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Geneticmutations that affect telomerase function or telomere
maintenance result in a variety of diseases collectively called
telomeropathies. Thiswide spectrumof disorders, which include
dyskeratosis congenita, pulmonary fibrosis, and aplastic anemia,
is characterized by severely short telomeres, often resulting in
hematopoietic stem cell failure in the most severe cases. Recent
work has focused on understanding the molecular basis of these
diseases. Mutations in the catalytic TERT and TR subunits of
telomerase compromise activity, while others, such as those
found in the telomeric protein TPP1, reduce the recruitment of
telomerase to the telomere. Mutant telomerase-associated pro-
teins TCAB1 and dyskerin and the telomerase RNA maturation
component poly(A)-specific ribonuclease affect the maturation
and stability of telomerase. In contrast, disease-associated mu-
tations in either CTC1 or RTEL1 are more broadly associated
with telomere replication defects. Yet even with the recent surge
in studies decoding themechanisms underlying these diseases, a
significant proportion of dyskeratosis congenita mutations
remain uncharacterized or poorly understood. Here we review
the current understanding of the molecular basis of telomero-
pathies and highlight experimental data that illustrate how ge-
netic mutations drive telomere shortening and dysfunction in
these patients. This review connects insights from both clinical
and molecular studies to create a comprehensive view of the
underlying mechanisms that drive these diseases. Through this,
we emphasize recent advances in therapeutics and pinpoint
disease-associated variants that remain poorly defined in their
mechanism of action. Finally, we suggest future avenues of
research that will deepen our understanding of telomere biology
and telomere-related disease.

Telomeres are specialized nucleoprotein complexes that cap
the ends of linear chromosomes. They consist of a repetitive
DNA component (GGTTAG in humans) and a six-protein
complex component, called shelterin, that binds to the telo-
meric DNA. Human telomeric DNA ranges from 10 to 15 kb
of double-stranded (ds) telomeric repeats that terminate in a
single-stranded (ss) 3’ G-rich overhang (1). Telomere short-
ening serves as a clock for the replicative lifespan of cells. For
each cell division, telomeric DNA shortens by 50 to 200 bp
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owing in part to incomplete replication of the lagging strand
by replicative DNA polymerases. As a result, continued cell
division causes telomeres to reach a critically short length that
triggers cellular senescence, limiting a cell’s capacity to pro-
liferate. Cells requiring high proliferative potential, such as
stem cells, solve this problem with the enzyme telomerase.

Telomerase is a specialized ribonucleoprotein (RNP)
enzyme that adds telomeric DNA repeats to counteract the
loss of telomeres that occurs during every replication cycle.
Telomerase is made up of an RNA subunit TR (telomerase
RNA) and a protein subunit TERT (telomerase reverse tran-
scriptase), which together form the catalytic core of the ho-
loenzyme (2–5). TR provides the template for new telomere
repeat synthesis, while TERT acts as a specialized reverse
transcriptase that extends chromosome ends in a TR-tem-
plate–dependent manner with new telomeric repeats.

Telomerase is activated in continually dividing cells to solve
the end replication problem; however, unchecked telomerase
activity in somatic cells canbe tumorigenic. Indeed, telomerase is
upregulated in over 90% of all cancers (6). As a result, telomerase
expression is repressed in somatic cells upon differentiation,
preventing unwanted telomere elongation that can lead to
replicative immortality. Exogenous expression of telomerase in
somatic cells rescues telomere lengthening, bypassing senes-
cence and allowing for continuous cell division (7). However,
telomerase expression does not transformcells, suggesting that it
is cancer-promoting rather than fully oncogenic (8). In contrast,
loss of telomerase in the continually dividing cells of the germline
leads to progressive telomere shortening over many generations
that eventually culminates in senescence (9, 10).

Human germline mutations in genes that are involved in
telomerase function or telomere maintenance result in a range
of clinical conditions that are collectively termed telomero-
pathies. These telomere biology disorders (TBDs) often stem
from severely short or dysfunctional telomeres. The most se-
vere TBDs eventually lead to hematopoietic stem cell failure,
the major cause of morbidity and mortality in these patients
(11, 12). The clinical manifestations of TBDs are thought to
arise from severely short telomeres that limit replicative ca-
pacity, leading to the loss of critical stem cell pools. TBD-
causative mutations have been mapped to several genes that
span numerous macromolecular complexes and pathways
involved in telomere maintenance (Fig. 1). Specifically, muta-
tions in 14 different genes have been identified to date in pa-
tients with TBDs (Table 1). Of these 14 genes, TERT and TR,
as well as poly(A)-specific ribonuclease (PARN), Dyskerin,
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Figure 1. Model for telomerase biogenesis and telomere maintenance. TBD-associated proteins and RNA (TR) are labeled in red. TCAB1 (multicolored) is
shown in the cytosol bound to TRiC (gray) before localizing to Cajal bodies. TR (black) is processed by PAPD5 and PARN (navy blue) before localizing in Cajal
bodies. The telomerase holoenzyme (TERT [purple], TR, dyskerin [green], NHP2 [pink], NOP10 [light orange], GAR1 [gray], and TCAB1) is assembled in Cajal
bodies before being recruited to telomeres by the shelterin protein TPP1 (orange). For simplicity, the telomerase holoenzyme is shown with only one copy
of NOP10, NHP2, or GAR1. TIN2 (yellow) is bound to shelterin proteins TPP1, TRF1, and TRF2. The CST complex (CTC1, STN1, TEN1; mauve) is depicted at
newly synthesized ss telomeric DNA and RTEL1 (forest green) is shown unwinding DNA at a replication fork.
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NHP2, NOP10, NAF1, and TCAB1, are important for pro-
cessing and assembly of the telomerase RNP (Fig. 1).

Another hotspot for TBD mutations is the shelterin com-
plex (Fig. 1). Shelterin specifically binds to telomeric DNA to
protect chromosome ends from eliciting a DNA damage
Table 1
TBD-associated genes

Gene
Encoded
protein Disease association Inheritance

TERT TERT HH, DC, PF, AA Autosomal dominant or
autosomal recessive

TR or TERC – HH, DC, PF, AA Autosomal dominant
DKC1 Dyskerin HH, DC, PF X-linked
NOP10 NOP10 DC Autosomal recessive
NHP2 NHP2 DC Autosomal recessive
NAF1 NAF1 PF Autosomal dominant
PARN PARN HH, DC, PF Autosomal dominant or

autosomal recessive
ZCCHC8 ZCCHC8 PF Autosomal dominant
WRAP53 TCAB1 HH, DC Autosomal recessive
ACD TPP1 HH, AA Autosomal dominant or

autosomal recessive
TINF2 TIN2 HH, DC, PF, RS Majority de novo,

autosomal dominant
RTEL1 RTEL1 HH, DC, PF, AA Autosomal dominant or

autosomal recessive
CTC1 CTC1 DC, CP Autosomal recessive
STN1 STN1 CP Autosomal recessive
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response. Within shelterin, TRF1 and TRF2 (telomere repeat
binding factor 1 and 2) bind the telomeric dsDNA while POT1
(protection of telomeres 1) binds to the terminal ss overhang.
Rap1 associates with TRF2. TPP1 interacts with POT1 to in-
crease POT1’s affinity for ssDNA, and TIN2 interacts with
TPP1, TRF1, and TRF2 (1). While TIN2 (human gene name:
TINF2) is frequently mutated in patients suffering from the
most severe TBDs, multiple such mutations have also been
described in TPP1 (human gene name: ACD). In addition to
mutations that affect telomerase or the shelterin complex,
mutations that prevent proper telomere replication are also
implicated in TBDs. CTC1 and RTEL1 are two such genes that
are associated with TBDs that facilitate proper telomere
replication (Fig. 1). In this review, we discuss each of these
known genes that are associated with TBDs and review the
underlying molecular mechanisms that drive telomere-related
disease.

Telomere biology disorders

The first telomere biology disorder was described in 1998
with the identification of patients suffering from a rare bone
marrow failure (BMF) syndrome. These patients had germline
mutations in the gene DKC1, which encodes the protein
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dyskerin. They suffered from dyskeratosis congenita (DC), a
prominent TBD that is characterized by a diagnostic triad of
abnormal skin pigmentation, dysplastic nails, and oral leuko-
plakia as well as an increased risk for BMF (13–15). These
clinical features are thought to develop owing to a loss in
replicative capacity resulting from severely short telomeres,
often in the less than first percentile for their age. Thus, it is
not surprising that tissues with high cellular turnover, such as
dermal and ectodermal stem cells, reflect the classical symp-
toms of DC (16).

DC symptoms often appear in early childhood, with BMF
developing by age 30 in the vast majority of DC patients.
However, disease severity often correlates with telomere length
(11). Germline mutations that impair telomere length main-
tenance result in the progressive shortening of telomeres in
successive generations. This phenomenon, known as genetic
anticipation, has been observed in mouse models lacking
telomerase (9, 10). In some families affected by TBDs, disease
severity increases with successive generations, suggesting that
progressive telomere shortening results in a progressively
earlier age of disease onset. This disease anticipation has been
reported in families with TERT, TR, and TIN2 pathogenic
mutations (15). However, there can be considerable variation
even between patients in the same family, in both the severity
of the symptoms and the age of onset.

Two severe forms of DC, Hoyeraal–Hreidarsson (HH) and
Revesz syndromes, also appear in early childhood or infancy.
In addition to the classical symptoms of DC, HH patients often
suffer from additional neurological conditions, such as cere-
bellar hypoplasia and severe immunodeficiency (17). The
defining feature of Revesz syndrome is the presence of bilateral
exudative retinopathy, although intracerebral calcifications
have also been noted frequently (16). Like Revesz syndrome,
the TBD Coats plus (CP) syndrome is also characterized by
bilateral exudative retinopathy and other DC-related symp-
toms. However, CP patients are also at a higher risk for life-
threatening gastrointestinal bleeding due to vascular ectasias
(15). Unlike DC patients, the vast majority of CP patients have
mutations in CTC1. CP mutations have also been described in
the CTC1-binding partner STN1 and the shelterin protein
POT1 (18, 19).

Aplastic anemia (AA) is a common complication in DC
patients. However, it was later characterized as an independent
TBD when a subset of patients suffering from AA were iden-
tified with mutations in some of the same genes that underlie
DC. These genes were also found mutated in patients suffering
from idiopathic pulmonary fibrosis (IPF) and myelogenous
leukemia, further expanding the definition of TBDs (20).
Interestingly, the turnover rate for adult lung tissue is relatively
low, yet murine studies suggest that telomere dysfunction can
still drive alveolar epithelial stem cell failure (21, 22). While
stem cell failure is a common characteristic of TBDs, it is an
area of active research as to why certain stem cell pools are
more acutely or severely affected by telomere dysfunction. In
this regard, it has been suggested that tissues that undergo
persistent damage over time, such as the lung and liver, may be
more susceptible. The lack of a mouse model that effectively
recapitulates these human TBDs has prevented a more com-
plete understanding of the organismal impact of many of these
mutations. However, despite this, some progress has been
made at developing therapeutic strategies for the treatment of
TBDs. For a more thorough discussion of the existing models
and therapeutics, we point the reader to this review (23).

While many of these TBDs are associated with genes that
are directly involved in telomere or telomerase function, not all
diseases linked to telomere disfunction are so clearly con-
nected to telomere-related genes. Immunodeficiency, centro-
meric instability, and facial anomalies (ICF) syndrome is one
such example of a rare autosomal recessive disease caused by
mutations in the DNA methyltransferase DNMT3B. ICF syn-
drome patients have reduced DNA methylation at various
regions in the genome that has been linked to an increase in
telomeric repeat-containing RNA (TERRA). This increase
in TERRA may contribute to the telomere shortening seen in
some ICF syndrome patients (24, 25).
Telomerase maturation and assembly

The mature human telomerase holoenzyme contains a va-
riety of subunits that can be distributed into two classes: stably
associated factors and transiently associated factors. Within
the catalytic core of telomerase, TR acts as a scaffold for many
of these stably associated holoenzyme factors. TR contains an
H/ACA domain that is bound by dyskerin, a member of the
H/ACA ribonucleoprotein complex. Along with H/ACA RNP
proteins NOP10, NHP2, and GAR1, dyskerin acts as a member
of the telomerase holoenzyme to stabilize TR. In addition to
the H/ACA domain, TR also contains a CAB motif, which is
bound by the protein TCAB1. Together, TERT, TR, the
H/ACA RNP complex proteins (dyskerin, NHP2, NOP10, and
GAR1), and TCAB1 make up the telomerase holoenzyme
(Fig. 1) (26, 27).

Many of these components are mutated in telomere biology
disorders, with the majority of these mutations resulting in
reduced telomerase biogenesis or function. Pathogenic muta-
tions in the transiently associated factor NAF1, which is a
component of the pre-H/ACA RNP, are also found in patients
with pulmonary fibrosis (PF) (28). Within TERT, the TERT
RNA-binding domain (TRBD), reverse transcriptase (RT)
domain, and C-terminal extension (CTE) make up a ring-like
structure, forming the catalytic reverse transcriptase (RT)
core (Fig. 2) (29). The telomerase essential N-terminal domain
(TEN) binds the shelterin protein TPP1, facilitating telomerase
recruitment to the telomere (30–36). Not surprisingly, muta-
tions in TERT that are associated with telomere biology dis-
orders are varied and extensive, with all four of its critical
domains affected. By comparison, TR is mutated less
frequently than TERT, yet these mutations are still found
throughout TR’s 451 nucleotides. Many TR mutations cluster
within the pseudoknot/template domain, which contains the
template sequence for reverse transcription and is critical for
catalytic activity (Fig. 3) (37–41). The CR4/5 domain, which is
the primary TERT binding region in TR, is another frequently
mutated region in disease (42). TR levels depend not only on
J. Biol. Chem. (2021) 296 100064 3



Figure 2. Domain organization of TERT, TPP1, TIN2, TCAB1, PARN, and RTEL1. Selected DC and HH mutations are shown in red, AA mutations are
shown in orange, and PF mutations are shown in yellow. Amino acid numbering above the schematics indicates domain boundaries. Shading connecting
domains of one protein to another represents protein–protein interactions mediated through the specified domains. The following proteins are described:
TERT (Telomerase essential N-terminal domain [TEN], insertion in fingers domain [IFD; purple]). TPP1 (TIN2-binding motif of TPP1 [TBM], N-terminus of the
OB [NOB; lavender], TEL patch residues are shown in cyan). TIN2 (TRF1 binding motif [FxLxP; navy blue], DC hotspot represents a cluster of DC mutations in
TIN2). Dyskerin (pseudouridine synthase catalytic domain [TruB], RNA-binding domain [PUA]). TCAB1 (each of six WD repeats is indicated in the WD40-
repeat domain). PARN (R3H domain [blue] splits the CAF1 nuclease domain [aqua]). RTEL1 (DEAH box [blue], PCNA binding box [PIP box-green], metal-
coordinating C4C4 motif thought to bind TRF2 [C4C4 motif]).
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proper H/ACA RNP formation but also on the accurate
processing of the TR transcript, as mutations in the poly(A)-
specific ribonuclease PARN interrupt proper 3’ end process-
ing of nascent TR, leading to a decrease in mature TR
transcripts. In the next section, we discuss each of these
mechanisms in detail, highlighting how pathogenic mutations
in these components interfere with telomerase maturation and
assembly.
TERT

In 2005, numerous patients with DC or AA were found to
harbor mutations in the TERT gene (43–45). Of these origi-
nally identified patients, a three-generation pedigree with
autosomal dominant DC was found to have a K902N mutation
in the RT region of TERT. The K902N mutation was defective
in telomerase activity but did not exhibit a dominant-negative
effect, suggesting that the mechanism of action was hap-
loinsufficiency (44). Since this early report, numerous addi-
tional mutations in TERT have been reported in patients with
short telomeres (Fig. 2) (46–51). While many of these TERT
mutational phenotypes are consistent with haploinsufficiency
arising from reduced TERT stability, DC-associated mutants
R972H and R979W within the TERT CTE domain exhibit a
4 J. Biol. Chem. (2021) 296 100064
decrease in both telomerase activity and processivity, but not
stability, compared to wild-type TERT (52, 53). Structural and
biochemical analysis of the human CTE suggests that these
residues extend toward the center of the TERT ring, disrupting
the RNA–DNA hybrid that is essential for telomerase catalytic
function (52).

The second cluster of TBD mutations lies within the
insertion in fingers domain (IFD) of the TERT RT domain (54,
55). Based on homology with the Tetrahymena thermophila
telomerase structure, the IFD contains an extended beta-sheet
structure (called the IFD-TRAP; (56)) that along with the TEN
domain creates a lid over the catalytic core to facilitate telo-
merase processivity (32, 54, 56, 57). These interactions appear
to be further stabilized by the shelterin protein TPP1, which is
responsible for recruiting telomerase to the telomere and
stimulating telomerase processivity. IFD disease-associated
mutations have been shown to inhibit TPP1-mediated telo-
merase activation and telomerase recruitment to the telomere,
consistent with the importance of the TPP1–TEN–IFD com-
plex for telomerase function (31, 32, 54, 57).

Although some additional pathogenic mutations in TERT
have been shown to have reduced catalytic activity, surpris-
ingly, many of them exhibit wild-type activity and processivity
in direct telomerase assays (53). This inconsistency in



Figure 3. Domain organization and interactions of TR. A schematic of TR secondary structure divided into domains (demarcated by boxes) containing
key features (CAB box and template) highlighted in red. Arrows point to the regions of TR that indicated telomerase RNP proteins bind to.
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phenotype might be explained if a modest deficit in telomerase
activity is sufficient to cause telomere shortening over multiple
generations or if mutations in TERT disrupt other aspects of
telomerase function. One such example is the mutation of
amino acid V144 in the TERT TEN domain, a variant found in
patients with IPF. While this mutant shows only a modest
decrease in telomerase activity compared with that in the wild-
type (58), it is nonetheless defective in telomerase recruitment
to telomeres (34). Additionally, with the vast array of reported
mutations in TERT, it is possible that some TERT variants
may not be the sole etiology of the resulting disease. Therefore,
while the mechanistic underpinnings of many TERT muta-
tions as they relate to TERT protein stability, holoenzyme
assembly, or telomerase trafficking are not well investigated,
the overwhelming majority of the disease-associated TERT
variants are thought to function through haploinsufficiency.
TR

The first reported TR mutations in patients with TBDs were
characterized in 2001 based on their autosomal dominant
mode of inheritance (59). Three separate families suffering
from DC were identified, each with a unique mutation in TR.
One pedigree harbored a 74 nucleotide deletion at the 3’ end of
TR (Δ378–451) that resulted in the loss of the H/ACA domain
(Fig. 3). The 74 bp deletion TR transcript was not detected in
lymphocyte cell lines derived from the affected individuals,
indicating that this transcript did not accumulate in cells. While
deletion of an entire domain is a drastic mutation, telomer-
opathy mutations at residues 377, 448, and 450 within this
deleted region have been observed subsequently (48, 50, 60),
confirming the importance of nucleotides within the H/ACA
domain for telomerase function. The second family was het-
erozygous for a single-point mutation at position 408 (C408G)
within the hairpin P8 stem of the H/ACA domain (59).
Biochemical experiments demonstrated that the C408G mu-
tation results in a reduction in RNA accumulation (61, 62).
Consistent with this, the recent �8 Å cryo-EM reconstruction
of the human telomerase holoenzyme depicts dyskerin inter-
acting with the stems of hairpins P7 and P8 of TR (26).
Disruption of the TR–dyskerin interaction in the presence of
these disease mutations provides a straightforward explanation
for the reduction in TR stability (14, 27), pointing to hap-
loinsufficiency as the mechanism of action for TR-destabilizing
mutations (63, 64).

The third identified family contained a double-point mu-
tation resulting in a GC to AG substitution at positions 107
and 108 within the pseudoknot/template (PK/T) region (Fig. 3)
(59). In contrast to mutations in the H/ACA domain, mutation
of GC107-108AG inhibited the reconstitution of active telo-
merase, despite wild-type levels of RNA accumulation (62).
However, this disruption of enzymatic activity was not due to a
decrease in TERT binding, as many of the pathogenic PK/T
region variants retain the ability to interact with TERT but do
not confer active telomerase (65). Instead, mutations in the
PK/T region are thought to perturb the pseudoknot structure
(66, 67), thereby impacting the active site configuration
through a mechanism that has yet to be elucidated. Remark-
ably, the loss of telomerase activity in either the H/ACA
domain or the PK/T region can be rescued with compensatory
mutations in TR that restore the native structure (68, 69). In
contrast to PK/T region mutations, aplastic anemia mutation
J. Biol. Chem. (2021) 296 100064 5
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G305A in the CR4/5 domain of TR is defective in TERT as-
sociation, consistent with the essential role of the CR4/5
domain in forming the TERT–TR RNP complex (Fig. 3) (65,
70). In summary, TBD mutations in TR can reduce TR func-
tion by diminishing steady-state TR levels, disrupting the
interaction with TERT, or directly impacting the catalytic
function of telomerase.

Dyskerin

DKC1, which encodes the protein dyskerin, was the first
gene identified as responsible for DC and is known to cause
the X-linked form of the disease (Table 1) (13). Dyskerin is a
pseudouridine synthase that, along with GAR1, NOP10, and
NHP2, comprises the H/ACA ribonucleoprotein complex
involved in posttranscriptional pseudouridylation (71). Dys-
kerin uses small nucleolar RNAs (snoRNAs) as guides to base
pair with rRNAs in the nucleolus and targets them for pseu-
douridylation. These snoRNAs pass through Cajal bodies for
maturation before they ultimately localize to nucleoli. A subset
of H/ACA guide RNAs called small Cajal body RNAs or
scaRNAs remains in the Cajal body to modify small nuclear
(sn)RNAs. This Cajal body retention is mediated through an
interaction between TCAB1 and the scaRNA’s Cajal body
(CAB) box. TR shares some of the hallmarks of scaRNAs: it
contains both an H/ACA box and a CAB box and it localizes to
Cajal bodies (Fig. 3). However, while TR is bound by dyskerin
and the H/ACA RNP complex proteins, these interactions are
not used as a guide for the pseudouridylation of snRNAs (27,
71). Instead, vertebrate TR appears to have exploited the
H/ACA RNP machinery for its own stabilization. In contrast,
yeast and T. thermophila TR do not contain an H/ACA motif,
suggesting that the use of the H/ACA RNP machinery is a
relatively recent adaption, consistent with the poor conserva-
tion of TR’s 3’ end and the increased complexity of mamma-
lian TR.

Because human telomerase RNA had been shown to contain
a region resembling an H/ACA domain (72), in 1999, Mitchell
et al. (14) hypothesized that dyskerin may also interact with
TR as a component of the telomerase RNP. Indeed, dyskerin
was found to associate with telomerase RNA as part of the
active telomerase RNP. This hallmark study revealed that
primary fibroblasts from DC-affected patients were not defi-
cient in snRNA accumulation, but instead had reduced TR
levels and lower telomerase activity, resulting in shorter telo-
meres than cells from clinically unaffected relatives. While DC
had been previously described as a BMF syndrome, this was
the first study to connect DC with telomere dysfunction,
paving the way for the subsequent discovery of telomeropathy
mutations in several other telomerase- and telomere-
associated factors. Interestingly, because dyskerin is X-linked,
female DKC1 mutation carriers present with milder clinical
features of DC, possibly owing to skewed X-chromosome
inactivation or germline mosaicism (73, 74).

Since the first characterized dyskerin mutations in patients
with TBDs, multiple mutational hotspots have been described
in the DKC1 gene. The majority of these mutations reside in
6 J. Biol. Chem. (2021) 296 100064
two distinct portions of the protein: the N-terminus and the
PUA (pseudouridine and archeosine transglycosylase) domain
(Fig. 2). Dyskerin is the mammalian orthologue of Cbf5p, a
Saccharomyces cerevisiae pseudouridine synthase that is
associated with H/ACA RNAs. The PUA domain is dyskerin’s
putative RNA-binding domain (71). Based on the structure of
the archaeal Cbf5–NOP10–GAR1 complex, DC mutations in
the PUA domain of human dyskerin are predicted to reside
near the RNA–protein interface (75, 76). These mutations do
not disrupt dyskerin–NOP10–NHP2 complex formation, but
instead disrupt TR assembly with the H/ACA RNP (77).
Accordingly, placement of the archaeal H/ACA RNP structure
into the human telomerase holoenzyme cryo-EM map sug-
gests that telomeropathy mutations within dyskerin cluster at
the interface between two dyskerin molecules and the telo-
merase RNA (26). Consistent with defects in dyskerin–TR
binding, patient cells harboring mutations in either the
N-terminus or the PUA domain have reduced steady-state
levels of TR and a reduction in telomerase activity that can
be rescued through overexpression of wild-type TR (78–80).
Taken together, pathogenic mutations in dyskerin prevent
stable assembly of the H/ACA RNP with TR, thereby
impairing TR stability and resulting in a reduction in telo-
merase activity that is causative of the telomere shortening
seen in TBDs.

NOP10, NHP2, and NAF1

Along with dyskerin, NOP10, NHP2, GAR1, and NAF1 are
all members of the H/ACA RNP complex. While NAF1 is
assembled as part of the pre-H/ACA RNP, it is subsequently
replaced by GAR1 to form the mature H/ACA RNP complex.
For a more in-depth discussion of TR assembly factors, we
point the readers to reviews that describe this process in detail
(27, 71). While these assembly factors are not necessary to
reconstitute telomerase activity in vitro, they are essential for
telomerase function and telomere maintenance in vivo. To
date, mutations in NOP10, NHP2, and NAF1, as well as dys-
kerin, have been characterized in TBDs. Mutations in each of
these factors affect TR assembly or stability through the
defective formation of the telomerase RNP complex (Fig. 3).
The first mutation in NOP10 was reported in 2007 when three
related individuals presenting with classical DC symptoms
were homozygous for the R34W mutation (81). The affected
individuals had short telomeres and low TR levels, similar to
what had been observed for pathogenic dyskerin mutations.
NOP10 R34W did not impact pre-H/ACA RNP assembly of
the NOP10–NHP2–dyskerin–NAF1 complex, but instead
prevented successful association with TR (77). A year later,
mutations in NHP2 were similarly found in DC patients with
short telomeres and low TR levels (82). Despite this similarity
with NOP10 and DKC1 mutations, NHP2 mutations instead
impacted pre-H/ACA RNP assembly by preventing NHP2
binding to NOP10 (77). This not only reduced TR levels, but
also the levels of all H/ACA RNAs that were tested.
Notwithstanding this difference, mutations in either NOP10
or NHP2 result in a reduction of TR levels, pointing to
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haploinsufficiency as the mechanism of action for these TR
assembly factors. Since the discovery of DC-associated muta-
tions in NOP10 and NHP2, additional mutations in NAF1 that
result in reduced TR levels have also been characterized in
patients with PF (28).

PARN

Defects in the H/ACA RNP proteins are not the only means
by which TR levels are reduced in TBDs. Mutations that
inactivate PARN likewise reduce TR levels and are implicated
in PF, AA, and DC (Fig. 2). The first link between PARN and
TBDs was made in 2015 when IPF and DC patients with short
telomeres were identified to have mutations in PARN, sug-
gesting that PARN function may be essential for telomere
maintenance (83–85). Indeed, PARN-deficient patient and IPS
cells displayed a decreased abundance of TR and a reduction in
telomerase activity (84). In humans, TR is an independent
RNA polymerase II transcript that is posttranscriptionally
processed into its mature form (27). This processing pathway
begins immediately following transcription with adenylation of
nascent TR transcripts by the noncanonical polymerase
PAPD5, which marks them for degradation (86, 87). Knock-
down of PAPD5 boosts TR stability, increases telomerase ac-
tivity, and causes telomere lengthening in cells (87, 88). PARN
works in opposition to PAPD5, by removing the poly-
adenylated tails from TR transcripts, thus protecting them
from degradation (Fig. 1). Disruption of PARN results in the
accumulation of polyadenylated TR precursors and loss of
mature TR transcripts, leading to a decrease in TR stability and
reduced steady-state TR levels (84, 89–91). This decrease in
TR stability compromises telomerase activity in cells with
pathogenic PARN mutations, leading to the telomere short-
ening that is characteristic of TBDs (84). In this way, PAPD5
and PARN work in concert to tightly regulate the levels of
mature TR, and thus telomerase activity, within a cell.
Consistent with this, inhibition of PAPD5 rescues TR levels in
PARN mutant cells, promoting telomerase activity and telo-
mere elongation (87, 91). These studies qualified the PAPD5
enzyme as a potential therapeutic target for telomeropathies
associated with reduced TR levels. The recent discovery of
small molecular inhibitors of PAPD5 provides an encouraging
proof of principle of this idea and highlights the clinical
importance of dissecting the mechanism of action of TBDs.
Two small-molecule inhibitors of PAPD5 were developed,
which specifically prevent oligoadenylation of TR in cells
derived from DC patients harboring pathogenic PARN muta-
tions (92, 93). Not only did PAPD5 inhibition restore telo-
merase activity and telomere length in vitro, but continuously
administered oral treatment of the inhibitor rescued wild-type
telomere lengths in primary human CD34+ cells harboring
PARN mutations in a mouse transplantation model (92).
Importantly, the reduction of PAPD5 also increased TR levels
in dyskerin mutant cells, suggesting that these inhibitors could
be used to treat dyskerin-based TBDs (88, 92). To date, in-
hibitors of PAPD5 have been developed which improve
the hematopoietic potential in dyskerin mutant hESCs,
underscoring the potential for PAPD5 inhibition-based ther-
apy for DC patients with reduced TR levels (94). These studies
describe potential therapies that could restore telomere length
in patients suffering from telomere dysfunction, a major
advancement in the treatment of TBDs.

ZCCHC8

Importantly, PARN is not the only TR-processing protein
that is implicated in TBDs. ZCCHC8, a zinc finger CCHC-type
domain-containing protein, is a component of the nuclear
exosome targeting complex (NEXT) that was found to be
mutated in a family with PF (95). The NEXT complex is
responsible for the degradation of a subset of RNAs through
the recruitment of the exosome to its RNA substrates (96).
Using genome-wide linkage analysis, Gable et al. identified a
loss-of-function mutation in ZCCHC8 in a proband and his
two children, each of which had a 50% reduction in TR levels
compared with those in healthy controls and telomere lengths
below the first percentile for their age. Knockout of ZCCHC8
in HCT116 cells leads to a decrease in the fraction of mature
TR and an increase in the genomically extended forms,
resulting in a decrease in telomerase activity. This mirrored
observations in primary fibroblasts from the proband, where
extended TR forms accumulated at the expense of mature
TR transcripts. Interestingly, ZCCHC8-null mice developed
severe neurodevelopmental defects and exhibited 3’ end mis-
processing of other low-abundance RNAs, such as cilia-
encoding RNAs. How ZCCHC8 selectively targets TR and
other low-abundance RNAs to the nuclear RNA exosome re-
mains to be determined.

TCAB1

In addition to the H/ACA RNP proteins and the TR
maturation factors, additional components are required for the
successful accumulation of telomerase in Cajal bodies. Spe-
cifically, the protein TCAB1 (alternative names: WRAP53 and
WDR79; gene name: WRAP53) is essential for telomerase
trafficking to Cajal bodies (97, 98). TCAB1 interacts with the
CAB box on TR, helping localize telomerase in Cajal bodies
and traffic it to telomeres (Fig. 3). Knockdown of TCAB1 re-
sults in the mislocalization of TR to the nucleolus and loss of
telomerase at telomeres (99). Mutations in TCAB1 are
extremely rare, with only two unrelated patients having been
identified (100, 101). Each patient had unique compound
heterozygous missense mutations in TCAB1, extremely short
telomeres, and the classical DC diagnostic triad. Mutant
TCAB1 protein levels in patient cells were significantly
reduced compared with those in wild-type protein, with a
reduction in the accumulation of TCAB1 in the nucleus. Each
of the four TCAB1 mutations resides in the WD40-repeat
domain (Fig. 2). This domain acts as the substrate for the
chaperone TRiC, which mediates proper TCAB1 protein
folding (102). Pathogenic mutations within the WD40-repeat
domain disrupt this folding, causing the mutated TCAB1
protein to remain in the cytoplasm associated with TRiC. The
improperly folded TCAB1 is unable to associate with TR to
J. Biol. Chem. (2021) 296 100064 7
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wild-type levels (102), resulting in mislocalization of TR to the
nucleoli; however, the total amount of TR remains unchanged
(100). Accordingly, cell lysates containing TCAB1 mutant
proteins retained telomerase activity, despite the impaired
telomerase localization in vivo (100). Interestingly, complete
TCAB1 knockout in human cells results in a reduction of
telomerase activity, suggesting that TCAB1 may support
telomerase enzymatic function in addition to its essential role
in telomerase trafficking (103). For pathogenic TCAB1 muta-
tions, this is consistent with a partial loss-of-function mecha-
nism, resulting in mislocalization of TR, impaired telomerase
recruitment to the telomere, and thus telomere shortening
(100).

The telomeric shelterin complex

Both TPP1 (gene name: ACD) and TIN2 (gene name:
TINF2) are members of the shelterin protein complex that
binds and protects telomeric DNA from the DNA damage
response machinery (Fig. 1) (104). As a member of the shel-
terin complex, TPP1 plays an essential role in end protection,
but it also plays an essential role in end replication by
recruiting telomerase to the telomere. Two isoforms of TPP1
have been reported in human cells, TPP1-L and TPP1-S,
differing by only 86 amino acids at the N-terminus. TPP1-L is
present in the differentiating germ cells of the testes, while
TPP1-S is the predominant isoform in somatic cells (105).
TPP1 is the only shelterin protein known to directly contact
telomerase, as the primary partner of the TPP1 OB (oligonu-
cleotide/oligosaccharide-binding) domain is the TERT TEN
domain (30–34). Two regions in the OB domain of TPP1, the
TEL (TPP1’s glutamate [E] and leucine [L] rich) patch and the
NOB (N-terminus of the OB), are critical for recruiting telo-
merase to the telomere and stimulating telomerase proc-
essivity. Not surprisingly, perturbation of either of these
elements has a severe impact on telomerase function and
telomere length (31, 36, 106). Mutations in both the TEL patch
and NOB regions of TPP1 have been observed in patients
suffering from telomeropathies, further underscoring the
importance of the TPP1 OB domain for telomerase function
(Fig. 2) (107–109).

In contrast, TIN2 acts as a scaffold within the shelterin
complex, binding TRF1 and TRF2 at the double-stranded
DNA and bridging it to the single-stranded DNA binding
heterodimer POT1–TPP1 (104). The N-terminal TIN2 TRFH
domain interacts with the C-terminus of TPP1 (Fig. 2) to bring
the POT1/TPP1 heterodimer to the telomeric DNA, and
mutations that disrupt this interaction result in end depro-
tection (110–112). Additionally, TIN2 interacts with TRF1
through a canonical FxLxP motif in the C-terminal half of the
protein (Fig. 2) (110, 113). Immediately C-terminal to the
FxLxP motif is a highly conserved region that is a hotspot for
TBD-associated mutations; however, the structure and func-
tion of this region are currently not known (Fig. 2). Multiple
isoforms of TIN2 have been identified in human cells, but the
specific functions of each of these isoforms are still an area of
active research (114–116). However, both the long (TIN2-L)
8 J. Biol. Chem. (2021) 296 100064
and short (TIN2-S) isoforms of TIN2 share each of these
shelterin interaction domains, with TIN2-L encompassing all
354 amino acids of TIN2-S as well as an additional 97 amino
acids at its C-terminus (114).

TIN2 may also play a role in stimulating telomerase, as the
TIN2–TPP1–POT1 complex stimulates telomerase proc-
essivity better than POT1–TPP1. But in contrast to TPP1,
TIN2 has not been implicated in directly binding telomerase
(115, 117). While TBD mutations in TPP1 result in a reduction
in telomerase recruitment to the telomere and telomerase
processivity in vitro, the mechanism of action for telomere
shortening in TIN2-based TBDs appears to be less straight-
forward. Neither TPP1 TBD mutations nor TIN2 TBD mu-
tations impact end protection, suggesting that mutations that
elicit telomere deprotection may not be viable. Here we discuss
these mechanisms in detail.

TPP1

In 2014, the first reported cases of TPP1 mutations in TBDs
were characterized. A heterozygous single amino acid deletion
(ΔK170) near the TPP1 TEL patch was identified in patients
from two unrelated families (Fig. 2) (107, 108). Affected in-
dividuals from both families had short telomeres, with one
proband suffering from HH syndrome, a severe form of DC.
Structural analysis of the TPP1 OB domain harboring the
ΔK170 mutation suggests that while amino acid K170 might
not directly contact TERT, it allows the TEL patch to adopt its
native conformation to facilitate telomerase binding. Three
critical TEL patch amino acids lie within a loop (E168, E169,
E171) in the TPP1 OB domain, termed the TEL patch knuckle.
Comparison of TPP1 OB wild-type and ΔK170 crystal struc-
tures revealed that loss of amino acid K170 disrupts the TEL
patch knuckle structure, thereby displacing E168 and E169
from their native positions (118). Consistent with this, TPP1
ΔK170 is unable to recruit telomerase in vivo or stimulate
telomerase processivity in vitro but is able to bind POT1 and
protect telomeres (107, 108, 118). HEK 293T cells that were
edited using CRISPR-Cas9 to contain one wild-type and one
mutant copy of the TPP1 allele exhibited telomere loss over
time, suggesting that a single copy of the ΔK170 mutation is
sufficient to cause telomere shortening in human cells. In
support of this haploinsufficiency model, TPP1 ΔK170 protein
did not compromise the stimulation of telomerase processivity
by wild-type TPP1, suggesting that this mutant TPP1 does not
impose a dominant-negative effect (118). Notably, three nt
deletions are uncommon in TBDs, yet the ΔK170 mutation
was observed in two unrelated families. This not only supports
a causal role for K170 in telomerase function but also suggests
that the K170 codon may be a hotspot for deletion. It is
intriguing to speculate that the three identical glutamate co-
dons that surround K170 might increase the propensity for
codon skipping by DNA polymerase.

Characterization of the ΔK170 mutation was the first re-
ported link between the TPP1 protein and telomere disease.
Since then, however, additional homozygous TPP1 mutations
in the NOB region (V94I, L95Q) have been identified in
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patients with DC-like features. Patient cells harboring disease-
associated NOB mutations exhibited reduced telomerase ac-
tivity, and both TPP1V94I and TPP1L95Q were unable to pull
down TERT at wild-type levels (109), consistent with prior
mutagenesis studies conducted in this region (106). While the
identification of two separate stretches within the primary
structure of the TPP1 OB domain was unexpected, it raises
interesting questions about the three-dimensional presenta-
tion of these regions as well as the nature of the TERT surface
at the TERT–TPP1 interface.
TIN2

Unlike TPP1, there is little consensus around the molecular
mechanisms underlying TIN2 pathogenesis in TBDs. While
the majority of TBD mutations are inherited, most pathogenic
TIN2 mutations are heterozygous and arise de novo (16, 119).
It is possible that given the critical role of TIN2, many TIN2-
based TBD germline mutations are lethal during adolescent
development and thus are unlikely to be passed on to other
generations. These mutations often result in severe telomere
shortening with an early onset of the disease. TIN2 mutations
range from missense mutations to nonsense mutations, but
regardless of the type, all pathogenic TIN2 mutations cluster
within a DC hotspot in the protein primary structure (Fig. 2).
Within that cluster, missense mutations that affect amino
acids 280 to 284 (of both isoforms) are the most common, with
the first DC patients being identified in 2008 with substitutions
at K280 and R282 (119, 120). These patients had shorter
telomeres than any other DC subtype that had been reported;
however, unlike previously characterized TR and dyskerin
mutations, their TR levels were unaffected (119).

The DC hotspot resides in a region of TIN2 that is shared
between both the TIN2-S and TIN2-L isoforms and is outside
of the TPP1, TRF1, and TRF2 binding domains. Consistent
with this, TIN2 DC mutations do not decrease TIN2-S binding
to shelterin partners TPP1, TRF1, or TRF2 (121–124); how-
ever, one report has suggested that these mutations may
decrease TRF1 binding specifically to the TIN2-L isoform
(116).

A major discrepancy surrounding TIN2 pathogenesis is
whether these mutations are acting through a telomerase-
dependent or telomerase-independent mechanism. In 2011,
Yang et al. (124) used human cancer cell lines to test the effect
of TIN2 DC mutations on telomere shortening and telomerase
function. They found that overexpression of TIN2 TBD vari-
ants led to telomere shortening in cells but had no effect on
telomerase activity in vitro. However, TIN2 variants pulled
down less TR and telomerase activity than wild-type TIN2. In
agreement with this, in 2015, Frank et al. (122) edited human
cancer cells to create heterozygous TIN2R282H clones, which
exhibited telomere shortening without perturbing shelterin.
TIN2R282H clones had reduced telomerase recruitment to the
telomere, thus impairing telomere extension. However, no
direct interaction between TIN2 and telomerase has been
observed. Because TPP1 is both necessary and sufficient for
telomerase recruitment (34), it is interesting to envision how
these TIN2 variants are impacting telomerase recruitment
despite having no obvious defect in TPP1 binding or shelterin
localization at telomeres.

Others have described TIN2 pathogenesis as telomerase-
independent. Canudas et al. (125) found that DC-associated
mutations in TIN2 impaired sister telomere cohesion by pre-
venting a TIN2-HP1γ (heterochromatin protein 1γ) interac-
tion in human cells. Because previous studies had focused on
understanding the effects of these mutations in cell culture,
Frescas et al. (121) asked what the organismal effects of TIN2
TBD mutations were by generating mice harboring the
equivalent of the human TIN2 K280E mutation (mTIN2K267E).
Crosses between TIN2+/K267E mice did not produce any ho-
mozygous DC mice, suggesting that the TIN2 DC allele is
lethal in this context. This is striking as the homozygous
deletion of mTR yields viable mice for multiple generations,
suggesting that the TIN2 DC phenotype is more severe than
that of the complete loss of telomerase (9). Importantly, mTR
knockout mice harboring the heterozygous TIN2 DC mutation
had significantly shorter bone marrow telomeres than mTR
knockout littermates with two copies of wild-type TIN2,
supporting, at least in part, a telomerase-independent mech-
anism of telomere shortening (121).

The narrative surrounding TIN2 TBD mutations becomes
even more intriguing in light of the genetic peculiarities
observed in certain patients. While the vast majority of pa-
tients with TIN2 mutations have a severe form of DC that
results in BMF at a young age, not all patients with these
mutations suffer from such a severe phenotype. Specifically,
two unrelated adults with IPF, ages 43 and 49 years old, were
found to have mutations in TIN2 and extremely short telo-
meres (126, 127). However, these patients did not present with
severe hematological symptoms or BMF. The 49-year-old pa-
tient had a germline mutation in TIN2 at amino acid 284, a
residue that is frequently mutated in TIN2-based DC, as well
as a second, acquired 15 bp deletion on the same allele (126).
The deletion spanned the intron 5-exon 6 boundary and is
expected to result in a functionally null protein. Remarkably,
tissue extracted from the lungs of the patient was largely
devoid of the deletion mutation (8% of clones, 40% contained
the T284R), while the majority of clones derived from the
blood carried the deletion (61% of clones). The authors hy-
pothesized that this mosaicism may be the result of functional
reversion, as the DC-associated T284 mutation is effectively
silenced by the deletion mutation on the same allele. This
functional reversion may have played a protective role against
the BMF that is commonly associated with mutation of TIN2,
suggesting that the T284R mutation acts through a dominant-
negative mechanism that can be suppressed by the inactivation
of the mutant allele. Interestingly, this is not the first instance
that a reversion has been proposed in TIN2-based TBDs. It
was suggested that the second adult IPF patient also experi-
enced reversion of the TIN2 mutant allele; however, biological
materials were not available to test this hypothesis (127, 128).

Future studies are needed to fully elucidate the mechanism
of action for telomere shortening in TIN2-based TBDs. These
should include unbiased approaches that look at both
J. Biol. Chem. (2021) 296 100064 9
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telomerase-dependent and telomerase-independent mecha-
nisms. Additionally, further investigation into the biochemical
underpinnings of the potential dominant-negative nature of
TIN2 in TBDs seems mechanistically intriguing.

Telomere replication

RTEL1

RTEL1 is an essential helicase that plays a critical role in the
resolution of DNA secondary structures that arise during DNA
replication, repair, and recombination. It belongs to both the
DEAH subfamily of superfamily 2 helicases, which contain a
helicase domain with 5’ to 3’ helicase activity, as well as the
iron–sulfur (Fe-S) cluster helicase family (Fig. 2) (129).
Through its PIP box, RTEL1 interacts with proliferating cell
nuclear antigen (PCNA) to support genome-wide DNA
replication (130). Through its associations with PCNA and
shelterin component TRF2, RTEL1 additionally plays a critical
role in telomere replication and the resolution of t-loop
structures that cap chromosome ends to protect the ss telo-
meric overhang. RTEL1 appears to be essential for resolving
these telomeric DNA structures, as conditional knockout of
Rtel1 in MEFs results in fragile telomeres, rapid accumulation
of telomere circles (t-circles), and increased telomere length
heterogeneity (131). RTEL1 is recruited to telomeres by the
shelterin protein TRF2 in late S phase. Loss of this interaction
leads to aberrant t-loop excision, inducing t-circle formation
and telomere length heterogeneity (132). Dephosphorylation
of TRF2 during S-phase supports the TRF2-RTEL1 interac-
tion, allowing RTEL1 to unwind t-loops and facilitate telomere
replication. Rephosphorylation of TRF2 outside of S-phase
then releases RTEL1 from telomeres (133). Interestingly,
RTEL1 has also been shown to interact with TRF1, suggesting
a potential additional mechanism for telomere association
(134). In contrast, the PCNA–RTEL1 interaction is required to
counteract G-quadruplex structures in telomeric DNA, and
loss of PCNA binding leads to fragile sites at telomeres that
result from telomere replication defects (130).

In 2013, the first TBDs associated with RTEL1 mutations
were identified (134–138). RTEL1 mutations have been found
in both HH patients and patients with familial pulmonary
fibrosis, with mutations scattered throughout much of
RTEL1’s coding region (16). Patients who develop the most
phenotypically severe RTEL1-based TBDs, such as DC and
HH, often have compound heterozygous or homozygous
mutations, while heterozygous mutations are more frequently
identified in PF patients (83, 134, 135, 137, 138). RTEL1 HH
mutations are associated with very short telomeres and are
often accompanied by replication defects, such as increased
DNA damage and telomere fragility (135–138), consistent with
RTEL1’s essential role in telomere replication. TBD-associated
mutations in the helicase domain and PIP box have been
described, as well as many mutations in regions of the protein
with unknown function. Additional functions such as a role in
stabilizing telomeric G-overhangs and trafficking of pre-U2
RNA have also been described (139, 140), but future studies
probing individual RTEL1 TBD-associated mutations are
10 J. Biol. Chem. (2021) 296 100064
necessary to fully elucidate the mechanisms underlying these
variants.

Many RTEL1 mutations impact some aspect of telomere
replication, including HH-associated mutation R1264H, which
specifically affects proper t-loop resolution. Importantly, RTEL1
R1264H has a carrier frequency of 1% in the Ashkenazi Jewish
population (135, 141). R1264 resides in the C4C4 motif that is
responsible for coordinating Zn+2 in RTEL1’s RING finger
motif, a motif that has been proposed to facilitate RTEL1’s
interaction with TRF2 (133, 142). In agreement with this,
expression of RTEL1R1237H prevents RTEL1 sequestration at
telomeres in cells expressing a phospho-dead TRF2 that is
deficient in RTEL1 release (133). Patient cells harboring
RTEL1R1264H exhibit extreme telomere length heterogeneity
and a significant increase in t-circle formation, consistent with
inappropriate t-loop resolution (135). Interestingly, MEFs
harboring the equivalent mouse mutation (R1237H) did not
exhibit signs of telomere fragility or loss of PCNA binding,
despite an increase in t-circle formation, suggesting that the
R1264Hmutation represents a separation-of-functionmutation
that impacts t-loop resolution but not telomere replication.

CTC1

CTC1 is a member of the CST complex, composed of
proteins CTC1, STN1, and TEN1. Chromosome end replica-
tion not only involves the addition of G-rich telomeric repeats
to the 3’ end of telomeres by telomerase, but also requires
subsequent C-strand fill-in synthesis. The CST complex aids in
C-strand synthesis by binding to the telomeric 3’ overhang and
stimulating DNA polymerase α-primase, while at the same
time inhibiting telomere elongation by blocking telomerase
access to the 3’ tail and limiting telomerase stimulation by
POT1–TPP1 (143–146). CST has been implicated in binding
to POT1–TPP1, providing a mechanism for its recruitment to
chromosome ends (143, 147, 148). However, because CST also
binds the G-rich ss DNA tail, like the POT1-TPP1 hetero-
dimer, it may also compete with POT1–TPP1 for telomeric
DNA binding. In addition to its telomeric functions, CST has
been shown to have genome-wide functions in rescuing
replication fork stalling (144, 149–154).

CTC1 has been implicated in both traditional telomero-
pathies, such as DC, and CP. Both DC and CP patients with
CTC1 mutations have presented with extremely short telo-
meres, yet interestingly not all patients with CTC1 mutations
have this phenotype (155–157). The vast majority of TBD-
associated CTC1 mutations are biallelic, with one allele
harboring a severe frameshift mutation that results in a trun-
cated CTC1 transcript, and the second allele harboring a
potentially hypomorphic missense mutation (158, 159).
Notably, many CTC1 hypomorphic point mutations exert a
dominant-negative effect on telomere replication when intro-
duced in CTC1 wild-type cells, yet in patients, these mutations
are combinedwith loss-of-function alleles rather thanwild-type.

CTC1 missense mutations can affect any of CST’s known
functions, with mutations occurring in the C-terminus of
CTC1 impacting CST complex formation, while mutations
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A227V and V259M in CTC1’s N-terminal OB domain inhibit
its polα-primase interaction (158). Additional DC and CP-
associated mutations have been shown to impede telomeric
DNA binding, despite having no effect on CST complex for-
mation. Notably, CP-associated mutation CTC1L1142H disrupts
STN1 binding, reducing CST’s interaction with DNA pol-α
and telomeric ss DNA. This leads to increased telomerase
recruitment to telomeres and telomere lengthening, suggesting
that CTC1L1142H is unable to fully repress telomerase activity.
However, despite significant telomere lengthening in the short
term, extensive passaging of cells harboring CTC1L1142H

resulted in progressive telomere shortening, presumably due
to defective maintenance of the C-strand (160). The recently
solved cryo-EM structure of human CST bound to ss DNA
reveals the distribution of disease mutations across the mul-
tiple OB domains of the CTC1 protein (161). Curiously, while
the loss of either CST complex formation or polα-primase
binding prevents proper localization of CTC1 to the telomere,
none of the characterized mutations abolished CST’s interac-
tion with POT1–TPP1 (158). Nonetheless, the expression of
each characterized CTC1 mutant disrupts telomere lagging
strand synthesis, suggesting that all CTC1 mutations result in
compromised telomeric DNA replication. While STN1 has not
been described in patients suffering from HH or DC, multiple
STN1 mutations have been identified in CP patients. These
patients exhibit telomere replication defects and abnormal C-
strand fill-in (19). Remarkably, no mutations in TEN1 have
been identified in telomeropathy patients to date, despite its
essential role in CST function.

Conclusions

Despite a growing understanding of TBDs and the mecha-
nisms that underlie them, there is no cure for these diseases
today. However, with the emergence of new inhibitors against
PAPD5 for those patients with PARN, dyskerin, or TR-based
TBDs, there is hope that a successful treatment for a subset of
TBD patients could become available in the not-so-distant
future. In the less than 6 years since the identification of
PARN mutations in TBDs, researchers have decoded the
mechanistic details of PARN’s effect on telomerase and telomere
biology and have developed inhibitors to PAPD5 that can suc-
cessfully rescue telomere length in PARN- and dyskerin-
deficient cells. This remarkable advancement is not only a tes-
tament to the importance of understanding disease variants at a
molecular level, but also an impetus to continue probing how
each of these genes functions in telomere biology. Researchers
should persist in their efforts to look for new gene candidates
and reevaluate known genes, as our understanding of telomere
biology improves to catch up with the �30% of DC cases that
remain uncharacterized at the genetic or biochemical level (162).
Critical for this process is the use of an organismal TBD disease
model that can be used to evaluate future treatments. Labora-
tory mice maintain significantly longer telomeres than humans,
and thus they typically require many generations of successive
telomere attrition before exhibiting any signs of telomere
dysfunction (9, 163). Acute inactivation of Acd, the gene that
encodes TPP1, in mouse bone marrow hematopoietic stem and
progenitor cells induces hematopoietic failure and HSC loss,
providing a potential model for telomere dysfunction-induced
HSC failure (164). Yet unlike DC patients with the
TPP1ΔK170 mutation, the equivalent mouse mutation
TPP1ΔK82 did not recapitulate this hematopoietic stem cell
failure in a mouse HSC transplantation model (unpublished
data). Thus, current research uses transplanted human he-
matopoietic stem cells in immunodeficient mice as the best
model for hematopoietic stem cell longevity in TBDs (92). While
the use of IPS and ES cells has been invaluable for our under-
standing of TBDs in vitro (101, 165), deciphering the organismal
basis for TBD disease phenotypes may be the next essential step
in moving forward with potential treatments.
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