
RESEARCH COMMUNICATION

Disruption of telomerase
trafficking by TCAB1 mutation
causes dyskeratosis congenita
Franklin Zhong,1,2,7 Sharon A. Savage,3,7,9

Marina Shkreli,1 Neelam Giri,3 Lea Jessop,4

Timothy Myers,5,6 Renee Chen,4 Blanche P. Alter,3

and Steven E. Artandi1,2,8

1Department of Medicine, Stanford University School
of Medicine, Stanford, California 94305, USA; 2Cancer Biology
Program, Stanford University School of Medicine, Stanford,
California 94305, USA; 3Clinical Genetics Branch, Division
of Cancer Epidemiology and Genetics, National Cancer Institute,
National Institutes of Health, Rockville, Maryland 20892, USA;
4Laboratory of Translational Genomics, Division of Cancer
Epidemiology and Genetics, National Cancer Institute, National
Institutes of Health, Bethesda, Maryland 20892, USA; 5Core
Genotyping Facility, SAIC-Frederick, Inc., National Cancer
Institute at Frederick (NCI-Frederick), National Institutes
of Health, Bethesda, Maryland 20892, USA; 6Division of Cancer
Epidemiology and Genetics, National Cancer Institute, National
Institutes of Health, Bethesda, Maryland 20892, USA

Dyskeratosis congenita (DC) is a genetic disorder of de-
fective tissue maintenance and cancer predisposition
caused by short telomeres and impaired stem cell function.
Telomerase mutations are thought to precipitate DC by
reducing either the catalytic activity or the overall levels of
the telomerase complex. However, the underlying genetic
mutations and the mechanisms of telomere shortening
remain unknown for as many as 50% of DC patients, who
lack mutations in genes controlling telomere homeostasis.
Here, we show that disruption of telomerase trafficking
accounts for unknown cases of DC. We identify DC pa-
tients with missense mutations in TCAB1, a telomerase
holoenzyme protein that facilitates trafficking of telome-
rase to Cajal bodies. Compound heterozygous mutations
in TCAB1 disrupt telomerase localization to Cajal bodies,
resulting in misdirection of telomerase RNA to nucleoli,
which prevents telomerase from elongating telomeres.
Our findings establish telomerase mislocalization as a
novel cause of DC, and suggest that telomerase trafficking
defects may contribute more broadly to the pathogenesis
of telomere-related disease.
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Shortening of telomeres, the nucleoprotein structures that
protect chromosome ends, has been shown to contribute

broadly to cancer, aging, and cellular senescence (Sahin
and Depinho 2010). In patients with germline mutations in
genes controlling telomere homeostasis, telomere short-
ening causes a range of disease phenotypes, including
dyskeratosis congenita (DC), pulmonary fibrosis, aplastic
anemia, and cancer predisposition (Mitchell et al. 1999;
Vulliamy et al. 2004; Yamaguchi et al. 2005; Armanios
et al. 2007; Tsakiri et al. 2007; Calado and Young 2009). DC
represents a severe form of a ‘‘telomere biology disease’’
and is characterized by a classic triad of cutaneous
symptoms, including oral leukoplakia, abnormal skin
pigmentation, and nail dystrophy. Patients with DC are
at very high risk of bone marrow failure (BMF), cancer,
pulmonary fibrosis, and other complications (Walne and
Dokal 2009; Bessler et al. 2010). Telomerase is a multi-
subunit enzyme complex that extends telomeres to offset
the telomere shortening accompanying DNA replication
(Smogorzewska and de Lange 2004). Telomere shortening
in settings of insufficient telomerase limits tissue renewal
by impairing the function of tissue stem cells and pro-
genitor cells, suggesting that DC is a stem cell disease (Lee
et al. 1998).

DC-causing mutations have been identified in telome-
rase components, including the telomerase reverse tran-
scriptase (TERT) (Armanios et al. 2005; Vulliamy et al.
2005) and TERC (Vulliamy et al. 2004), which comprise the
catalytic core of the enzyme; dyskerin (DKC1) (Mitchell
et al. 1999), which binds and stabilizes TERC; and NHP2
and NOP10, components of a core dyskerin complex re-
quired for TERC binding and complex assembly (Kiss et al.
2006). Telomerase biogenesis requires an assembly path-
way common to a class of small noncoding RNAs sharing
a conserved H/ACA sequence, including small nucleolar
RNAs (snoRNAs) and small Cajal body-associated RNAs
(scaRNAs), involved in the modification of ribosomal
RNAs and splicing RNAs, respectively (Kiss et al. 2006;
Matera et al. 2007). Through binding of the H/ACA se-
quence, dyskerin is required for the biogenesis and func-
tion of telomerase and both snoRNPs and scaRNPs.
Mutations in the telomere-binding protein TIN2 can also
cause DC by leading to telomere shortening through un-
clear means (Savage et al. 2008; Walne et al. 2008). Hy-
pomorphic mutations in the core dyskerin complex result
in reduced total TERC RNA levels (Mitchell et al. 1999;
Vulliamy et al. 2008), and mutations in TERT or TERC
frequently diminish enzymatic activity (Vulliamy et al.
2004; Armanios et al. 2005; Yamaguchi et al. 2005). How-
ever, mutations in established loci account for only ;50%
of the diagnosed DC cases, suggesting the existence of
additional genetic loci and novel mechanisms impairing
telomere maintenance in human disease.

TCAB1 (gene names WDR79 and WRAP53; Gene ID
55135) was identified recently as a WD40 repeat-contain-
ing protein that binds the CAB-box sequence within TERC
(Tycowski et al. 2009; Venteicher et al. 2009), a motif
required for telomerase trafficking to Cajal bodies, nuclear
sites of ribonucleoprotein complex modification, and
assembly (Jady et al. 2004; Zhu et al. 2004; Tomlinson
et al. 2006, 2008; Cristofari et al. 2007). TERC accumulates
in Cajal bodies and moves to telomeres during S phase of
the cell cycle (Jady et al. 2004, 2006; Zhu et al. 2004;
Tomlinson et al. 2006). TCAB1 is a constituent of the
active telomerase holoenzyme, and inhibition of TCAB1
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prevents telomerase from localizing to Cajal bodies and
leads to progressive telomere shortening in cultured can-
cer cells (Tycowski et al. 2009; Venteicher et al. 2009).
Here we report the genetic identification of TCAB1 muta-
tions from patients with autosomal recessive DC, and
demonstrate biochemically that TCAB1 mutations re-
sult in disease through mislocalization of the telomerase
complex.

Results and Discussion

To investigate mutations in TCAB1 as a potential etiology
of DC, we sequenced all 10 exons of the TCAB1 locus from
a cohort of mutation-negative DC patients who were
participants in the National Cancer Institute’s (NCI’s)
prospective inherited BMF syndromes (IBMFS) study. We
found unique compound heterozygous missense muta-
tions in the TCAB1 locus in two out of nine unrelated
patients with classic DC (see the Materials and Methods
for patient classification) and very short telomeres. Each
mutant allele was caused by a nonsynonymous single-
nucleotide substitution. The healthy parents and siblings
of each proband harbored a single mutant TCAB1 allele,
consistent with autosomal recessive inheritance (Fig. 1A).

These mutations were not detected in 380 control sub-
jects, indicating that they are not common polymorphisms
(Supplemental Table 2). Common sequence variants that
were identified in TCAB1 but not associated with DC are
reported in Supplemental Table 2. The proband from
Family 1 patient NCI-3-1 had mutations in exon 2
(F164L) and exon 8 (R398W), while the proband of Family
2 patient NCI-202-1 had mutations in exon 7 (H376Y) and
exon 9 (G435R). Both patients presented with classic DC
symptoms, including the diagnostic cutaneous triad and
BMF. They also had telomere lengths less than the first
percentile as compared with age-matched controls (Fig.
1B). The first-degree relatives of both probands were
healthy and had telomere lengths in the normal range.
TCAB1 mutations were not seen in seven additional
patients with a DC-like disorder, defined by BMF and
leukocyte telomere lengths less than the first percentile,
without the diagnostic cutaneous triad and lacking muta-
tions in the previously known DC genes.

TCAB1 contains seven WD40 repeats, a protein struc-
ture that mediates intermolecular interactions via its
flexible loops (Stirnimann et al. 2010). Each disease-
associated mutation in TCAB1 occurs in a highly con-
served residue and was predicted to alter protein function
(Schwarz et al. 2010). F164 and H376 are conserved in all
mammals, whereas R398 and G435 are conserved in all
species examined, including plants and fungi (Fig. 1B). To
gain further insight into how the identified mutations
might impair TCAB1 function, we modeled the structure
of TCAB1 based on its sequence homology with other
WD40 proteins using the Swiss-Model algorithm. Using
multiple template structures and modeling algorithms, all
four mutations were predicted to occur in or very near the
loop regions on either plane of the b-propeller structure,
suggesting that the disease-associated mutations may pre-
serve the overall b-propeller structure while impairing es-
sential functions mediated by the involved loops (Fig. 1C).

To test the effects of the TCAB1 mutations, we stably
expressed epitope-tagged wild-type and mutant forms of
the protein by retroviral transduction in HeLa cells. Total
levels of each of the four mutant proteins were reduced
compared with the level of overexpressed wild-type
TCAB1 by Western blot on whole-cell lysates (Fig. 2A,
left panel). Cell fractionation experiments showed that
approximately two-thirds of endogenous TCAB1 protein
is expressed in the nucleus, with the remainder found in
the cytoplasm (Fig. 2A). Wild-type HA-TCAB1 parti-
tioned equally between the nucleus and the cytoplasm
by Western blot. In contrast, each of the four patient-
derived TCAB1 mutants showed a markedly reduced
accumulation in the nuclear fraction, but was detectable
in the cytoplasmic fraction by Western blot (Fig. 2A). By
immunofluorescence, endogenous TCAB1 and HA-TCAB1
each colocalized in discrete foci with the Cajal body marker
p80-coilin, and were also seen in the nucleus, but only very
weakly in the cytoplasm (Fig. 2B, left). In contrast, each of
the four TCAB1 mutant proteins was detected in a pattern
that showed expression in the cytoplasm, sparing the
nucleus, and was significantly reduced within the Cajal
body (Fig. 2B, right). F164L and H376Y mutant proteins
were very weakly detected within the Cajal body by p80-
coilin colocalization, whereas H376Y and G435R pro-
teins showed no accumulation within the Cajal body.
Thus, each of the patient-derived mutant TCAB1 alleles
encodes a protein that is defective in its ability to

Figure 1. Identification of TCAB1 missense mutations in patients
with autosomal recessive DC. (A) Pedigrees of two families with
autosomal recessive DC and TCAB1 mutations. (Arrows) Probands;
(half-filled symbols) heterozygous carriers; (filled symbols) com-
pound heterozygotes. (Left) Family 1 harbored H376Y and G435R
mutations. Family 2 harbored F164L and R398W mutations. (B) Flow
cytometry with fluorescence in situ hybridization analysis of telo-
mere lengths in peripheral blood lymphocytes collected from both
probands (solid symbols) and first-degree relatives (open symbols).
(Right) (Squares) Family 1; (circles) Family 2. (C) Location and
conservation of amino acid residues altered in TCAB1 mutant
patients. (Black bars) TCAB1 exons. (Top) Positions of nucleotide
substitutions are indicated. Amino acid sequences in the vicinity of
missense mutations were aligned using ClustalW. (Middle) Highly
conserved residues identified as the consensus sequence are shown
in bold and shaded. (Bottom) Location of mutated amino acids in a
scheme of TCAB1 protein structure. (D) Amino acids mutated in
patients are found in or near loop regions connecting b strands in a
model of the TCAB1 structure. Molecular modeling performed using
Swiss-Model (http://swissmodel.expasy.org) based on the structure
of b-transducin (Protein Data Bank code 1A0R).
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accumulate in the nucleus and within Cajal bodies,
consistent with the mutations acting through a loss-of-
function mechanism.

To analyze expression of endogenous mutant TCAB1
proteins, we studied a panel of Epstein-Barr virus-
transformed lymphoblasts derived from each of the two
probands with compound heterozygous TCAB1 mutations,
from each of their parents, and from unrelated individuals
with wild-type TCAB1. Overall levels of TCAB1 protein
were significantly reduced in lymphoblasts from both
TCAB1 mutant DC patients, F164L/R398W and H376Y/
G435R, by Western blot of whole-cell lysates (Fig. 3A, left
panel). This decrease in TCAB1 accumulation was likely to
be post-transcriptional, as the TCAB1 mRNA level was not
decreased in DC lymphoblasts (Supplemental Fig. S1A).
TCAB1 protein levels were reduced in cytoplasmic extracts

and dramatically diminished in nuclear fractions isolated
from the lymphoblasts of both patients (Fig. 3A, middle and
right panels). Immunofluorescence was used to further as-
sess TCAB1 localization in patient-derived lymphoblasts.
Cajal bodies were abundant in lymphoblasts, with an
average of five p80-coilin-positive foci per cell. In control
lymphoblasts, TCAB1 protein was detected in a pattern
coincident with p80-coilin (Fig. 3B; Supplemental Fig. S1B).
Although Cajal bodies were similarly abundant in F164L/
R398W and H376Y/G435R patients compared with con-
trols, the overall TCAB1 signal was greatly diminished in
Cajal bodies by immunofluorescence in both TCAB1
mutant patients (76 out of 78 in control vs. seven out of
62 and 58 out of 108 in H376Y/G435R and F164L/R398W
patients, respectively; P < 0.001) (Fig. 3B,D; Supplemental
Fig. S1B,C). In lymphoblasts from family members hetero-
zygous for each disease-causing mutation, both the level
of TCAB1 and its localization in Cajal bodies were in-
distinguishable from wild-type controls (Supplemental
Fig. S1B,C). To further assess the endogenous protein, we
analyzed TCAB1 localization within a squamous cell car-
cinoma of the tongue that occurred spontaneously in
patient F164L/R398W (Supplemental Fig. S2). In a tongue
squamous cell cancer from an unrelated patient without

Figure 2. DC-associated mutations in TCAB1 impair steady-state
protein levels and localization to the Cajal body. (A) Steady-state
protein levels of HA-tagged wild-type TCAB1 and HA-tagged patient-
derived TCAB1 mutants stably expressed in HeLa cells. Equal
amounts of whole-cell lysate (wcl), cytosolic, and nuclear fractions
were probed for TCAB1 by immunoblot using anti-HA antibody or
anti-TCAB1 antibody. Antibodies to b-tubulin and BRG1 were used
to assess loading and the efficiency of cytosolic–nuclear fractionation.
Note that HA-tagged TCAB1 migrates more slowly than endogenous
TCAB1. (B) Immunofluorescence for TCAB1 and the Cajal body
marker p80-coilin in untransduced HeLa cells and HeLa cells stably
overexpressing HA-tagged wild-type TCAB1 or TCAB1 mutants.

Figure 3. Defective localization of endogenous TCAB1 in patient-
derived lymphoblasts and epithelial cancer. (A) Endogenous TCAB1
protein levels in EBV-transformed lymphoblasts from DC patients,
their parents, and controls. Equal amounts of whole-cell lysate,
cytosolic, and nuclear fractions were probed for TCAB1 by immu-
noblot using anti-TCAB1 antibody. Antibodies to b-tubulin and
BRG1 were used to assess loading and cytosolic–nuclear fraction-
ation. (B) Localization of TCAB1 in patient-derived lymphoblasts
and control lymphoblasts by immunofluorescence, together with
staining for p80-coilin. (C) Costaining for TCAB1 and p80-coilin in
squamous cell carcinoma of the tongue from patient F164L/R398W
and from an unrelated control. (D) Quantification of colocalization
of TCAB1 and p80-coilin in B and C. TCAB1-containing Cajal bodies
were visualized using the ‘‘Colocalization’’ plug-in in ImageJ and
counted. P-values were calculated using Fisher’s exact test.
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DC, Cajal bodies were readily detected in many cancer cells
within the tumor, and TCAB1 was seen as bright foci
coincident with p80-coilin by double immunofluorescence
in most cells (122 out of 152). In contrast, TCAB1 foci were
not seen in most cells with Cajal bodies (32 out of 167; P <
0.001 by Fisher’s exact test), and were detected only as weak
foci in a small subset of Cajal bodies in the tumor from
patient F164L/R398W (Fig. 3C,D). Together, these data
show that each DC-associated TCAB1 mutation leads to a
marked reduction in endogenous TCAB1 protein levels and
prevents mutant TCAB1 from localizing to Cajal bodies.

In binding scaRNAs and TERC, a pool of dyskerin
localizes to Cajal bodies, whereas a larger amount of
dyskerin accumulates in nucleoli, where it is bound to
snoRNAs, which lack CAB-box sequences. TCAB1 me-
diates localization of CAB-box-containing RNAs to Cajal
bodies (Tycowski et al. 2009; Venteicher et al. 2009), but
the determinants of dyskerin trafficking to Cajal bodies is
unclear. To determine whether TCAB1 is required for
dyskerin to accumulate in Cajal bodies, we first achieved
>90% knockdown of the endogenous TCAB1 protein in
HeLa cells using pooled siRNAs (Supplemental Fig. S3A).
While dyskerin was readily detected in Cajal bodies in
most untransfected (66 out of 84) and control siRNA-
treated (95 out of 109) cells, depleting endogenous TCAB1
by siRNA caused a dramatic loss of dyskerin staining in
Cajal bodies (66 out of 143; P < 0.001 by Fisher’s exact
test) (Fig. 4A,G). Importantly, dyskerin localization in
nucleoli, where it associates with snoRNAs and modifies
ribosomal RNA, was unperturbed in cells treated with
TCAB1 siRNA. To specifically assay the localization of
TERC, we employed RNA fluorescent in situ hybridiza-
tion (FISH) using established probes complementary to
TERC. TERC colocalized with p80-coilin in Cajal bodies
in HeLa cells as shown previously (Jady et al. 2004; Zhu
et al. 2004; Tomlinson et al. 2008). Depletion of TCAB1
resulted in a loss of TERC in Cajal bodies (27 out of 66 in
TCAB1 siRNA-treated cells vs. 80 out of 98 in untrans-
fected cells and 64 out of 81 in cells treated with control
siRNA; P < 0.001), and concomitantly caused TERC to
appear in nucleoli (Fig. 4B,E; Supplemental Fig. S4). These
results are consistent with previous studies showing that
mutation of the TERC CAB box caused its mislocaliza-
tion to nucleoli (Cristofari et al. 2007; Theimer et al.
2007). Thus, TCAB1 depletion leads to a loss of the essen-
tial telomerase components dyskerin and TERC from
Cajal bodies, with TERC accumulating in nucleoli.

To understand how disease-causing mutations in
TCAB1 directly affect telomerase localization in patient
cells, we analyzed dyskerin and TERC in patient-derived
DC lymphoblasts, lymphoblasts from heterozygous car-
riers, and lymphoblasts from healthy unrelated control
individuals. Dyskerin was detected in nucleoli and Cajal
bodies by immunofluorescence in control lymphoblasts
and lymphoblasts from the patients’ parents with hetero-
zygous TCAB1 mutations. However, in lymphoblasts from
patients with biallelic TCAB1 mutations, dyskerin was
significantly diminished in its colocalization with p80-
coilin (72 out of 76 in control vs. 38 out of 80 in patient
H376Y/G435R and 55 out of 143 in patient F164L/R398W;
P < 0.001), while its accumulation in nucleoli and overall
levels were unperturbed (Fig. 4C,G; Supplemental Fig.
S3B–D). The dependence on TCAB1 for trafficking of
dyskerin to Cajal bodies indicates that dyskerin accumu-
lates in Cajal bodies through its physical interaction with

TCAB1 and/or through tethering to the H/ACA box of
scaRNAs such as TERC. RNA-FISH coupled with immu-
nofluorescence for p80-coilin revealed that TERC was
detected in discrete foci, including in Cajal bodies in
control lymphoblasts. In contrast, in lymphoblasts from
DC patients with TCAB1 mutations, TERC was fre-
quently lost from Cajal bodies (38 out of 213 cells in
control, 15 out of 143 cells in patient H376Y/G435R, and
13 of 166 cells for patient F164L/R398W), and instead was
strongly localized in nucleoli (Fig. 4D–G; Supplemental
Figs. S5,6). The specificity of the nucleolar staining was
confirmed by RNase A sensitivity (Supplemental Fig. S4).
The change in TERC localization is not a secondary effect
from a global decrease in small RNA levels, as Northern
blot analyses showed that the levels of TERC, scaRNAs,
and snoRNAs did not differ upon TCAB1 knockdown or
between DC lymphoblasts and controls (Fig. 4H; Supple-
mental Fig. S6). Together, these findings show that
patient-derived mutations in TCAB1 dramatically impair
telomerase trafficking, leading to a loss of telomerase
complex components, including TCAB1, dyskerin, and
TERC from Cajal bodies. The severe telomere shortening
seen in the probands of these families, together with the
overall preserved levels of TERC, indicate that, once
mislocalized to the nucleolus and depleted of functional
TCAB1, the telomerase RNP is severely impaired in its
ability to maintain telomeres.

Our data reveal that an autosomal recessive form of
classic DC is caused by impaired trafficking of the telo-
merase enzyme. The specific disruption of trafficking by
disease-causing missense mutations in TCAB1 provides
strong support for the idea that the Cajal body is an
important site of telomerase function or regulation in
humans in vivo, and that TCAB1 is a critical ‘‘anchor’’
that recruits the telomerase complex to Cajal bodies. Why
does TERC mislocalize and stably accumulate in nucleoli
in a setting of impaired TCAB1 function? TERC and other
scaRNAs contain CAB boxes and are bound by TCAB1,
which are each required for localization in Cajal bodies. In
contrast, H/ACA snoRNAs, which lack CAB boxes and are
not bound by TCAB1, localize in the nucleolus. Our data
show that TCAB1 serves to direct the telomerase RNP to
Cajal bodies while preventing its stable association with
the nucleolus, which represents a default pathway for
H/ACA snoRNP trafficking. The loss of dyskerin from
Cajal bodies in cells with impaired TCAB1 function is
consistent with this model, and implies that dyskerin only
localizes to Cajal bodies through its tethering to TCAB1 or
CAB-box-containing RNAs. In summary, our results in-
dicate that mutations disrupting telomerase trafficking
markedly impair telomerase function, not by reducing the
level of the RNP, but by forcing mislocalization in a man-
ner that prevents telomerase from maintaining telomeres.
The identification of this previously unrecognized etiology
for DC suggests that interference with telomerase traffick-
ing may underlie other cases of unknown DC. Further-
more, defective trafficking may also contribute to disease
for many patients with mutations in known telomerase
components, where specific mechanisms have not yet
been fully elucidated. Given the broad spectrum of con-
ditions linked to telomere dysfunction (Calado and Young
2009), it is likely that mutations disrupting the ‘‘telome-
rase anchor’’ function of TCAB1 and/or other factors
regulating telomerase trafficking may contribute more
generally to human disease.
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Figure 4. siRNA-mediated depletion of TCAB1 and DC-associated TCAB1 mutations in DC lymphoblasts cause telomerase mislocalization.
(A) Costaining for dyskerin and p80-coilin in HeLa cells treated with TCAB1 siRNA or control siRNA by immunofluorescence. (B) Immu-
nofluorescence for TCAB1 protein and RNA-FISH for TERC in untransfected HeLa cells and HeLa cells transfected with either control siRNA or
TCAB1 siRNA. (C) Double immunofluorescence for dyskerin and p80-coilin in TCAB1 mutant lymphoblasts and control lymphoblasts. (D)
Combined immunofluorescence for p80-coilin and RNA-FISH for TERC in TCAB1 mutant lymphoblasts and control lymphoblasts. TERC signal
is lost from Cajal bodies. (E) Nucleolar accumulation of TERC in siTCAB1-treated HeLa cells visualized by RNA-FISH and differential
interference contrast (DIC) microscopy. Nucleoli are oval structures in DIC images with diminished DAPI signal. (F) Nucleolar accumulation of
TERC in DC lymphoblasts with TCAB1 mutations. (G) Quantification for dyskerin and TERC localization in HeLa cells treated with TCAB1
siRNA and in TCAB1 mutant lymphoblasts. Cajal body-specific dyskerin and TERC signal was determined by costaining with p80-coilin.
Localization of TERC in the nucleolus was visualized using combined FISH and DIC images. P-values were calculated using Fisher’s exact test.
(H) Northern blot showing HeLa cells treated with TCAB1 siRNA and DC lymphoblasts with TCAB1 mutations do not have reduced levels of
TERC compared with controls.
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Materials and methods

Patients

Patients and their families were evaluated in the NCI’s institutional review

board (IRB)-approved study entitled ‘‘Etiologic investigation of cancer

susceptibility in inherited bone marrow failure syndromes (IBMFS)’’ (http://

marrowfailure.cancer.gov) (Alter et al. 2010). Detailed medical record re-

views, physical examinations, comprehensive laboratory evaluations,

measurements of telomere length, genetic counseling, and mutation

analyses were conducted. In the current analysis, nine patients had classic

DC, defined by the presence of the diagnostic triad or one of the triad in

combination with BMF and two other complications. All patients with

classic DC had telomeres less than the first percentile for age in all white

blood cell (WBC) subsets studied. An additional seven patients were clas-

sified as DC-like based on the presence of telomeres less than the first

percentile and BMF. None of these patients had mutations in any of the six

known DC genes (DKC1, TERC, TERT, TINF2, NOP10, and NHP2).

TCAB1 sequencing

DNA was extracted from either peripheral blood mononuclear cells or

buccal cells by standard procedures. Bidirectional sequence analysis of all 10

exons of TCAB1 (gene names WRAP53 or WDR79, chromosome 17p13.1)

was conducted on DNA isolated from either peripheral blood mononuclear

or buccal cells. Primer sequences, PCR, and sequencing methods are

detailed in the Supplemental Material and Supplemental Table 1. PCR

and sequence analysis were independently repeated three times and

reviewed by individuals blinded to patient status.

GeneWindow (http://genewindow.cancer.gov) was used to identify the

location of variants. dbSNP (http://www.ncbi.nlm.nih.gov/SNP/index.html)

was used to determine previously reported minor allele frequencies

(MAFs). Variants that were present in patients but either not reported in

or of unknown frequency in dbSNP are shown in Supplemental Table 2.

Nonsynonymous amino acid changes identified in probands were eval-

uated in their family members, and sets of controls subjects derived

from the SNP500Cancer panel (n = 102) and HapMap panels (n = 288).

Single-nucleotide polymorphisms (SNPs) that were identified in the

controls are shown in Supplemental Table 3.
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