
Conclusions/Significance:These results indicate that heterozygous telomerase loss-of-function mutations associate with
but are not determinant of a large spectrum of hematologic and liver abnormalities, with the latter sometimes occurring in
the absence of marrow failure. Our findings, along with the link between pulmonary fibrosis and telomerase mutations, also
suggest a common pathogenic mechanism for fibrotic diseases in which defective telomere repair plays important role.
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Introduction

Telomeres consist of tandem TTAGGG repeats and associated
proteins located at the ends of chromosomes that serve to prevent
recombination, end-to-end fusion, and activation of DNA damage
responses [1]. Telomere attrition occurs with each cell division as a
result of DNA polymerase’s inability to replicate the extreme 39-
end of template strands [2,3]. Progressive telomere shortening
signals proliferation arrest and cellular senescence via p53, p21,
and PMS2 [4]. In order to maintain proliferative capacity without
compromising chromosome stability, embryonic and adult stem
cells and certain somatic cells counter telomeric attrition by
telomerase-catalyzed addition of TTAGGG repeats to the 39

telomeric overhangs [5]. Constitutional loss-of-function telomerase
mutations result in rapid telomere shortening and premature
cellular senescence in proliferative somatic tissues [6].

Defective telomere repair has been causally associated with
several human diseases. Genetic linkage analysis of the constitu-
tional marrow failure syndrome dyskeratosis congenita led to the
discovery of mutations in the genesDKC1(which encodes dyskerin)
[7] and telomerase RNA component(TERC) [8]. We reported
mutations in TERC [9] and telomerase reverse transcriptase
(TERT) [10] to be risk factors for apparently acquired aplastic
anemia, a marrow failure disease occurring in patients who lack
the typical physical anomalies and family history of dyskeratosis
congenita. Mutations in telomerase complex genes also appear in
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negative for the mutation. The proband’s thirty-two year-old son
(Subject B-III-7) is heterozygous for theTERCdeletion; he had mild
macrocytic anemia during a routine medical visit. Upon further
investigation, he was found to have an enlarged fatty liver on
ultrasound though his liver enzymes were normal; his bone marrow
biopsy was hypocellular (20%), and his liver biopsy showed
macrovesicular steatosis with foci of lobular inflammation, portal
chronic inflammatory infiltrate, and mild hepatocellular iron
accumulation (Fig. 2I ). Tests for hepatitis B and hepatitis C viruses
were all negative. Pulmonary function test results were within
normal limits. He has an eleven-year history of social alcohol
consumption.

Family C
The proband (Subject C-III-1;Fig. 1C), a thirty year-old

Caucasian male previously fond to be heterozygous for aTERC
nucleotide 28-34 deletion [15], had a thirteen-year history of
moderate aplastic anemia. His father (Subject C-II-2) had a long
history of thrombocytopenia and died at age thirty-two of fungal
sepsis; autopsy revealed mixed micro and macronodular liver
cirrhosis, chronic congestive splenomegaly, esophageal varices,
diffuse interstitial pulmonary fibrosis with mild chronic inflamma-
tion, and a mildly hypoplastic bone marrow (50%). The index
patient’s paternal uncle (Subject C-II-1) had died of myelodyspla-
sia. We now screened his brother (Subject C-III-3), with a long
history of mild pancytopenia and elevated liver enzymes, and he
also tested positive for theTERC deletion. Liver biopsy
demonstrated hepatocytes with mild variation in nuclear size,
mild hepatocellular iron accumulation in a pericanalicular pattern
(Fig. 2J), and several zones displaying abnormally widened
hepatocyte plates, consistent with regeneration (Fig. 2K ).

Family D
The proband, a thirty-eight year-old female, was found to be

heterozygous for a novelTERC nucleotide 109–123 deletion not
observed in 188 controls. She had a six-year history of transfusion-
independent pancytopenia first detected during pregnancy. At
that time, her hemoglobin was 6 g/dL, and her anemia was
unresponsive to erythropoietin treatment. Her bone marrow
biopsy was 5% cellular with trilineage hypoplasia and a transient
clonal chromosome 1 abnormality [der(1) t(1;1)(p36.2;q;12)]. Her
wild-type mother (Subject D-II-2) had history of resolved anemia
in the past but is otherwise healthy. Her father (Subject D-II-1), a
probable carrier as her mother tested negative, had a 15-year
history of hepatitis and liver cirrhosis and died at the age of forty-
five years of massive gastrointestinal bleeding. At necropsy, the
liver was cirrhotic and microscopically showed moderate fatty
change and hyaline Mallory bodies; spider angiomata, jaundice,
ascites, and esophageal varices also were present. He had a history
of moderate alcohol consumption. Unfortunately, no pathologic
specimen was available for further analysis or genetic testing. The
index patient’s paternal grandfather, (Subject D-I-1) also died of
cirrhosis at a young age (pathologic specimens were not available).

Family E
The proband (Subject E-III-3), a fifteen-year-old male,

presented in 1992 with a history of hemorrhage. Laboratory tests
revealed pancytopenia and elevated alkaline phosphatase; liver
function tests were within normal limits. Bone marrow biopsy
showed 25% cellularity with normal cytogenetics. He was treated
with androgens without much benefit for his blood counts. As his
hematological status deteriorated, he underwent an unrelated
hematopoietic stem cell transplant but died of a transplant-related
complication. His father (Subject E-II-1) was forty-four years old

when first seen, and at the time, he had a 10-year history of
thrombocytopenia and leukopenia along with a mildly hypocel-
lular bone marrow. This unusual association between aplastic
anemia and liver cirrhotic disease observed in this pedigree and in
an additional family led us to describe a ‘‘new familial syndrome’’
in 1997, which appeared to have an autosomal dominant inheri-
tance, but genetic analysis was not available at that time (family E
in the present series corresponds to family A in our previous
report) [16]. Six years post-presentation, the father developed a
nonproductive cough and dyspnea on exertion. Spirometry
revealed a reduced diffusion capacity and computed tomography
of the chest was consistent with pulmonary fibrosis. During
evaluation, some liver enzymes were elevated, and liver biopsy
findings were consistent with hepatoportal sclerosis complicated by
nodular regenerative hyperplasia. He had no history of ethanol
consumption or smoking. Microscopic examination revealed
portal areas with chronic inflammatory infiltrate but with no
interface hepatitis (Fig. 2L ). The portal veins were either missing
or slit-like in most of the portal areas. Hepatic architecture was
subtly distorted by nodularity with zones of small compressed
hepatocytes alternating with zones of large hepatocytes with
widened plates (Fig. 2M ). CD34 staining was abnormally positive
in sinusoidal endothelial cells, mainly around the portal areas and
central veins (Fig. 2N ). There was sinusoidal dilatation and
congestion near central veins. Iron was accumulated within
hepatocytes in zones one and two. Ultimately, the respiratory
symptoms evolved, and the patient died of respiratory insufficien-
cy. Serological tests for hepatitis B and hepatitis C viruses were
negative. Sixteen years post-presentation, the DNA extracted from
his paraffin-embedded liver specimen revealed a novel heterozy-
gousTERT S368F mutation not present in 528 healthy controls.
The proband’s paternal grandfather (Subject E-I-1) died at age
sixty-four, and autopsy revealed pulmonary fibrosis, nodular
hyperplasia of the liver, and splenomegaly. A paternal aunt
(Subject E-II-3) died at age thirty-seven with extensive pulmonary
fibrosis and liver cirrhosis. She presented macrocytosis in
peripheral blood but normocellular bone marrow. A paternal
uncle (Subject E-II-4) died at age twenty-three with massive
gastrointestinal bleeding and thrombocytopenia. Autopsy revealed
splenomegaly with expanded red pulp, consistent with portal
hypertension, and the liver appearance was consistent with portal
fibrosis but not cirrhosis. The other paternal uncle (Subject E-II-5)
died at age thirty-five years, and autopsy revealed aplastic anemia,
splenomegaly, macronodular cirrhosis, and portal fibrosis. No
samples were available for the genetic testing of the other affected
individuals, including the proband. The proband’s two siblings
(Subjects E-III-1 and E-III-2), mother (Subject E-II-2), and cousin
(Subject E-III-4) appear to be healthy, and each tested negative for
the mutation.

Further details of the clinical cases described here are available
to other researchers on request.

Leukocyte Telomere Length and Genotype
In the three generations of Family A analyzed by flow-FISH,

mutation carriers (Subjects A-III-16, A-IV-23, A-IV-25, A-IV-26,
A-V-19, A-V-20, and A-V-23) had total peripheral blood white
cell telomere lengths below the shortest percentile of healthy age-
matched controls (Fig. 3A). In contrast, the wild-type individuals
analyzed (Subjects A-IV-28, A-V-21, and A-V-22) were found to
have telomere lengths between those of their heterozygous family
members and the 50th percentile. In the additional four families
studied, all tested mutation carriers had lymphocyte and
neutrophil telomere length below the shortest percentile
(Fig. 3A). Interestingly, four non-carriers in families A and E,
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each of whom had a heterozygous parent, also had short telomeres
for their age (Fig. 3A).

Mutation Functional Analysis
We previously showed thatTERT K570N results in a complete

loss of the ability of telomerase to add hexameric repeats to

telomeres and thatTERC nucleotide 28–34 deletion reduces
telomerase enzymatic activity - each by haploinsufficiency [15].
Here we found by co-transfection experiments thatTERC
nucleotide 109–123 deletion completely abolished telomerase
enzymatic activity,TERC nucleotide 341–360 deletion reduced
telomerase activity to approximately one-third of that observed for
wild-typeTERC, andTERT S368P reduced telomerase activity to
approximately 10% of that observed for wild-typeTERT (Fig. 3B).

Discussion

Hepatic disease is mentioned in reviews of dyskeratosis
congenita, estimated at about seven percent of patients, but not
well characterized and often blamed on hemochromatosis from
frequent blood transfusions [14]. A few case reports describe
cirrhosis and hepatic cell necrosis in affected individuals in
autosomal dominant pedigrees [8,11,17]. Liver complications are
described as more frequent and severe in occasional case reports of
bone marrow transplantation in dyskeratosis congenita [18]. In a
recent series of 150 patients with idiopathic interstitial pneumo-
nias, four patients (3%) also had cryptogenic liver cirrhosis
diagnosed in the sixth or seventh decades of life; none of these
four patients, however, carried a telomerase mutation [17].

Our families did not present in childhood or display the
characteristic physical anomalies typical of dyskeratosis congenita,
except for the premature graying of hair in families A and C that did
not track with the mutations. Similar to the spectrum of
hematological findings associated with telomerase mutations,
ranging from isolated macrocytosis to acute myeloid leukemia,
liver disease was heterogeneous in severity and pathology among
telomerase-mutation carriers. However, in our comprehensive
histopathological analysis, some findings were recurrent: most
patients had both inflammatory and fibrotic components; several
patients developed cirrhosis; individuals from three different families
(A, C, and E) had histological findings consistent with hepatic
nodular regeneration (Table 1). In others, iron accumulation was
observed, in the absence of a history of blood transfusion orHFE
gene mutation. In two instances from different families, CD34
stained positive in sinusoidal endothelial cells, consistent with portal
hypertension. Alcohol consumption was observed in affected
individuals in families B and D, suggesting a role for environmental
factors triggering organ injury; however, serologies for viral hepatitis
were negative for all individuals tested. Of interest, more than a
decade ago, we identified two families with a ‘‘new familial
syndrome’’ characterized by a combination of bone marrow failure
and chronic liver disease [16]. A recent study reports a family with
pulmonary fibrosis, hepatic nodular regenerative hyperplasia, and
aplastic anemia [19] and another describes a case of regenerative
hyperplasia and aplastic anemia [20]. Unfortunately, telomerase
complex genes were not sequenced in these two families. The wide
range in clinical phenotypes associated with telomerase mutations is
compatible with the variable genetic penetrance of these mutations
and of their effects on telomere shortening. The variety in
histopathological findings in liver specimens also suggests that other
genetic, epigenetic, and environmental factors are essential for
disease development and progression.

Our current findings parallel the recently reported association of
loss-of-function TERT and TERC mutations with familial
idiopathic pulmonary fibrosis [12,13]. As was hypothesized for
pulmonary fibrosis, shortened telomeres may result from dysfunc-
tional telomere repair, increased cell turn-over, or a combination
of factors and contribute to liver fibrosis.

In murine models, chronic chemical liver injury is associ-
ated with increased regeneration defects and liver cirrhosis in

Figure 3. Functional analysis of telomerase mutations. (A)
Telomere length in peripheral-blood total white blood cells (ordinate) from
patients and their relatives with or without telomerase gene mutations as a
function of age (abscissa) compared to healthy controls. Telomere lengths
were measured by flow fluorescencein situhybridization (flow-FISH). Small
gray circles represent the telomere lengths for 400 healthy volunteers [10],
and the curve marks the 50th percentile for healthy controls as a function of
age.(B) Telomerase activity - measured by telomeric-repeat amplification
assay - of lysates of telomerase-negative WI38-VA13 cells cotransfected with
mutated TERCand wild-type TERTexpression vectors (2mg per vector per
transfection reaction). Enzymatic activity was normalized toTERCexpression
as measured by Real Time RT-PCR and to the telomerase activity of wild-
type TERC, which was set at 100%. Quadruplicate measurements were
performed using one microgram of cell lysate protein per reaction. ‘‘Empty
vector’’ refers to protein from VA13 cells transfected with an empty
pcDNA3-Flag vector in lieu ofTERC.
doi:10.1371/journal.pone.0007926.g003
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