormalities of DC might arise.
However, the disease as it manifests in humans is widely considered to be due to defects
in telomerase or in telomere maintenance. This is due at least in part to the nature of the
affected genes — DKC1, TERC, TERT, NOP10, NHP2 and TINF?2 — all of which are
somehow implicated in telomere function. The severe implications of defects in the
telomeric system in DC demonstrate the importance for telomere function in normal
human health and this makes DC an excellent model for studying both the normal and

abnormal behaviour of telomere biology in humans.



1.1. Clinical presentation

As already mentioned nail dystrophy, oral leukoplakia and abnormal skin
pigmentation are defining features of DC and have been referred to as the classical or
common mucocutaneous triad (Fig 1) as they are present in around 80-90% of
diagnosed cases. Bone marrow failure is the other common feature that will develop in
around 85% of cases and is responsible for 80% of the observed mortality [3] (Fig 2).
However, there is a plethora of other disease manifestations ranging from epiphora
(excessive tears in the eyes), mental retardation, pulmonary disease (including
pulmonary fibrosis and abnormal pulmonary vasculature), dental loss/caries and
premature hair loss/greying to liver disease, osteoporosis and deafness [4]. Features
often present in early life with skin pigmentation and nail changes usually appearing by
10 years of age followed later by mucosal leucoplakia and bone marrow failure.
Epithelial tumours often begin to develop by the mid-teens and commonly arise in the
gastrointestinal tract or in areas of mucosa with leucoplakia [2, 5-7]. Many of the other
features such as premature loss or greying of the hair and osteoporosis are more
commonly seen with aging, suggesting that premature tissue aging might be implicated
as a causative factor [8]. The clinical phenotype of DC is continually expanding and so,
in an effort to rationalise the diagnosis, a definition has tentatively been decided upon
that is one or more of the classical mucocutaneous features combined with a hypoplastic
(incompletely developed or hypocellular) bone marrow and at least two of the other
somatic features [9].

One common non-clinical feature of DC is the presence of abnormally short
telomeres [9, 10] which is suspected as being the common, underlying cause behind
most of the abnormalities. Inherited forms of the disease also demonstrate the

phenomenon of anticipation [11-13] whereby successive generations of an affected



family present with progressively more severe disease features and at an earlier age.
This is probably due to the inheritance of short telomeres from the parent which may
then also continue to shorten at an accelerated pace due to the inherited disease-causing
mutation.

Several other diseases overlap with DC to the extent that they could be considered
DC variants and all with the same genetic lesions. Mutations in DKC/ and homozygous
mutations in TERT have been shown to cause Hoyeraal-Hreidarsson syndrome (HH)
[14, 15], a severe multi-system disorder characterized by severe growth retardation,
bone marrow failure, immunodeficiency and cerebellar hypoplasia [16-19].
Heterozygous TERC and TERT mutations have been implicated in around 5-10% of
cases of aplastic anaemia (AA) [20-22], another disease of defective bone marrow
defined as pancytopenia (a reduction in blood cells of all lineages) with a hypocellular
marrow [23]. Heterozygous TERC and TERT mutations have also been implicated in
cases of idiopathic pulmonary fibrosis (IPF) [24, 25], a chronic progressive lung disease
with irreversible fibrosis leading to respiratory failure in most cases within five years

[26].

1.2. Genetic basis of the disease

At the genetic level, DC is almost as heterogeneous as it is in its clinical
presentation. Mutations directly implicated as causing DC have been identified in the
genes DKC1, TERC, TERT, NOP10, NHP2 and TINF2. The first five of these genes all
encode components of the telomerase holoenzyme while 7INF2 encodes a component
of the telomere shelterin complex (Fig 3).

Mutations in DKC1 cause the X-linked form of DC [27]. This gene encodes the

nucleolar protein dyskerin which has a dual role as a pseudouridine synthase via its



TruB domain, homologous to that of pseudouridine synthases in bacterial TruB
proteins, yeast Pus4p and the yeast dyskerin homologue Cb5fp [28], and as an RNA-
binding protein via its PUA domain which is predicted to play a role in binding H/ACA
and telomerase RNAs [29, 30]. In humans, functional analyses have revealed multiple
roles for dyskerin, including ribosomal (r)RNA processing, ribosomal subunit assembly
and centromere and microtubule binding [31-33]. Most disease-causing mutations found
in human dyskerin are clustered around the PUA domain [30], suggesting that disease
arises from disturbed RNA binding. Samples from X-linked DC patients also show
reduced telomerase activity and reduced TERC accumulation [34, 35]

TERC is the 451 nucleotide RNA component of telomerase that acts as a template
for the addition of TTAGGG repeats that are added to chromosome ends to form
telomeres. Mutations in 7ERC are a major cause of AD-DC [36]. Most of the TERC
mutations identified are located in the pseudoknot domain which contains the RNA
template; although large 5” and 3’ end deletions and several other point mutations have
been identified. The resulting clinical phenotype can vary from AA to DC,
myelodysplasia or paroxysmal nocturnal haemoglobinuria [9, 20, 24, 37-41].

Telomerase reverse transcriptase (TERT) is the enzymatic component of telomerase
responsible for transcribing the TERC template into the TTAGGG repeat at telomere
ends. TERT mutation has been implicated in AD-DC [12, 13], AR-DC [15], HH [15],
AA [21, 22] and IPF [25] and while many mutations have severe effects on enzyme
activity, in some cases the reduction is relatively mild, the mutation is intronic and/or
the allele does not always segregate fully with the disease. For this reason, some TERT
mutations can be considered as “risk factors” rather than directly disease-causing.

Several other proteins also associate with TERT, TERC and dyskerin in vivo,

including the small nucleolar proteins NOP10, NHP2 and to a lesser extent GAR1 [42].



Biallelic mutations in both NOP10 and NHP?2 have been implicated in AR-DC, albeit in
very rare instances and, like dyskerin mutations, have been linked with reduced TERC
levels in DC patients [43, 44].

While all these molecules are part of the telomerase complex, dyskerin, NOP10,
NHP2 and GARI are also integral components of the H/ACA class of small nucleolar
ribonucleoprotein particles (snoRNPs) that bind small nucleolar RNAs (snoRNAs) [45].
These H/ACA snoRNPs guide the site-directed pseudouridylation of target RNAs and
process ribosomal RNA and so are essential for ribosome biogenesis, pre-mRNA
splicing and translation as well as telomere maintenance. As already mentioned,
dyskerin is a pseudouridine synthase while NOP10, NHP2 and GARI1 are necessary for
maintaining the stability of the H/ACA RNP complex and for pre-rRNA processing and
cells lacking these proteins are defective in pre-rRNA pseudouridylation [46-48]. This,
coupled with data from early animal models (see below) has led to the hypothesis that
defects in dyskerin lead to DC via a pathway of aberrant ribosomal biogenesis and
function, rather than via a telomerase defect [27, 49]. However, evidence from studies
of DC in humans as well as in vitro studies on human cells, strongly implicates
telomerase and telomeres in the fundamental processes leading to DC and there is
considerable evidence showing normal functioning of pseudouridylation and rRNA
precursor processing in human cells with DKC/ mutations [35, 50].

GARI, like dyskerin, NOP10 and NHP2 is essential for pseudouridylation and
ribosome biogenesis [48]. However, while GAR1 does associate with telomerase in
vivo it does not appear to co-purify from human cells with the assembled telomerase
complex [42], and knock-down studies of this molecule suggest that its absence has no
discernable effect on TERC accumulation [44], suggesting that its association is not

required for catalytic activity. It is worth noting that, at the time of writing, no DC-



causing mutations have yet been identified in the GAR! gene despite over 100 index
cases having been screened in our lab alone, further hinting that DC is primarily a
disease of defective telomere biology.

TINF?2 is the only gene so far implicated in DC that does not directly involve the
telomerase complex. It codes for the protein TIN2, a component (along with the
proteins TRF1, TRF2, Rapl, TPP1, and POT1) of the telomere shelterin complex that
protects telomere ends [51]. TINF2 mutations cause AD-DC [52] in around 11% of all
cases of DC and in some cases HH [53]. While TINF2 is the first DC-causing gene
identified outside of the telomerase complex, it is still essential for telomere
maintenance. While other forms of DC are thought to cause increased telomere attrition
through a reduction in TERC levels or reduced enzymatic activity, TIN2 mutations are
thought to lead to more direct degradation of the telomere either by leaving the telomere
end open to non-specific degradation or by preventing it from “opening-up” for
telomerase to bind, although the mechanism has yet to be fully elucidated. Although
there are some exceptions, patients with 7/NF2 mutations tend to have very short
telomeres — in fact their telomeres are generally much shorter at a much earlier age than
patients with DC caused by any of the other known genes. Furthermore, almost all
known cases of TINF2-related DC are de novo, suggesting that this form of DC is far
more severe with presentation in the first few years of life in the first generation. The de
novo presentation also hints that abnormally rapid telomere loss within these patients is
responsible for the disease, rather than the inheritance of short telomeres from an

asymptomatic parent.

2. Dysfunction of Telomerase and Telomere Maintenance

2.1 Early animal models suggested a ribosomal defect



Data from early animal models of X-linked DC initially suggested a ribosomal
defect in the disease. The first mouse model created was hypomorphic for the mouse
DKC1 homologue, Dkcl, resulting in a four-fold reduction of Dkc/ mRNA expression
in males and two-fold in females [54]. Despite having telomeres of a normal length,
within the first generation it exhibited several of the features of DC as seen in humans
including dyskeratosis of the skin, mild anaemia and a propensity to develop tumours -
albeit, with a much greater incidence (50%) and different organ profile to humans (e.g.
mammary glands and kidneys). Mouse Terc levels and telomerase activity were reduced
and telomeres did shorten in successive generations, but long after the appearance of
disease features. There was, however, clear evidence of reduced pseudouridine levels
and slower rRNA processing. Deletion of Dkc/ has been shown to be embryonically
lethal if induced during early embryogenesis [55]. Dkcl” hemizygous males are non-
viable and though female Dkcl'” carriers are viable they are unable to pass on the
deleted gene. Mice completely lacking telomerase activity have been generated and are
viable in the first few generations [56, 57]; therefore a telomerase defect is unlikely to
result in this loss of viability. Two DKC/ mutations found in humans (Ala353Val and
Gly402Glu), when introduced into mouse embryonic stem cells, caused a defect in
overall pseudouridylation, a decrease in the rate of pre-rRNA processing and a
decreased accumulation of several H/ACA snoRNAs [58]. The Ala353Val mutation
however, did lead to severe destabilization of TERC, a reduction in telomerase activity,
and a continuous shortening of telomeres with increasing numbers of cell divisions in
culture.

Models in other species also implicate telomere-independent dysfunction associated
with dyskerin: Partial loss-of-function mutations in the Drosophila DKC1 homologue

gene mfl result in reduced body size, developmental delay, reduced female fertility and



morphological abnormalities in the ovaries characteristic of apoptosis [59]. In
Drosophila, telomeres are not maintained by telomerase but by a transposon-mediated
mechanism [60] and so these defects are likely to be due to some telomere-independent
function of mfl. Loss of global pseudouridylation due to mutations in the yeast DKC1
homologue gene Cbf5p results in a slow-growth phenotype and, although the cells

remain viable at 25°C, they display severe growth defects [61].

2.2. Recent mouse models implicate telomerase and telomeres

Despite early animal models implicating the non-telomeric role of DKCI mutations
in disease, a more recent mouse model that directly disturbs telomere maintenance
displays many of the features of DC, directly implicating telomerase and telomere
maintenance in development of the phenotype. Mice null for the shelterin component
POT1b were created that were smaller and had a reduced body weight, became
prematurely infertile, had increased apoptosis in cells of the small intestine,
hyperpigmentation of the paws, snout, ears, and tail and around 25% developed nail
abnormalities. When crossed with mice deficient for the mouse 7ERC homologue mTR,
POTIb” mTR" mice were generated that showed a significant reduction of telomere
length, developed a severe and progressive bone marrow failure and died at around 4-5
months of age [62].

Evidence from another mouse model shows that cells with a Dkc/ mutation
observed in human cases of DC suffer a growth disadvantage that may be due to
activation of a DNA damage response that, while acting via telomerase, is independent
of telomere length [63]. Female mice, like humans and other mammals, undergo a

process of inactivation of half their X-chromosomes in early life which is normally

random [64-67]. In this study, female mice with exon 15 deleted from Dkcl (DkcI®"?)
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showed a skewed X-inactivation pattern for haematopoietic cells expressing the mutant
allele, something already observed in female DC patients [68]. In spleen cells of 3 week
old mice, normal and mutant dyskerin proteins were present in roughly equal
proportions, but by 22 weeks the mutant dyskerin represented only 16% of the total
pool, suggesting a growth disadvantage for the cells expressing the mutant protein.
When Dkcl*”" females were crossed with Terc” or Tert" mice, this skewing was not
apparent in the telomerase negative progeny, suggesting that the mechanism is
telomerase-dependent. However, since this was observed in mice in the first generation
before their telomeres became unduly shortened, it appears to be independent of
telomere length. Treatment with etoposide, a topoisomerase inhibitor that induces
double-stranded breaks in DNA, revealed a markedly increased response to DNA
damage in mutant cells with an increased localisation of DNA damage foci at the
telomeres. The increased response to DNA damage would presumably lead to an
increase in cell-cycle arrest and apoptosis. This telomere length-independent mechanism
could thus explain the presence of DC-like features in the early mouse model within the
context of normal length telomeres.

Ultimately, regardless of the data in animal models, there is a wealth of data from
human study implicating telomerase and telomeres in DC and all the genes seen to be

mutated in cases of DC are, without exception, directly implicated in telomere biology.

2.3. Telomerase mutations and DC

The molecular mechanism of 7ERC mutations appears to be either to reduce RNA
accumulation/stability or cause a telomerase catalytic defect. TERC and TERT
mutations have both been shown to adversely impact telomerase enzymatic function

through in vitro assays such as the telomerase repeat amplification protocol [69] and in
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vitro studies reconstituting telomerase activity with a mix of wild type and mutant
TERC suggest that heterozygous mutations can cause disease though haplo-
insufficiency [70]. As yet, the mechanism by which mutations in DKC1, NOP1(0 and
NHP? affect telomerase has yet to be directly elucidated — hence the continuing debate
over the role of ribosome biogenesis in disease. However, some evidence does
indirectly implicate telomerase. For example, in cases of DKC1, NOP10 and NHP?2
mutation, there is a marked decrease in the steady-state level of TERC within the cell
[34, 43, 44, 71], suggesting destabilisation of the telomerase complex. Short telomeres
are also a universal feature of DC patients including those not associated with TERC or
TERT mutations [9, 10, 34, 72]. In fact, critically short telomere length in lymphocytes
has been shown to be diagnostically discriminative for DC in around 90% of cases in
one study [10].

That DKC1 mutant cells might be subject to early cell cycle arrest is supported by
evidence of an increase in apoptosis in such cells, rather than a proliferative defect. This
is apparent in B lymphocyte cell lines which can be cultured over many population
doublings. Compared to lines from unaffected individuals, there is a sharp increase in
the apoptotic fraction of cells carrying a dyskerin Tyr66Ala mutation as the number of

population doublings increases [50].

2.4. Telomere shelterin complex mutations

The finding of T7/NF2 mutations in DC is perhaps one of the most critical in
confirming the role of telomeres in the disease. In telomerase positive cells such as the
HeLa tumour cell line, siRNA-mediated knock-down of TIN2 or deletion of significant
portions of the N-terminus of the protein leads to an increase in telomere length [73,

74]. This is because TIN2 appears to up-regulate the effect of the poly (ADP-ribose)
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polymerase (PARP) tankyrase 1 (also known as TIN1) by stabilising the formation of a
TIN2-tankyrase 1-TRF1 complex. This in turn prevents binding of TRF1 to the
telomere end. Normally, when TRF1 binds to the telomere it recruits another protein,
POT]1, and this complex blocks access to telomerase, so by preventing TRF1 binding
the telomere is left open for enzymatic extension. In the case of amino acid mutations in
TIN2 they might act by the same mechanism as a knock-down and leave telomere ends
permanently unprotected in telomerase negative somatic tissues and thereby subject
them to non-specific degradation. Alternatively, they might prevent the TIN2-tankyrase-
TRF1 interaction, leaving TRF1 to fully bind to the telomere and prevent any telomere-
lengthening activity during the period of rapid cell growth in embryogenesis and early
life. Obviously, the close interaction of the shelterin components necessary for correct
control of telomere maintenance suggests that shelterin molecules other than TIN2 may

well be implicated in some of the approximately 50% of uncharacterised cases of DC.

3. The Stem Cell Defect

Having established that the likely primary cause of DC is a defect in telomerase or
telomere maintenance, how does this translate into disease? In embryonic, foetal and
early childhood development, all tissues experience a high proliferative demand. In the
context of impaired telomere maintenance, this could lead to exaggerated telomere
attrition, in excess of that to be expected in healthy individuals. Telomeres would be
expected to shorten in telomerase negative tissues throughout subsequent life at the
normal rate but, having been severely shortened earlier on, would reach critically short
lengths much earlier than normal. This would explain the features of premature aging as
tissues senesce or apoptose prematurely. In highly proliferative tissues, this effect would

be greatly exaggerated and these tissues would be expected to show the most severe
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disorders, hence the prevalence of pathologies in the bone marrow, gut and skin.
Telomerase is not active in most somatic tissues and therefore a disease of defective
telomerase would be expected to have its “ground zero” in a cell that would normally be
telomerase positive. This leaves only a few cell types including male germ line cells,
activated lymphocytes and stem cells [75]. Of these, the cell type that is likely to give
rise to defects in multiple organs is the stem cell and since bone marrow failure is the
cause of most DC-related mortality it is the haematopoietic stem cell (HSC) that has
received the most research attention with defects having been identified in several
studies. From the point of view of treatment, an important question is whether the defect

is quantitative or qualitative, or a mixture of both.

3.1. Defective haematopoiesis

Even in healthy individuals, HSC telomeres progressively shorten with age [76] so
increasing this rate of attrition is likely to severely impair the HSC pool, eventually
resulting in bone marrow failure (Fig 4). Studies of haematopoietic progenitors in DC
show a clear reduction in numbers in both the bone marrow and peripheral blood [77-
79] and in vitro studies of long term bone marrow culture demonstrate a quantitative
deficit in global haematopoiesis [79]. Serial re-plating of DC progenitor colony forming
units showed a replicative defect with the number of new colonies rapidly declining
with serial passage [80]. Thus, early conclusions were of both qualitative and
quantitative defects in haematopoiesis. The bone marrow CD34" population is severely
reduced in cases of aplastic anaemia [81] and in at least one family with a TERC-
derived AD-DC [82] and these cells have abnormally short telomeres. However,
although the number of corresponding early haematopoietic progenitors was reduced in

AD-DC, their frequency within the CD34" population was similar to wild type, the
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implication being that DC stem cells are able to develop and differentiate normally but
that their replicative potential is reduced. Telomerase clearly plays a critical role in
extending the replicative potential of HSCs. Those derived from m7R" mice when
serially transplanted showed twice the rate of telomere attrition and could be
transplanted for only half as many rounds as those from mTR"" mice [83]. It was
therefore hypothesised that replicative exhaustion of the HSC population is at the heart
of the haematopoietic defect in DC. It should be noted that these studies have not yet
been repeated in DC arising from the other genetic backgrounds and therefore may not
apply to all genetic subtypes, where qualitative defects in haematopoiesis may exist.

1*" mice is anything to go by, it might be

If the previously mentioned study on Dkc
the case that DKC/ mutations cause impairment of the HSC compartment even before
telomeres become critically short. If DKC1 mutation leads to an exaggerated response
to DNA damage and premature cell death then the HSC of a DC patient with a DKC1
mutation would suffer a growth and survival disadvantage that would likely result in
qualitative impairment of differentiation and development, as well as a quantitative
reduction of the HSC pool.

As well as direct effects of telomerase defects within haematopoietic stem cells,
telomerase dysfunction in BM stroma has an extrinsic effect on HSCs, inhibiting HSC
and progenitor function and replication [84]. Telomerase deficient mTR” mice showed
impaired B-lymphocyte development with reduction of cell proliferation and increased
apoptosis while myelopoiesis (development of new blood cells in the marrow) was
accelerated. This occurred with both endogenous mTR™ cells and cells transplanted
from a wild type mTR"" mouse, suggesting that the defective maturation was due to the

stromal environment rather than or in addition to the intrinsic telomerase defect in the

HSC. Engraftment of wild type BM cells into an mTR™ stromal background was also
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impaired in aged mice. All of this raises the possibility that transplantation and genetic
therapies to correct DC defects in the HSC pool might have to overcome the additional
hurdle of a detrimental environment in the marrow. However, this does not appear to be
a universal feature of DC, as a previous in vitro study using stroma derived from
patients with AR-DC and X-linked DC to culture wild type CD34" cells showed normal
levels of haematopoiesis [79]. Once again, these differences may be due to the differing
genetic backgrounds that can give rise to DC and highlight the potential difficulty in
developing a single treatment for such a genetically heterogeneous disorder. The
possibility that a DC patient’s stroma may be impaired in its ability to support HSC
development also implies difficulties in using HSC transplantation as a treatment for the
disease. Indeed, while allogeneic bone marrow transplantation can be successful in
treating the pancytopenia in DC, fatal complications after transplantation are
particularly common [85, 86]. However, whether this is due to HSC engraftment or the

systemic defects present in DC patients has not been conclusively demonstrated.

3.2. Non-haematological abnormalities

While the stem cell is at the heart of the disease, and certainly responsible for the
bone marrow failure seen in DC, some of the non-haematological features and those of
premature aging might also be explained by other means. Evidence from the POT1b™
model of DC shows similar patterns of melanin distribution to those caused by
ultraviolet light exposure in human skin, which is itself a DNA damage response. This
might suggest that the abnormal skin pigmentation seen in DC is a response to DNA
damage [62]. The parallels between the abnormal skin pigmentation in DC and
increased susceptibility to DNA damage in Dkcl mutant mouse epithelial cells with the

type of skin pigmentation seen as a response to UV damage are intriguing and suggest a
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mechanism for some of the non-haematological features that does not simply rely on
premature cell death.

However, exhaustion of the local stem cell pool in any affected organ is usually
considered to be the most likely cause of disease features in DC. Unusually rapid
turnover of cells in the lungs and gastrointestinal lining could be the driving force
behind the propensity for fibrosis and tumours seen in these tissues. This would be
expected to set up a positive feedback loop, with premature and thus excessive loss of
adult cells driving excessive replication and differentiation in the stem cell
compartment. Mutations in TERT and TERC have been directly associated with IPF [12,
25, 87, 88] where the telomeres are short and tissue damage is focal and scattered across
the parenchyma. It is therefore possible that a telomerase defect might be resulting in a
failure to respond to tissue damage due to the loss of lung stem cells. IPF patients have
shown some response to antioxidant treatment including increased epithelial lung fluid
glutathione levels and mildly improved lung function tests [89-92], suggesting that
prevention of cell damage or loss due to oxidative stress can improve the prognosis.
While the same effects have not yet been examined specifically in DC-related
pulmonary disease, it is reasonable to suppose that there are parallels in the
pathogenesis in terms of excessive cell loss.

As yet, studies of the molecular basis of non-haematological aspects of DC are
somewhat lacking by comparison to haematological studies. Further research into the
areas of, for example, organ-specific dysfunction and solid tumour development are
required in order to better understand the down-stream effects of telomere dysfunction
on other systems and ultimately to develop a treatment to cure or ameliorate the

Ssymptoms.
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4. Summary and future directions

From a basic scientific standpoint, dyskeratosis congenita can be considered a direct
demonstration of the effect of dysfunctional telomere biology in humans — something
that has been difficult to reproduce even in common animal models such as the mouse.
In this sense it provides an excellent system for studying the complexities and
functional consequences of telomere biology. Although a general model can be
elucidated (Fig 5) the broad phenotypic range, involvement of multiple genetic
components and the interplay between molecular and environmental effects show that
DC is a complex disorder that has yet to be fully understood and will no doubt provide
further insight into both telomere biology and the complexities of human disease.

Even after many years of study and having uncovered the causative genes involved,
there is still no satisfactory treatment for the disease. Further molecular studies are
necessary to identify which genes are implicated in the remaining uncharacterised cases
and more research is required to pin down the precise mechanisms involved in the
pathogenesis of DC, especially the differences between genetic subtypes, in order for a
more rational and efficacious approach to treatment to be developed. To date, the
advances in the genetics of DC have led to early diagnosis (including antenatal
diagnosis) and more rational use of drugs for the bone marrow failure; this includes the
use of upfront oxymetholone rather than immunosuppressive therapy in patients
presenting with “cryptic” DC. They have also reinforced the idea that in patients who
are to undergo haematopoietic transplantation, drugs such as busulphan and
radiotherapy should be avoided because of the abnormal tissue repair as a consequence
of the telomere defect. Equally they have also led to a better understanding of some

related diseases such as idiopathic pulmonary fibrosis and idiopathic aplastic anaemia.
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Being such a rare disease it is unlikely that pharmaceutical companies would be
willing to invest the vast sums necessary to develop a new drug purely for this one
application. Since DC is a genetic disorder (and in the characterised cases, monogenic)
it might therefore lend itself to genetic therapy. While this has been touted for some
years, surprisingly little progress has been made in this area and the absence of a
satisfactory animal model is a significant obstacle to the development of a therapeutic
vector.

However, because of the greater understanding now achieved with regards to the
molecular basis of DC, the ever-widening phenotype associated with telomerase
dysfunction and the involvement of telomeres in several other disorders such as cancer
and aging, DC is being studied ever more broadly and intensively and this can only be
beneficial to the wider scientific community and those unfortunate enough to suffer

from this rare disorder.

Acknowledgements

We would like to thanks all colleagues past (Stuart Knight, Anna Marrone, David
Stevens and Philip Mason) and present (Richard Beswick, Amanda Walne and Tom
Vulliamy) and all the patients and clinicians upon whom research in our laboratory
depends. Our work is supported by funding from The Wellcome Trust and the Medical

Research Council, UK.

References
[1] F. Zinsser, Atrophia Cutis Reticularis cum Pigmentations, Dystrophia Unguium
et Leukoplakis oris (Poikioodermia atrophicans vascularis Jacobi.)

Ikonographia Dermatologica 5 (1910) 219-223.

19



2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

I. Dokal, Dyskeratosis congenita in all its forms, Br. J. Haematol. 110 (2000)
768-779.

I. Dokal, Dyskeratosis congenita: a cancer prone syndrome associated with
telomerase deficiency, Hematology EHA 2 (2006) 29-35.

J. de la Fuente, I. Dokal, Dyskeratosis congenita: Advances in the understanding
of the telomerase defect and the role of stem cell transplantation, Pediatr.
Transplantation 11 (2007) 584-594.

H.R. Davidson, J.M. Connor, Dyskeratosis congenita, J. Med. Genet. 25 (1988)
843-846.

R.A. Drachtman, B.P. Alter, Dyskeratosis congenita: clinical and genetic
heterogeneity. Report of a new case and review of the literature, Am. J. Pediatr.
Hematol. Oncol. 14 (1992) 297-304.

C. Sirinavin, A.A. Trowbridge, Dyskeratosis congenita: clinical features and
genetic aspects. Report of a family and review of the literature, J. Med. Genet.
12 (1975) 339-354.

I. Dokal, Dyskeratosis congenita. A disease of premature ageing, Lancet 358
Suppl (2001) S27.

T.J. Vulliamy, A. Marrone, S.W. Knight, A. Walne, P.J. Mason, 1. Dokal,
Mutations in dyskeratosis congenita: their impact on telomere length and the
diversity of clinical presentation, Blood 107 (2006) 2680-2685.

B.P. Alter, G.M. Baerlocher, S.A. Savage, S.J. Chanock, B.B. Weksler, J.P.
Willner, J.A. Peters, N. Giri, P.M. Lansdorp, Very short telomere length by flow
fluorescence in situ hybridization identifies patients with dyskeratosis congenita,

Blood 110 (2007) 1439-1447.

20



[11]

[12]

[13]

[14]

[15]

[16]

T. Vulliamy, A. Marrone, R. Szydlo, A. Walne, P.J. Mason, I. Dokal, Disease
anticipation is associated with progressive telomere shortening in families with
dyskeratosis congenita due to mutations in TERC, Nat. Genet. 36 (2004) 447-
449.

M. Armanios, J.L. Chen, Y.P. Chang, R.A. Brodsky, A. Hawkins, C.A. Griffin,
J.R. Eshleman, A.R. Cohen, A. Chakravarti, A. Hamosh, C.W. Greider,
Haploinsufficiency of telomerase reverse transcriptase leads to anticipation in
autosomal dominant dyskeratosis congenita, Proc Natl Acad Sci U S A 102
(2005) 15960-15964.

T.J. Vulliamy, A. Walne, A. Baskaradas, P.J. Mason, A. Marrone, 1. Dokal,
Mutations in the reverse transcriptase component of telomerase (TERT) in
patients with bone marrow failure, Blood Cells Mol. Dis. 34 (2005) 257-263.
S.W. Knight, N.S. Heiss, T.J. Vulliamy, C.M. Aalfs, C. McMahon, P.
Richmond, A. Jones, R.C. Hennekam, A. Poustka, P.J. Mason, I. Dokal,
Unexplained aplastic anaemia, immunodeficiency, and cerebellar hypoplasia
(Hoyeraal-Hreidarsson syndrome) due to mutations in the dyskeratosis
congenita gene, DKCI, Br. J. Haematol. 107 (1999) 335-339.

A. Marrone, A. Walne, H. Tamary, Y. Masunari, M. Kirwan, R. Beswick, T.
Vulliamy, I. Dokal, Telomerase reverse-transcriptase homozygous mutations in
autosomal recessive dyskeratosis congenita and Hoyeraal-Hreidarsson
syndrome, Blood 110 (2007) 4198-4205.

H.M. Hoyeraal, J. Lamvik, P.J. Moe, Congenital hypoplastic thrombocytopenia
and cerebral malformations in two brothers, Acta paediatrica Scandinavica 59

(1970) 185-191.

21



[17]

[18]

[19]

[20]

[21]

[22]

[23]

S. Hreidarsson, K. Kristjansson, G. Johannesson, J.H. Johannsson, A syndrome
of progressive pancytopenia with microcephaly, cerebellar hypoplasia and
growth failure, Acta paediatrica Scandinavica 77 (1988) 773-775.

F. Berthet, R. Caduff, U.B. Schaad, H. Roten, P. Tuchschmid, E. Boltshauser,
R.A. Seger, A syndrome of primary combined immunodeficiency with
microcephaly, cerebellar hypoplasia, growth failure and progressive
pancytopenia, European journal of pediatrics 153 (1994) 333-338.

C.M. Aalfs, H. van den Berg, P.G. Barth, R.C. Hennekam, The Hoyeraal-
Hreidarsson syndrome: the fourth case of a separate entity with prenatal growth
retardation, progressive pancytopenia and cerebellar hypoplasia, European
journal of pediatrics 154 (1995) 304-308.

T. Vulliamy, A. Marrone, 1. Dokal, P.J. Mason, Association between aplastic
anaemia and mutations in telomerase RNA, Lancet 359 (2002) 2168-2170.

H. Yamaguchi, R.T. Calado, H. Ly, S. Kajigaya, G.M. Baerlocher, S.J.
Chanock, P.M. Lansdorp, N.S. Young, Mutations in TERT, the gene for
telomerase reverse transcriptase, in aplastic anemia, N. Engl. J. Med. 352 (2005)
1413-1424.

Z.T. Xin, A.D. Beauchamp, R.T. Calado, J.W. Bradford, J.A. Regal, A. Shenoy,
Y. Liang, P.M. Lansdorp, N.S. Young, H. Ly, Functional characterization of
natural telomerase mutations found in patients with hematologic disorders,
Blood 109 (2007) 524-532.

J.C. Marsh, S.E. Ball, P. Darbyshire, E.C. Gordon-Smith, A.J. Keidan, A.
Martin, S.R. McCann, J. Mercieca, D. Oscier, A.W. Roques, J.A. Yin,
Guidelines for the diagnosis and management of acquired aplastic anaemia, Br.

J. Haematol. 123 (2003) 782-801.

22



[24]

[25]

[26]

[27]

[28]

[29]

[30]

A. Marrone, P. Sokhal, A.J. Walne, R. Beswick, M. Kirwan, S. Killick, M.
Williams, J. Marsh, T. Vulliamy, I. Dokal, Functional characterization of novel
telomerase RNA (TERC) mutations in patients with diverse clinical and
pathological presentations, Haematologica 92 (2007) 1013-1020.

M.Y. Armanios, J.J. Chen, J.D. Cogan, J.K. Alder, R.G. Ingersoll, C. Markin,
W.E. Lawson, M. Xie, 1. Vulto, J.A. Phillips, 3rd, P.M. Lansdorp, C.W. Greider,
J.E. Loyd, Telomerase mutations in families with idiopathic pulmonary fibrosis,
N. Engl. J. Med. 356 (2007) 1317-1326.

W.E. Lawson, J.E. Loyd, The genetic approach in pulmonary fibrosis: can it
provide clues to this complex disease?, Proceedings of the American Thoracic
Society 3 (2006) 345-349.

N.S. Heiss, S.W. Knight, T.J. Vulliamy, S.M. Klauck, S. Wiemann, P.J. Mason,
A. Poustka, 1. Dokal, X-linked dyskeratosis congenita is caused by mutations in
a highly conserved gene with putative nucleolar functions, Nat. Genet. 19 (1998)
32-38.

E.V. Koonin, Pseudouridine synthases: four families of enzymes containing a
putative uridine-binding motif also conserved in dUTPases and dCTP
deaminases, Nucleic Acids Res 24 (1996) 2411-2415.

H. Pan, S. Agarwalla, D.T. Moustakas, J. Finer-Moore, R.M. Stroud, Structure
of tRNA pseudouridine synthase TruB and its RNA complex: RNA recognition
through a combination of rigid docking and induced fit, Proc Natl Acad Sci U S
A 100 (2003) 12648-12653.

R. Rashid, B. Liang, D.L. Baker, O.A. Youssef, Y. He, K. Phipps, R.M. Terns,

M.P. Terns, H. Li, Crystal Structure of a Cbf5-Nop10-Garl Complex and

23



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Implications in RNA-Guided Pseudouridylation and Dyskeratosis Congenita,
Mol. Cell 21 (2006) 249-260.

W. Filipowicz, V. Pogacic, Biogenesis of small nucleolar ribonucleoproteins,
Curr. Opin. Cell Biol. 14 (2002) 319-327.

W. Jiang, K. Middleton, H.J. Yoon, C. Fouquet, J. Carbon, An essential yeast
protein, CBF5p, binds in vitro to centromeres and microtubules, Mol. Cell Biol.
13 (1993) 4884-4893.

J.Ni, A.L. Tien, M.J. Fournier, Small nucleolar RNAs direct site-specific
synthesis of pseudouridine in ribosomal RNA, Cell 89 (1997) 565-573.

J.R. Mitchell, E. Wood, K. Collins, A telomerase component is defective in the
human disease dyskeratosis congenita, Nature 402 (1999) 551-555.

J.M.Y. Wong, K. Collins, Telomerase RNA level limits telomere maintenance in
X-linked dyskeratosis congenita, Genes Dev. 20 (2006) 2848-2858.

T. Vulliamy, A. Marrone, F. Goldman, A. Dearlove, M. Bessler, P.J. Mason, I.
Dokal, The RNA component of telomerase is mutated in autosomal dominant
dyskeratosis congenita, Nature 413 (2001) 432-435.

H. Yamaguchi, G.M. Baerlocher, P.M. Lansdorp, S.J. Chanock, O. Nunez, E.
Sloand, N.S. Young, Mutations of the human telomerase RNA gene (TERC) in
aplastic anemia and myelodysplastic syndrome, Blood 102 (2003) 916-918.

H. Ly, M. Schertzer, W. Jastaniah, J. Davis, S.L. Yong, Q. Ouyang, E.H.
Blackburn, T.G. Parslow, P.M. Lansdorp, Identification and functional
characterization of 2 variant alleles of the telomerase RNA template gene
(TERC) in a patient with dyskeratosis congenita, Blood 106 (2005) 1246-1252.
W.N. Keith, T. Vulliamy, J. Zhao, C. Ar, C. Erzik, A. Bilsland, B. Ulku, A.

Marrone, P.J. Mason, M. Bessler, N. Serakinci, I. Dokal, A mutation in a

24



[40]

[41]

[42]

[43]

[44]

[45]

[46]

functional Sp1 binding site of the telomerase RNA gene (W\TERC) promoter in a
patient with Paroxysmal Nocturnal Haemoglobinuria, BMC. Blood Disord. 4
(2004) 3.

R.T. Calado, M.C. Pintao, W.A. Silva, Jr., R.P. Falcao, M.A. Zago, Aplastic
anaemia and telomerase RNA mutations, Lancet 360 (2002) 1608.

P.F. Fogarty, H. Yamaguchi, A. Wiestner, G.M. Baerlocher, E. Sloand, W.S.
Zeng, E.J. Read, P.M. Lansdorp, N.S. Young, Late presentation of dyskeratosis
congenita as apparently acquired aplastic anaemia due to mutations in
telomerase RNA, Lancet 362 (2003) 1628-1630.

D. Fu, K. Collins, Purification of human telomerase complexes identifies factors
involved in telomerase biogenesis and telomere length regulation, Mol. Cell 28
(2007) 773-785.

A.J. Walne, T. Vulliamy, A. Marrone, R. Beswick, M. Kirwan, Y. Masunari, F.-
h. Al-Qurashi, M. Aljurf, I. Dokal, Genetic heterogeneity in autosomal recessive
dyskeratosis congenita with one subtype due to mutations in the telomerase-
associated protein NOP10, Hum. Mol. Genet. 16 (2007) 1619-1629.

T.J. Vulliamy, R. Beswick, M. Kirwan, A. Marrone, M. Digweed, A. Walne, 1.
Dokal, Mutations in the telomerase component NHP2 cause the premature
ageing syndrome dyskeratosis congenita, Proc. Natl. Acad. Sci. U. S. A. 105
(2008) 8073-8078.

U.T. Meier, The many facets of H/ACA ribonucleoproteins, Chromosoma 114
(2005) 1-14.

D.L. Lafontaine, C. Bousquet-Antonelli, Y. Henry, M. Caizergues-Ferrer, D.
Tollervey, The box H + ACA snoRNAs carry Cbf5p, the putative rRNA

pseudouridine synthase, Genes Dev. 12 (1998) 527-537.

25



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

A. Henras, Y. Henry, C. Bousquet-Antonelli, J. Noaillac-Depeyre, J.P. Gelugne,
M. Caizergues-Ferrer, Nhp2p and Nop10p are essential for the function of
H/ACA snoRNPs, EMBO J 17 (1998) 7078-7090.

C. Bousquet-Antonelli, Y. Henry, J.P. G'Elugne, M. Caizergues-Ferrer, T. Kiss,
A small nucleolar RNP protein is required for pseudouridylation of eukaryotic
ribosomal RNAs, EMBO J 16 (1997) 4770-4776.

L. Luzzatto, A. Karadimitris, Dyskeratosis and ribosomal rebellion, Nat. Genet.
19 (1998) 6-7.

L. Montanaro, A. Chilla, D. Trere, A. Pession, M. Govoni, P.L. Tazzari, M.
Derenzini, Increased Mortality Rate and Not Impaired Ribosomal Biogenesis is
Responsible for Proliferative Defect in Dyskeratosis Congenita Cell Lines, J.
Invest. Dermatol. 118 (2002) 193-198.

T. de Lange, Shelterin: the protein complex that shapes and safeguards human
telomeres, Genes Dev. 19 (2005) 2100-2110.

S.A. Savage, N. Giri, G.M. Baerlocher, N. Orr, P.M. Lansdorp, B.P. Alter,
TINF2, a component of the shelterin telomere protection complex, is mutated in
dyskeratosis congenita, Am. J. Hum. Genet. 82 (2008) 501-509.

A.J. Walne, T.J. Vulliamy, R. Beswick, M. Kirwan, I. Dokal, TINF2 mutations
result in very short telomeres: Analysis of a large cohort of patients with
dyskeratosis congenita and related bone marrow failure syndromes, Blood 112
(2008) 3594-3600.

D. Ruggero, S. Grisendi, F. Piazza, E. Rego, F. Mari, P.H. Rao, C. Cordon-
Cardo, P.P. Pandolfi, Dyskeratosis congenita and cancer in mice deficient in

ribosomal RNA modification, Science 299 (2003) 259-262.

26



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

J. He, S. Navarrete, M. Jasinski, T. Vulliamy, I. Dokal, M. Bessler, P.J. Mason,
Targeted disruption of Dkc1, the gene mutated in X-linked dyskeratosis
congenita, causes embryonic lethality in mice, Oncogene 21 (2002) 7740-7744.
M.A. Blasco, HW. Lee, M.P. Hande, E. Samper, P.M. Lansdorp, R.A. DePinho,
C.W. Greider, Telomere shortening and tumor formation by mouse cells lacking
telomerase RNA, Cell 91 (1997) 25-34.

Y.J. Chiang, M.T. Hemann, K.S. Hathcock, L. Tessarollo, L. Feigenbaum, W.C.
Hahn, R.J. Hodes, Expression of telomerase RNA template, but not telomerase
reverse transcriptase, is limiting for telomere length maintenance in vivo, Mol.
Cell Biol. 24 (2004) 7024-7031.

Y. Mochizuki, J. He, S. Kulkarni, M. Bessler, P.J. Mason, Mouse dyskerin
mutations affect accumulation of telomerase RNA and small nucleolar RNA,
telomerase activity, and ribosomal RNA processing, Proc Natl Acad SciU S A
101 (2004) 10756-10761.

E. Giordano, I. Peluso, S. Senger, M. Furia, minifly, a Drosophila gene required
for ribosome biogenesis, J. Cell Biol. 144 (1999) 1123-1133.

H. Biessmann, J.M. Mason, K. Ferry, M. d'Hulst, K. Valgeirsdottir, K.L.
Traverse, M.-L. Pardue, Addition of telomere-associated HeT DNA sequences
"heals" broken chromosome ends in Drosophila, Cell 61 (1990) 663-673.

Y. Zebarjadian, T. King, M.J. Fournier, L. Clarke, J. Carbon, Point mutations in
yeast CBF5 can abolish in vivo pseudouridylation of rRNA, Mol. Cell Biol. 19
(1999) 7461-7472.

D. Hockemeyer, W. Palm, R.C. Wang, S.S. Couto, T. de Lange, Engineered
telomere degradation models dyskeratosis congenita, Genes Dev. 22 (2008)

1773-1785.

27



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

B.W. Gu, M. Bessler, P.J. Mason, A pathogenic dyskerin mutation impairs
proliferation and activates a DNA damage response independent of telomere
length in mice, Proc Natl Acad Sci U S A 105 (2008) 10173-10178.

E. Beutler, M. Yeh, V.F. Fairbanks, The normal human female as a mosaic of X-
chromosome activity: studies using the gene for C-6-PD-deficiency as a marker,
Proc Natl Acad Sci U S A 48 (1962) 9-16.

S. Ohno, S. Makino, The single-X nature of sex chromatin in man, Lancet 1
(1961) 78-79.

M.F. Lyon, Gene action in the X-chromosome of the mouse (Mus musculus L.),
Nature 190 (1961) 372-373.

M.F. Lyon, Sex chromatin and gene action in the mammalian X-chromosome,
Am. J. Hum. Genet. 14 (1962) 135-148.

T.J. Vulliamy, S.W. Knight, I. Dokal, P.J. Mason, Skewed X-inactivation in
carriers of X-linked dyskeratosis congenita, Blood 90 (1997) 2213-2216.

N.W. Kim, M.A. Piatyszek, K.R. Prowse, C.B. Harley, M.D. West, P.L. Ho,
G.M. Coviello, W.E. Wright, S.L. Weinrich, J.W. Shay, Specific association of
human telomerase activity with immortal cells and cancer, Science 266 (1994)
2011-2015.

D. Fu, K. Collins, Distinct biogenesis pathways for human telomerase RNA and
H/ACA small nucleolar RNAs, Mol. Cell 11 (2003) 1361-1372.

J.M. Wong, M.J. Kyasa, L. Hutchins, K. Collins, Telomerase RNA deficiency in
peripheral blood mononuclear cells in X-linked dyskeratosis congenita, Hum.

Genet. (2004).

28



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

T.J. Vulliamy, S.W. Knight, P.J. Mason, I. Dokal, Very short telomeres in the
peripheral blood of patients with X-linked and autosomal dyskeratosis
congenita, Blood Cells Mol. Dis. 27 (2001) 353-357.

S.H. Kim, P. Kaminker, J. Campisi, TIN2, a new regulator of telomere length in
human cells, Nat. Genet. 23 (1999) 405-412.

J.Z.Ye, T. de Lange, TIN2 is a tankyrase 1 PARP modulator in the TRF1
telomere length control complex, Nat. Genet. 36 (2004) 618-623.

Y.S. Cong, W.E. Wright, J.W. Shay, Human telomerase and its regulation,
Microbiol. Mol. Biol. Rev. 66 (2002) 407-425.

H. Vaziri, W. Dragowska, R.C. Allsopp, T.E. Thomas, C.B. Harley, P.M.
Lansdorp, Evidence for a mitotic clock in human hematopoietic stem cells: loss
of telomeric DNA with age, Proc Natl Acad Sci U S A 91 (1994) 9857-9860.
H.S. Juneja, F.F. Elder, F.H. Gardner, Abnormality of platelet size and T-
lymphocyte proliferation in an autosomal recessive form of dyskeratosis
congenita, European journal of haematology 39 (1987) 306-310.

M. Kirwan, T. Vulliamy, R. Beswick, A.J. Walne, C. Casimir, I. Dokal,
Circulating haematopoietic progenitors are differentially reduced amongst
subtypes of dyskeratosis congenita, Br. J. Haematol. 140 (2008) 719-722.

J.C. Marsh, A.J. Will, .M. Hows, P. Sartori, P.J. Darbyshire, P.J. Williamson,
D.G. Oscier, T.M. Dexter, N.G. Testa, "Stem cell" origin of the hematopoietic
defect in dyskeratosis congenita, Blood 79 (1992) 3138-3144.

S.B. Marley, J.L. Lewis, R.J. Davidson, I.A.G. Roberts, 1. Dokal, J.M. Goldman,
M.Y. Gordon, Evidence for a continuous decline in haemopoietic cell function
from birth: application to evaluating bone marrow failure in children, Br. J.

Haematol. 106 (1999) 162-166.

29



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

C.Y. Manz, C. Nissen, A. Wodnar-Filipowicz, Deficiency of CD34+ c-kit+ and
CD34+38- hematopoietic precursors in aplastic anemia after immunosuppressive
treatment, Am. J. Hematol. 52 (1996) 264-274.

F.D. Goldman, G. Aubert, A.J. Klingelhutz, M. Hills, S.R. Cooper, W.S.
Hamilton, A.J. Schlueter, K. Lambie, C.J. Eaves, P.M. Lansdorp,
Characterization of primitive hematopoietic cells from patients with dyskeratosis
congenita, Blood 111 (2008) 4523-4531.

R.C. Allsopp, G.B. Morin, R. DePinho, C.B. Harley, I.L. Weissman, Telomerase
is required to slow telomere shortening and extend replicative lifespan of HSCs
during serial transplantation, Blood 102 (2003) 517-520.

Z. Ju, H. Jiang, M. Jaworski, C. Rathinam, A. Gompf, C. Klein, A. Trumpp,
K.L. Rudolph, Telomere dysfunction induces environmental alterations limiting
hematopoietic stem cell function and engraftment, Nat Med 13 (2007) 742-747.
S. Knight, T. Vulliamy, A. Copplestone, E. Gluckman, P. Mason, 1. Dokal,
Dyskeratosis Congenita (DC) Registry: identification of new features of DC, Br.
J. Haematol. 103 (1998) 990-996.

A.A. Langston, J.E. Sanders, H.J. Deeg, S.W. Crawford, C. Anasetti, K.M.
Sullivan, M.E. Flowers, R. Storb, Allogeneic marrow transplantation for aplastic
anaemia associated with dyskeratosis congenita, Br. J. Haematol. 92 (1996) 758-
765.

K.D. Tsakiri, J.T. Cronkhite, P.J. Kuan, C. Xing, G. Raghu, J.C. Weissler, R.L.
Rosenblatt, J.W. Shay, C.K. Garcia, Adult-onset pulmonary fibrosis caused by
mutations in telomerase, Proc Natl Acad Sci U S A 104 (2007) 7552-7557.

J.K. Alder, J.J. Chen, L. Lancaster, S. Danoff, S.C. Su, J.D. Cogan, I. Vulto, M.

Xie, X. Qi, R.M. Tuder, J.A. Phillips, 3rd, P.M. Lansdorp, J.E. Loyd, M.Y.

30



[89]

[90]

[91]

[92]

[93]

[94]

Armanios, Short telomeres are a risk factor for idiopathic pulmonary fibrosis,
Proc Natl Acad Sci U S A 105 (2008) 13051-13056.

Z. Borok, R. Buhl, G.J. Grimes, A.D. Bokser, R.C. Hubbard, K.J. Holroyd, J.H.
Roum, D.B. Czerski, A.M. Cantin, R.G. Crystal, Effect of glutathione aerosol on
oxidant-antioxidant imbalance in idiopathic pulmonary fibrosis, Lancet 338
(1991) 215-216.

J. Behr, K. Maier, B. Degenkolb, F. Krombach, C. Vogelmeier, Antioxidative
and clinical effects of high-dose N-acetylcysteine in fibrosing alveolitis.
Adjunctive therapy to maintenance immunosuppression, Am. J. Respir. Crit.
Care. Med. 156 (1997) 1897-1901.

M. Demedets, J. Behr, R. Buhl, U. Costabel, R. Dekhuijzen, H.M. Jansen, W.
MacNee, M. Thomeer, B. Wallaert, F. Laurent, A.G. Nicholson, E.K. Verbeken,
J. Verschakelen, C.D. Flower, F. Capron, S. Petruzzelli, P. De Vuyst, J.M. van
den Bosch, E. Rodriguez-Becerra, G. Corvasce, I. Lankhorst, M. Sardina, M.
Montanari, High-dose acetylcysteine in idiopathic pulmonary fibrosis, N. Engl.
J. Med. 353 (2005) 2229-2242.

A. Meyer, R. Buhl, H. Magnussen, The effect of oral N-acetylcysteine on lung
glutathione levels in idiopathic pulmonary fibrosis, Eur. Respir. J. 7 (1994) 431-
436.

J.D. Podlevsky, C.J. Bley, R.V. Omana, X. Qi, J.J. Chen, The telomerase
database, Nucleic Acids Res 36 (2008) D339-343.

G. Cristofari, K. Sikora, J. Lingner, Telomerase unplugged, ACS chemical

biology 2 (2007) 155-158.

31



Legends to Figures

Fig. 1. — Clinical features of dyskeratosis congenita. The three mucocutaneous features
that classically characterise dyskeratosis congenita are shown: A) abnormal skin

pigmentation; B) nail dystrophy; C) oral leukoplakia.

Fig. 2. Histopathological features of dyskeratosis congenita (DC): A) bone marrow
slides show the loss of cells in an aplastic marrow, typical of dyskeratosis
congenita; B) fibroblasts grown from a patient with X-linked dyskeratosis

congenita show a marked dysmorphism compared to those from a healthy

individual.

Fig. 3. The telomerase and shelterin complexes. TERT, TERC, dyskerin, NOP10 and
NHP2 in the telomerase complex and TIN2 in the shelterin complex have been
shown to be mutated in cases of dyskeratosis congenita. Only around 50% of
cases have been characterised at the molecular level and the other molecules
shown (as well as other, unknown molecules) may yet prove to be implicated in

the disease. Image derived from data in the telomerase database [93] and

Cristofari et al 2007 [94].

Fig. 4. The defects in cellular proliferation and differentiation that give rise to
dyskeratosis congenita. Stem cell replication is impaired and cell survival is
compromised starting with the embryonic stem cell and continuing through to

adult cells. This in turn drives excessive tissue-specific stem cell division,
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ultimately exhausting the stem cell reserve. This figure takes the haematopoietic

system as an example but the principles apply equally to other tissues.

Fig. 5. A model of dyskeratosis congenita pathology. Mutations in telomerase and
shelterin components cause excessive telomere attrition and may increase the
response to normal DNA damage, a process which is exacerbated by
environmental stresses. This leads to premature cell death and chromosome

instability which eventually either exhausts the stem cell reserve or results in

haematological or non-haematological cancers.
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