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Abstract: Dyskerin, encoded by the dyskerin pseudouridine synthase 1 (DKC1) gene, is a core component of the
H/ACA ribonucleoprotein complex and plays essential roles in telomerase activity maintenance, rRNA pseudouri-
dylation, and ribosome biogenesis. Loss of DKC1 function represents a major pathogenic basis of dyskeratosis
congenita (DC) and is associated with a markedly increased risk of malignancy, particularly head and neck squa-
mous cell carcinoma and oral squamous cell carcinoma. Traditionally, cancer susceptibility in DC has been largely
attributed to telomere shortening and the resulting genomic instability; however, this explanation does not fully
account for the heterogeneity observed across different genetic subtypes and clinical phenotypes. In this review,
we systematically integrate three key mechanisms through which dyskerin dysfunction contributes to DC-associated
carcinogenesis: disruption of telomere homeostasis, defects in selective translation regulation dependent on RNA
pseudouridylation, and progressive impairment of T-cell-mediated immune surveillance. We highlight how DKC1 de-
ficiency leads to insufficient rRNA pseudouridylation, selectively affecting the translation of internal ribosome entry
site (IRES)-dependent transcripts, thereby attenuating the stress-induced expression of critical tumor suppressor
proteins. In parallel, evidence from patient cohort studies is discussed to support a potentially dominant role of im-
munodeficiency in tumor development. Finally, we propose that future studies on DC and short telomere syndromes
should emphasize genetic stratification and long-term clinical outcomes to refine cancer risk assessment and opti-
mize preventive and therapeutic strategies.
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Introduction significant sex difference has been observed
in autosomal dominant or autosomal recessive

Dyskeratosis congenita subtypes [2-4].

DC is a rare inherited multisystem disorder
caused by mutations in genes involved in telo-
mere biology. Previous studies have estimated
its overall incidence to be approximately 1 per
1,000,000 live births; however, this figure is
largely derived from early case compilations
and single-center studies and is therefore sub-
ject to under-ascertainment and reporting bias
[1]. Among reported patients, males substan-
tially outnumber females, with some studies
describing a male-to-female ratio as high as
13:1. This skewed sex distribution is generally
attributed to the high prevalence of X-linked
DC caused by DKC1 mutations [1], whereas no

The clinical phenotype of DC is highly heteroge-
neous, with disease severity and progression
varying according to the causative gene, inheri-
tance pattern, and extent of telomere shorten-
ing. Several studies have reported that the
average age at death in DC clusters within the
third to fifth decades of life [5]. In contrast,
patients with severe disease - particularly those
with childhood onset or those diagnosed with
Hoyeraal-Hreidarsson syndrome - may have a
life expectancy of less than 20 years [2, 6-11].
These apparent discrepancies primarily reflect
differences in cohort composition and follow-
up duration rather than true epidemiological
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Table 1. Diagnostic criteria and commonly used tools for DC
Diagnostic .
. Key points
domain yp
Key points » Classic mucocutaneous triad (reticular skin pigmentation, nail dystrophy, and oral leukoplakia);

Telomere length
assessment

Molecular
genetic testing

Diagnostic
principles

* May be accompanied by bone marrow failure, pulmonary fibrosis, liver disease, and immunodeficiency;
* Marked heterogeneity in phenotype and age at onset

¢ Flow-FISH analysis of peripheral blood leukocytes;

¢ Results should be interpreted with age adjustment;

* Telomere length markedly below age-matched controls (particularly in the lowest percentiles) is suggestive
of a telomere biology disorder

* Targeted gene panels including ACD, TINF2, CTC1, DCLRE1B, NHP2, NPM1, POT1, RPA1, STN1, TCAB1,
PARN, RTEL1, DKC1, TERT, TERC and NOP10;

* Whole-exome or whole-genome sequencing should be considered in cases with high clinical suspicion but
negative targeted testing

» Diagnosis should be based on an integrated assessment of clinical phenotype, telomere length, and
genetic findings;

* No single parameter is sufficient to confirm or exclude DC

Table 2. Practi

cal differential diagnosis of dyskeratosis congenital

Disease category

Representative conditions Key distinguishing features

Other telomeropathies

Adult-onset short telomere syndromes;
Telomere-associated pulmonary fibrosis

e Marked telomere shortening, but often lacking the com-
plete mucocutaneous triad;

* Clinical manifestations are frequently limited to one organ
system

Inherited bone marrow Fanconi Anemia

failure syndromes

Ribosomopathies Diamond-Blackfan Anemia

Acquired disorders Acquired aplastic anemia; Acquired

immunodeficiency

* Defect in DNA interstrand crosslink repair;
* Positive chromosomal breakage test

* Predominantly hematopoietic abnormalities;

* Telomere length is usually not markedly shortened;

¢ Distinct underlying molecular mechanisms

* Absence of identifiable germline mutations;

« Differentiation relies on clinical history and genetic testing

contradictions. Bone marrow failure (BMF) rep-
resents the leading cause of death in DC,
accounting for approximately 67%-70% of fa-
talities [12]. During the first two decades of
life, infections [6, 7] and bleeding [8] also con-
stitute major causes of mortality, while pulmo-
nary disease contributes to approximately 15%-
18% and malignancy to 8%-10% of deaths [9].

Given the marked heterogeneity in age at on-
set, extent of organ involvement, and genetic
background, reliance on the classic mucocuta-
neous triad alone is no longer sufficient for con-
temporary clinical diagnosis. It is now widely
accepted that the diagnosis of DC should be
established within an integrated framework
combining clinical phenotype assessment, te-
lomere length measurement, and molecular
genetic testing, rather than depending on any
single criterion [1, 2, 13-15] (Table 1). In terms
of differential diagnosis, DC must be distin-
guished from a range of inherited bone marrow
failure syndromes and telomere-related disor-
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ders (Table 2). For example, Fanconi anemia
shares features such as bone marrow failure,
mucocutaneous abnormalities, and cancer su-
sceptibility, but is fundamentally a disorder of
DNA interstrand crosslink repair and can be dif-
ferentiated by chromosomal breakage testing
[2, 16, 17]. Other telomere-related disorders,
including adult-onset short telomere syndro-
mes, typically lack the classic mucocutaneous
triad and exhibit distinct patterns of systemic
involvement and inheritance. Certain riboso-
mopathies may also present with early hemato-
logic abnormalities; however, their underlying
mechanisms are unrelated to telomere dys-
function and require integrated clinical and
genetic evaluation for accurate distinction [2].

DC is associated with a markedly increased
susceptibility to cancer. Data from multiple reg-
istry-based cohorts and referral-center studies
indicate an approximately 11-fold increased
overall cancer risk compared with the general
population, with malignancies typically emerg-
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Table 3. Quantitative cancer risk profile in patients with DC and related short telomere syndromes

Median/mean  Cumulative risk before Cumulative risk before Inheritance pattern/

Cancer type . . o
yp age at diagnosis age 50 age 50 genotype association
HNSCC Young to middle Markedly increased Substantially elevated Highest risk in X-linked
adulthood (30-40 (contributing to an overall (O/E >> 1) DC (DKC1)
years) cumulative cancer risk of
~40%-50%)
0scc 30-40 years High Significantly elevated Predominantly observed
in DKC1-associated DC
Tongue SCC Predominantly - Extremely high (reported Frequently associated
young to middle O/E ratios in the hundreds with DKC1 and TINF2
adulthood to thousands)
Myelodysplastic Young to middle - Markedly elevated Associated with critically
syndrome adulthood short telomeres
Acute myeloid leukemia  Young to middle - Elevated DC/telomeropathy
adulthood spectrum
Gastrointestinal adulthood - Elevated DC/telomeropathy
adenocarcinoma spectrum
Laryngeal/ adulthood - Elevated

bronchogenic carcinoma

Patients with dyskeratosis congenita exhibit a substantially higher overall risk of malignancy than the general population, with solid tumors
predominated by HNSCC. Cancer risk varies markedly across genetic subtypes, with X-linked DC caused by DKC1 mutations conferring the
highest risk of solid tumors, whereas autosomal dominant or recessive telomeropathies display a more heterogeneous tumor spectrum. Most
risk estimates are derived from registry-based cohorts or referral-center populations and should be interpreted with consideration of potential

ascertainment bias.

ing around 30 years after birth and cumula-
tive incidence reaching 40%-50% before the
age of 50 years [18, 19]. Solid tumors predomi-
nate and include squamous cell carcinoma,
Hodgkin lymphoma, gastrointestinal adenocar-
cinoma, laryngeal cancer, and genitourinary
malignancies [19, 20]. Among these, head and
neck squamous cell carcinoma (HNSCC) is the
most frequent, with oral squamous cell carci-
noma (OSCC) being particularly prominent
and accounting for approximately 40% of DC-
associated secondary solid tumors [21-23]. It
should be noted that these risk estimates are
largely derived from registries and referral pop-
ulations enriched for severe cases and may
therefore overestimate the true cancer burden
in the overall DC population.

Given the variability in tumor spectrum and risk
magnitude across different telomere biology
disorders, we performed a structured compari-
son of cancer susceptibility among patients
with DC and related short telomere syndromes
(Table 3) [2, 3, 18, 19, 24-26]. Overall, patients
with X-linked DC exhibit the highest risk of solid
tumors, whereas those with autosomal domi-
nant or recessive telomeropathies display a
more heterogeneous distribution of tumor
types. Evidence regarding the role of human
papillomavirus (HPV) in telomere-related squa-
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mous cell carcinomas remains limited, and
systematic data are lacking for DC-associated
tumors. Accordingly, HPV status was not incor-
porated into the quantitative cancer risk analy-
sis in this review [27].

From a genetic perspective, DC may follow
X-linked recessive, autosomal dominant, or
autosomal recessive inheritance patterns [2,
28], with X-linked recessive disease being the
most common. Mutations in the X-linked DKC1
gene lead to reduced telomerase activity and
progressive telomere shortening [3], with pa-
tients typically presenting in childhood [29]
and exhibiting more severe clinical phenotypes
than those with autosomal forms of the dis-
ease [30]. As of the current release of the NCBI
ClinVar database, 19 pathogenic genes asso-
ciated with DC have been identified, among
which telomerase reverse transcriptase sub-
unit (TERT) is the most frequently reported,
while DKC1 harbors the largest number of
pathogenic or likely pathogenic variants [31,
32]. A recent analysis by Schratz et al. of 226
patients with short telomere syndromes diag-
nosed between 2003 and 2022 further dem-
onstrated that HNSCC was the most common
invasive solid tumor, and that male patients
carrying X-linked DKC1 mutations exhibited the
highest cancer risk [32]. This strong genotype-
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A H/ACA RNP complex B

Figure 1. Schematic diagram of dyskerin’s role in maintaining telomerase
complex activity. A: Dyskerin, along with GAR1, NOP10, and NHP2 proteins,
forms the H/ACA ribonucleoprotein complex. B: The H/ACA ribonucleopro-
tein complex, along with the telomerase RNA component, the telomerase
reverse transcriptase subunit, TPP1, and TCAB1 proteins, collectively form

the telomerase complex.

tumor spectrum association suggests that dys-
kerin dysfunction may selectively promote the
development of squamous cell carcinomas
such as OSCC through specific molecular me-
chanisms, providing a critical epidemiological
and genetic foundation for the subsequent
mechanistic discussion of DKC1-driven carci-
nogenesis.

Dyskerin is a key enzyme for maintaining telo-
mere length

Dyskerin is an essential nucleolar protein
encoded by the DKC1 gene located on the X
chromosome. Its functions are closely associ-
ated with the proteins GAR1, NOP10, and
NHP2, as well as H/ACA box guide RNAs [33].
Together, these components form the H/ACA
ribonucleoprotein (H/ACA RNP) complex (Figure
1A), which participates in ribosome biogenes-
is and catalyzes pseudouridylation at speci-
fic residues of newly synthesized ribosomal
RNA(rRNA) and small nuclear RNA(snRNA). This
complex predominantly localizes to the nucleo-
lus and Cajal bodies [34, 35].

In addition to its role in RNA modification, dys-
kerin is an integral component of the telomer-
ase holoenzyme complex. It binds specific H/
ACA RNAs, most notably the telomerase RNA
component (TERC), thereby maintaining telom-
erase activity and enabling telomere elongation
[36, 37] (Figure 1B). Telomerase synthesizes
telomeric TTAGGG repeats at the ends of
eukaryotic chromosomes using the intact RNA
template provided by TERC in conjunction with
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Telemerase complex

the TERT [38]. Loss of dyskerin
function destabilizes TERC, re-
duces telomerase activity, and
leads to premature telomere
shortening. Consequently, dys-
kerin plays a central role in
Complex multiple cellular processes, in-
cluding ribosome biogenesis,
snRNA maturation, telomere
maintenance, and additional
cellular functions that rema-
in incompletely characterized
[37]. The pathogenic signifi-
cance of dyskerin dysfunction
in DC has therefore attracted
considerable attention.

HIACA
RNP

Collectively, although prior stu-

dies have examined the rela-
tionship between dyskerin dysfunction and
cancer susceptibility from the perspectives of
telomere biology defects, ribosome dysfunc-
tion, or immune dysregulation, these mecha-
nisms have largely been discussed in isola-
tion. The unique contribution of this review lies
in the integrated analysis of three interrelated
pathways - telomere dysregulation, pseudouri-
dylation-dependent selective translation de-
fects, and impaired T-cell-mediated immune
surveillance - through which dyskerin dysfunc-
tion may promote carcinogenesis in the context
of DC. Furthermore, we specifically address
ongoing controversies regarding the relative
contributions of tumor-intrinsic genomic insta-
bility versus systemic immunodeficiency to
cancer development and seek to delineate
these mechanisms based on emerging evi-
dence. Through this integrative framework, we
aim to provide a clearer conceptual basis for
understanding DC-associated cancer patho-
genesis (Figure 2) and to inform future efforts
in risk stratification and the development of tar-
geted preventive and therapeutic strategies.

Carcinogenic mechanisms associated with
dyskerin dysfunction

Telomerase dysfunction

As a component of the telomerase holoenzyme
complex, dyskerin binds specific H/ACA RNAs,
most notably the TERC [39]. Dyskerin plays a
critical role in regulating TERC accumulation
and stability, thereby contributing to the main-
tenance of telomerase activity [36]. In patients
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Figure 2. Carcinogenic mechanisms of dyskerin dysfunction. Dyskerin is involved in various cellular processes, and
its functional abnormalities can promote tumor formation and cancer progression through telomerase dysfunc-
tion, dysregulation of RNA pseudouridylation, T-cell immunodeficiency, and other pathways that remain unclear or

unknown.

with X-linked DC, mutations in the DKC1 gene
result in dyskerin dysfunction, leading to re-
duced telomerase activity and progressive telo-
mere shortening. When telomeres erode to a
critical length, cells typically undergo replica-
tive senescence or apoptosis [40].

Genomic instability: Excessive telomere short-
ening may give rise to genomic instability in a
subset of cells, primarily as a consequence of
telomere-telomere fusion and chromosome
breakage during cell division [41, 42]. Under
such conditions, cells may attempt to circum-
vent the detrimental consequences of telomere
attrition by upregulating factors such as RB,
TP53, or telomerase itself [43, 44]. Genomic
instability is a hallmark of cancer and promotes
tumor heterogeneity, facilitates cellular adapta-
tion to stress, and ultimately contributes to
malignant behavior and therapeutic resistan-
ce. The acquisition of oncogenic driver muta-
tions and the inactivation of DNA repair genes
represent early events in malignant transfor-
mation and constitute core mechanisms of
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tumorigenesis [45]. More than 75% of human
cancers maintain telomere length (TL) through
telomerase upregulation, thereby enabling con-
tinued proliferation [46]. In contrast, other
malignancies - particularly those of mesenchy-
mal origin, such as sarcomas - extend telo-
meres in the absence of telomerase via re-
combination-based alternative lengthening of
telomeres(ALT) pathways [43, 44]. Both me-
chanisms facilitate the accumulation of somat-
ic mutations, ultimately leading to uncontrolled
cell division and tumor formation (Figure 3).
Consistent with these observations, mouse
models have demonstrated that telomere
shortening can drive genomic instability th-
rough end-to-end chromosome fusions [47],
and increased chromosomal rearrangements
and mutation rates have also been observed
in telomerase-deficient yeast [48].

Because of the intrinsic limitations of DNA rep-
lication, linear DNA molecules cannot be fully
replicated, resulting in progressive telomere
shortening with each round of cell division and
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Accordingly, ALT-positive cells
R are capable of maintaining
telomeres without telomerase
activity. Due to extensive ho-
mologous recombination (HR),
ALT-positive cells exhibit pro-
nounced telomere length het-
erogeneity and an increased

Replicative ) .
senescence frequency of telomeric sister
s chromatid exchange events
q/g@@ [56]. Activation of the ALT
- mechanism involves a transi-
- - tion of telomeres into a recom-

bination-prone state, which is

Cell proliferation

Figure 3. Abnormal elongation of telomere length. Normally, as cells pro-
liferate, telomere length gradually shortens, and when telomere length
reaches a critical threshold, apoptosis occurs. However, when telomeres
are excessively short, some cells may experience genomic instability, lead-
ing to the ongoing accumulation of mutations and resulting in abnormal
telomere elongation, which in turn causes uncontrolled cell division and

carcinogenesis.

thereby imposing a replicative limit on normal
somatic cells [49]. At the 3’ end of double-
stranded telomeric repeats, a G-rich single-
stranded overhang of approximately 100-300
base pairs is formed, which folds back and
invades adjacent telomeric repeats to gene-
rate a branched structure known as the telo-
meric loop(t-loop) [50]. With continued cell pro-
liferation, the binding of protective proteins and
the formation of t-loops become progressively
compromised. This loss of telomere protection
leads to telomere dysfunction and ultimately
triggers cellular senescence or apoptosis [44].
Telomere maintenance mechanisms (TMMs)
confer replicative immortality to cancer cells
[44]. TMMs can be broadly categorized into two
types: telomerase-dependent mechanisms, pri-
marily mediated by the TERT [51, 52], and
telomerase-independent mechanisms that rely
on homologous recombination repair (HDR),
collectively referred to as the ALT pathway [53,
54].

ALT is a recombination-based telomere mainte-
nance mechanism analogous to break-induced
replication (BIR) [55], enabling telomere elon-
gation through HDR in the absence of telomer-
ase. ALT activity is detected in approximately
10%-15% of human cancers and is often as-
sociated with poorer clinical outcomes [56].
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closely linked to alterations in
telomeric chromatin structure
and elevated replication st-
ress [44]. ALT telomeres dis-
play high levels of replication
stress and DNA damage [57],
attributable to disorganized
chromatin architecture, telo-
meric sequence variants, and
aberrant protein binding [58,
59]. If such stress cannot be alleviated through
replication fork reversal and restart, replication
fork stalling may be exacerbated, resulting in
double-strand breaks (DSBs). Subsequently,
DSB ends promote homology-directed search,
allowing single-stranded DNA to invade homol-
ogous double-stranded DNA and complete te-
lomere synthesis through BIR-like mechanisms
[60-63].

Senescence-associated secretory phenotype:
In cancer biology, cellular senescence repre-
sents a double-edged sword. During the early
stages of tumorigenesis, senescent cancer
cells can be eliminated through activation of
the adaptive immune system [64]. Senescent
cells undergo characteristic morphological
changes, chromatin remodeling, and metabolic
reprogramming, while simultaneously secreting
a complex mixture of pro-inflammatory factors
collectively termed the senescence-associat-
ed secretory phenotype (SASP) [65, 66]. SASP
plays a critical role in cancer initiation and pro-
gression [64, 67, 68]. Accumulating evidence
indicates that alterations in the secretory activ-
ity of senescent cells can modulate the tissue
microenvironment, weaken control over cellular
behavior, and promote tumorigenesis [69].

SASP comprises a broad array of factors secret-
ed by senescent cells, including cytokines, che-
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mokines, extracellular matrix proteases, grow-
th factors, and other signaling molecules [70].
Senescent cells can influence neighboring cells
through multiple mechanisms, such as juxta-
crine NOTCH/JAG1 signaling [71], increased
production of reactive oxygen species (ROS)
[72, 73], or transfer via cytoplasmic bridges
and extracellular vesicles, including exosomes
[73, 74]. In vitro, SASP reinforces senescence-
associated growth arrest through autocrine
positive feedback loops. Indeed, downregula-
tion of IL-6R, insulin-like growth factor binding
protein 7 (IGFBP7), or IL-8 and its associated
chemokine receptor CXCR2 can prevent the
establishment of senescence [74, 75]. This
autocrine circuitry contributes to the tumor-
suppressive effects of senescence. Notably,
SASP can also induce senescence in neighbor-
ing non-malignant proliferating cells, a phe-
nomenon known as paracrine senescence
[76, 77], suggesting that senescent cells may
enhance antitumor responses by limiting the
proliferation of adjacent cells within the same
microenvironment.

Conversely, senescence-associated secretory
programs may also promote tumor develop-
ment. A substantial body of evidence from ani-
mal models demonstrates that selective elimi-
nation of senescent cells significantly improves
healthspan in mice and ameliorates outcomes
in age-related diseases as well as responses
to cancer therapy [78-83]. SASP is inherently
pro-inflammatory, and inflammatory mediators
are well-recognized drivers of tumor progres-
sion. Early studies showed that SASP secreted
by senescent fibroblasts promotes the prolifer-
ation and invasion of premalignant epithelial
cells and enhances vascularization of xeno-
graft tumors [69, 84]. Similarly, SASP derived
from senescent hepatic stellate cells has been
shown to promote proliferation and malignant
transformation of neighboring hepatocytes in
obese mice exposed to chemical carcinogens
[85]. Importantly, senescence-associated se-
cretory factors mediate the deleterious effects
of senescent cell accumulation during chemo-
therapy in vivo, and clearance of senescent
cells in this context can prevent tumor recur-
rence [81].

The interplay between SASP and immune re-
sponses is complex and context dependent.
On the one hand, SASP is initially thought to
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facilitate immune-mediated clearance of se-
nescent cells. During early tumorigenesis,
SASP-dependent recruitment of Thl cells, nat-
ural killer (NK) cells, and macrophages is criti-
cal for eliminating early premalignant cells and
restraining the progression of hepatocellular
carcinoma (HCC) [64, 86]. On the other hand,
SASP may exert immunosuppressive effects
under certain conditions [87-89]. For example,
Eggert et al. reported that when premalignant
senescent hepatocytes coexist with hepatocel-
lular carcinoma cells, SASP-dependent recruit-
ment of immature myeloid cells impairs NK cell
function and thereby promotes HCC progres-
sion, highlighting the multifaceted interactions
among SASP, immune cells, and cancer devel-
opment [90].

Taken together, these findings support a model
in which DKC1 mutations lead to reduced
telomerase activity and progressive telomere
shortening, thereby inducing genomic instabili-
ty and cellular senescence, which may ulti-
mately contribute to carcinogenesis.

Defective translational regulation: selective
effects on IRES-dependent transcripts and
potential biomarkers

Although the clinical manifestations of DC
have long been primarily attributed to defects
in telomere maintenance, accumulating evi-
dence indicates that abnormalities in RNA
pseudouridylation caused by DKC1 dysfunc-
tion, and the resulting defects in selective
translation, exert an independent contribution
to cancer susceptibility [35, 91, 92]. As the
core component of the H/ACA ribonucleopro-
tein complex, dyskerin catalyzes pseudouridy-
lation at multiple sites within rRNA, a process
that is essential for ribosomal conformational
stability and efficient assembly of the transla-
tion initiation complex [93, 94]. Impairment of
DKC1 function reduces rRNA pseudouridyla-
tion levels, thereby weakening ribosome-mRNA
and ribosome-tRNA interactions and reshaping
selective translational output [95].

A consistent finding across multiple DKC1
mutant models and cells derived from patients
with X-linked DC is that DKC1 deficiency does
not cause global translational repression. In-
stead, it preferentially affects transcripts that
rely on IRESs for translation initiation [96, 97].
In these contexts, IRES-dependent translation
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is selectively compromised, whereas cap-de-
pendent translation is relatively preserved
under basal conditions [86, 97]. Affected tran-
scripts include key tumor suppressors (such as
p53 and p27) as well as survival-associated
factors (including XIAP and Bcl-xL) [97-100].
Bellodi et al. further demonstrated that insuffi-
cient DKC1-dependent rRNA pseudouridylation
interferes with pre-initiation complex assemb-
ly and limits ribosome loading onto IRES-rich
transcripts, such as p27 [99].

IRES-dependent translation becomes particu-
larly critical under cellular stress conditions,
including hypoxia, DNA damage, and cell cycle
arrest, during which cap-dependent transla-
tion is broadly suppressed [101, 102]. Con-
sequently, in the setting of DKC1 deficiency,
cells may fail to appropriately upregulate es-
sential tumor suppressor proteins in response
to stress or genotoxic insults, thereby facilitat-
ing checkpoint escape and conferring a surviv-
al advantage [98]. Notably, these translational
defects can arise prior to overt telomere short-
ening, suggesting that impaired IRES-depen-
dent translation may represent an early patho-
genic event in DC-associated tumorigenesis
[97].

At the mechanistic level, recent studies have
revealed that DKC1-mediated regulation of
IRES-dependent translation is both transcript-
specific and context dependent. Gupta et al.
systematically characterized a MYC/MYCN-ac-
tivated DKC1-hnRNP A1 axis, in which dyskerin
maintains the translation of hnRNP A1l by cata-
lyzing pseudouridylation at specific sites within
28S rRNA (W4331 and W4966). This, in turn,
enhances IRES-dependent translation and am-
plifies ATF4-driven metabolic adaptation and
the integrated stress response [96]. Impor-
tantly, ribosomes isolated from familial DC
patients exhibit significantly reduced pseu-
douridylation at these sites [103], providing
direct evidence for the relevance of this me-
chanism in human disease. These findings sup-
port the concept of “specialized ribosomes”,
whereby ribosomal modification states deter-
mine translational preferences for subsets of
MRNAs harboring regulatory elements such
as IRESs or upstream open reading frames
(UORFs) [104-106].

Consistent with this model, regulation of IRES-
dependent translation is not uniformly suppres-
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sive. Rocchi et al. reported that DKC1 knock-
down in breast cancer cells enhances IRES-
dependent translation of VEGF mRNA and pro-
motes an invasive phenotype [107], indicating
that defects in dyskerin-mediated rRNA pseu-
douridylation may exert directionally distinct
effects on different IRES elements [107]. From
a tumor-suppressive perspective, Bellodi et al.
further demonstrated that loss of DKC1 func-
tion directly promotes tumorigenesis by dis-
rupting IRES-dependent translation of p27. In
both animal models and human pituitary ade-
nomas, DKC1 abnormalities were associated
with reduced p27 protein levels [86]. Colle-
ctively, these observations indicate that dys-
kerin-mediated translational control constitut-
es a substantive tumor-suppressive barrier.

From a methodological and translational per-
spective, ribosome profiling and high-through-
put W mapping represent powerful tools for
dissecting selective translational alterations
associated with DKC1 dysfunction. However, in
human samples and disease models of dysker-
atosis congenita or DKC1 deficiency, integrat-
ed, system-level studies jointly interrogating
selective translation and W landscapes remain
limited. Current evidence is therefore largely
derived from analyses of alterations at specific
rRNA W sites and validation of impaired transla-
tion of key IRES-dependent transcripts [108,
109]. Accordingly, rRNA pseudouridylation sig-
natures, together with reduced protein - but not
transcript - levels of IRES-dependent tumor
suppressors such as p53 and p27, may serve
as candidate biomarkers for evaluating dys-
kerin functional status and cancer risk [98, 99].
Given that distinct IRES-containing transcripts
may be regulated in opposite directions (e.g.,
p27/p53 versus ATF4/VEGF) [86, 96, 107],
future studies in genetically stratified cohorts
of DC and short telomere syndrome patients
that integrate rRNA W profiling with assess-
ment of key IRES-dependent proteins may
enable the development of more actionable
strategies for risk stratification and longitudinal
monitoring.

T-Lymphocyte immunodeficiency

Although telomere shortening can lead to end-
to-end chromosome fusion and genomic insta-
bility and is widely regarded as an important
facilitating factor in tumorigenesis [41, 42, 88,
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110-112], increasing evidence suggests that
impaired host immune surveillance - particu-
larly T-lymphocyte immunodeficiency - may play
a more fundamental role in shaping cancer sus-
ceptibility in DC and related short telomere syn-
dromes [113-115]. This perspective does not
negate the pathogenic significance of telomere
dysfunction but rather emphasizes the central
position of immune impairment within the natu-
ral history of DC.

Findings from clinical registries and long-term
follow-up studies indicate that the tumor spec-
trum observed in patients with short telomere
syndromes more closely resembles that seen
in states of immunodeficiency than that typi-
cally driven by pronounced genomic instability
[91]. For example, the markedly increased inci-
dence of solid tumors such as head and neck
squamous cell carcinoma in these patients par-
allels patterns observed in chronically immuno-
suppressed organ transplant recipients or indi-
viduals with HIV/AIDS [2]. At the time of cancer
diagnosis, most patients already exhibit overt
immune abnormalities, including reduced T-
lymphocyte counts, restricted T-cell receptor
repertoires, and functional T-cell exhaustion
[2]. It should be noted, however, that many of
these cohort studies are derived from referral
populations, and their interpretation must ta-
ke into account potential confounding factors
such as selection bias, prior therapeutic inter-
ventions (e.g., hematopoietic stem cell trans-
plantation), and the use of immunosuppressive
agents.

In contrast, direct evidence supporting a domi-
nant role for tumor-intrinsic genomic instability
in DC-associated solid tumors remains limited.
Although telomere shortening is theoretically
expected to increase the likelihood of chromo-
somal abnormalities, existing studies have not
systematically demonstrated that DC-associat-
ed solid tumors universally harbor highly com-
plex chromosomal rearrangements or markedly
elevated mutational burdens. Consequently,
the available tumor genomic data are insuffi-
cient to support a unifying model in which
genomic instability serves as the primary driver
of carcinogenesis in DC [2]. This notion is fur-
ther supported by animal studies showing that,
in telomerase-deficient mice engineered to po-
ssess telomere lengths comparable to those of
humans, telomere shortening alone does not
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spontaneously confer a strong cancer predis-
position [116, 117].

Importantly, a substantial body of clinical and
experimental evidence indicates that immuno-
deficiency in DC and related short telomere
syndromes can arise as an early event, in some
cases preceding the development of classic
clinical features [2, 118]. Case reports de-
scribe patients who initially present in child-
hood with isolated humoral immunodeficiency
and are diagnosed with common variable im-
munodeficiency (CVID), while the characteristic
mucocutaneous manifestations and other fea-
tures of DC emerge only years later [118].
These observations suggest that immune dys-
function is not merely a secondary conse-
quence of DC but may constitute an early and
integral component of its disease trajectory.

Systematic reviews and registry-based analy-
ses further support this conclusion. Patients
with DC and related phenotypes exhibit a
broad spectrum of immunological abnormali-
ties, including dysregulated immunoglobulin
levels, reduced B-cell and/or NK cell popula-
tions, and varying degrees of quantitative and
functional T-lymphocyte impairment. Notably,
these abnormalities can occur in the absence
of overt bone marrow failure [119]. Immuno-
deficiency is particularly pronounced in severe
phenotypes such as Hoyeraal-Hreidarsson syn-
drome or Revesz syndrome, as well as in spe-
cific genetic subtypes, including variants in
DKC1, RTEL1, and TINF2 [2, 120].

Further cohort studies have explicitly charac-
terized short telomere syndromes as primary
T-lymphocyte immunodeficiency disorders. In
this context, carriers of telomerase gene muta-
tions may develop severe immunodeficiency
in adulthood - often characterized by marked
CD4* T-cell depletion - even in the absence of
bone marrow failure, and experience a high
incidence of potentially fatal opportunistic
infections [115]. Notably, in some patients,
opportunistic infections precede the onset of
bone marrow failure or other canonical DC
manifestations [115], underscoring the funda-
mental role of disrupted T-cell homeostasis in
disease progression.

Taken together, these observations allow the
formulation of testable predictions to further
distinguish the relative contributions of immu-
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nodeficiency and genomic instability to DC-
associated tumorigenesis. If impaired immune
surveillance is the dominant driver, DC-asso-
ciated head and neck squamous cell carcino-
mas would be expected to exhibit relatively
modest mutational burdens accompanied by
reduced numbers or functional impairment of
tumor-infiltrating T lymphocytes. Conversely, if
genomic instability predominates, one would
anticipate widespread chromosomal abnormal-
ities and highly unstable tumor genomic archi-
tectures. Future integrative studies combining
tumor genomics, immune microenvironment
profiling, and detailed immunophenotyping of
patients will be essential to resolve this issue.

Other possible mechanisms

An increasing body of evidence suggests that
telomere dysfunction alone may be insufficient
to fully account for the phenotypic spectrum of
X-linked DC [121-124]. In our preliminary stud-
ies using OSCC cell lines overexpressing mutant
DKC1, we observed a marked upregulation of
SOX2 expression accompanied by enhanced
tumor sphere-forming capacity (unpublished
data). These findings raise the possibility that
dyskerin dysfunction may promote OSCC pro-
gression, at least in part, through activation of
SOX2-dependent pathways.

Extensive studies have demonstrated that
SOX2 gene amplification and overexpression
contribute to cancer progression [125-127],
including in OSCC, breast cancer, colorectal
cancer, and hepatocellular carcinoma, and
that elevated SOX2 levels are associated with
poor clinical outcomes [128]. SOX2 regulates
a wide range of cancer cell properties, includ-
ing proliferation, epithelial-mesenchymal tran-
sition (EMT), migration, invasion, metastasis,
sphere and colony formation, tumor initiation,
cancer stem cell (CSC) formation, as well as
apoptosis resistance and drug tolerance [125,
129-131]. Given that CSCs share self-renewal
capacity with normal stem cells and that SOX2
is a central regulator of pluripotency, numerous
studies have implicated SOX2 in CSC regula-
tion. For example, SOX2 cooperates with pro-
tein kinase C iota (PKCl) to induce and mainta-
in interactions between stem cells and their
microenvironment [108]. SOX2 also promotes
EMT by activating the transcription of Snail,
Slug, and Twist, while repressing epithelial
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markers such as E-cadherin and Z0-1
[132-134].

While the majority of studies support a pro-
tumorigenic role for SOX2, context-dependent
effects have also been reported. In gastric can-
cer, for instance, SOX2 expression has been
found to be lower than in normal gastric muco-
sa. Otsubo et al. demonstrated that SOX2 can
inhibit gastric cancer cell proliferation by induc-
ing proliferation of normal cells, thereby leading
to cell cycle arrest [21]. Another study showed
that SOX2 suppresses migratory and invasive
potential in gastric cancer cells through upreg-
ulation of p21 [135]. These findings underscore
the complex and context-specific functions of
SOX2 in tumorigenesis and highlight the need
for further mechanistic investigation.

Taken together, dyskerin dysfunction caused by
DKC1 mutations likely shapes cancer suscepti-
bility in DC and related short telomere syn-
dromes through multiple, interrelated mecha-
nisms. Disruption of telomere homeostasis and
imbalances in selective translation create a
permissive background characterized by im-
paired tissue renewal and attenuated tumor
suppressive responses. In contrast, clinical evi-
dence more consistently supports the notion
that impaired T-lymphocyte-mediated immune
surveillance emerges prior to, or independently
of, overt tumor-intrinsic chromosomal instabili-
ty in short telomere syndrome-associated solid
tumors, particularly head and neck squamous
cell carcinoma. In addition, dyskerin dysfunc-
tion may further amplify oncogenic risk in spe-
cific tissue contexts by aberrantly activating
stemness-associated pathways, such as SOX2
signaling, thereby reprogramming tumor cell
plasticity and adaptive phenotypes.

Discussion and outlook

An intriguing paradox has been noted in DC,
wherein reduced cellular proliferative capacity
coexists with an increased susceptibility to
cancer [123]. Defects in telomerase function
and ribosome biogenesis are sufficient to
account for impaired proliferation. Proliferating
cells require enhanced protein synthesis to
meet increased biosynthetic demands, which
in turn necessitates robust ribosome biogene-
sis [136]. Accordingly, cells with impaired or
slowed ribosome production - such as those
with dyskerin dysfunction - generally exhibit

Am J Cancer Res 2026;16(2):660-678



Dyskerin dysfunction and cancer development

nized as being critical for tu-
mor suppression. When dys-
kerin function is compromis-
ed, defects in IRES-dependent
translation attenuate the syn-
thesis of key tumor suppres-
sive and survival-associated
proteins, including p27, p53,
and the anti-apoptotic factors
XIAP and Bcl-xL, thereby con-
tributing to increased cancer
susceptibility (Figure 4).
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-

Cancer

Figure 4. The “paradox” of dyskeratosis congenita - reduced cell prolifera-
tion and increased cancer susceptibility. Telomere length plays a “double-
edged sword” role in cancer development, with both excessively long and
excessively short telomeres potentially leading to uncontrolled cell division

and tumor formation.

reduced proliferative capacity [137]. From this
perspective, dyskerin dysfunction in X-linked
DC may restrict self-renewal in highly regenera-
tive and unstable tissues. Paradoxically, how-
ever, patients with DC display a markedly in-
creased risk of malignancy.

Telomeres exert dual roles in carcinogenesis,
with both excessively short and excessively
long telomeres being associated with cancer
development [40, 51, 138]. Cells harboring
longer telomeres possess enhanced prolifera-
tive potential, as they typically lack telomere
length-dependent signals that trigger senes-
cence or apoptosis, thereby permitting sus-
tained cell division and increasing the oppor-
tunity for accumulation of oncogenic DNA mu-
tations [128]. The contribution of short telo-
meres to tumorigenesis has been discussed
above. Beyond its role in maintaining telomer-
ase activity and telomere stability, dyskerin
also mediates post-transcriptional rRNA modi-
fication, a function that is increasingly recog-
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Cancer susceptibility f

—

v DC is a multisystem disorder,
with BMF occurring in approxi-
mately 80%-90% of patients

defect and representing the leading

cause of mortality [139, 140].
Pulmonary fibrosis and malig-
nant transformation constitu-
te additional severe complica-
tions during disease progres-
sion. At present, management
of DC and related short telo-
mere syndromes remains lar-
gely supportive and symptom
oriented, with a primary focus
on addressing hematopoietic
failure and severe immunode-
ficiency rather than correcting
the underlying molecular de-
fects. Allogeneic hematopoiet-
ic stem cell transplantation (HSCT) is currently
the only intervention capable of reversing BMF
and partially restoring immune function. How-
ever, HSCT does not correct telomere-associat-
ed multisystem abnormalities, and both trans-
plant-related mortality and long-term compli-
cation rates are substantially higher in DC
than in other inherited BMF syndromes [2]. In
recent years, fludarabine-based reduced-inten-
sity conditioning regimens have improved
transplant outcomes to some extent, yet pul-
monary complications and secondary malig-
nancies remain major limiting factors [141].

For patients who are not candidates for trans-
plantation or prior to HSCT, androgen therapy -
such as danazol - has been widely employed
to improve peripheral blood counts, potentially
through indirect enhancement of telomerase
activity [142, 143]. Nevertheless, this approach
remains supportive rather than curative, as it
neither halts progressive telomere shortening
nor reduces long-term cancer risk. Looking for-
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ward, emerging therapeutic strategies may in-
clude TERC supplementation and telomerase
activation, senescent cell clearance or senes-
cence-modulating approaches, and interven-
tions targeting translational control pathways.
Rigorous evaluation of these strategies will
require careful consideration of genotype-spe-
cific effects, long-term safety - particularly on-
cogenic risk - and clinically meaningful end-
points in well-stratified patient cohorts.

TERC supplementation and telomerase activa-
tion

Level of evidence: preclinical studies with limit-
ed human cell-based or case observations.

Multiple studies have demonstrated that exog-
enous supplementation of the TERC can re-
store telomerase activity and elongate telo-
meres in cells harboring DKC1 or TERC muta-
tions [2, 135, 144, 145]. In addition, inhibition
of PAPD5 stabilizes mature TERC levels and
has been shown to improve hematopoietic
function in cellular and animal models, high-
lighting a potentially promising molecularly tar-
geted strategy [145, 146]. However, telomer-
ase activation is intrinsically associated with
oncogenic risk, particularly in patients with DC,
who already exhibit a heightened predisposi-
tion to malignancy. Accordingly, future clinical
investigations should place particular empha-
sis on long-term cancer incidence, genotype-
specific risk stratification (e.g., DKC1 versus
TERT/TERC mutations), and careful control of
treatment timing and dosing.

Senescent cell clearance and senescence
modulation (senolytics/senomorphics)

Level of evidence: preclinical studies.

Telomere dysfunction induces cellular senes-
cence and promotes the development of a pro-
inflammatory SASP, which plays an important
role in tissue dysfunction and remodeling of the
tumor microenvironment [147, 148]. In animal
models, selective elimination of senescent
cells has been shown to improve multisystem
function and delay disease progression [110].
Although this strategy may theoretically allevi-
ate systemic manifestations of DC, its safety
in immunocompromised populations remains
uncertain. Moreover, senescence also exerts
tumor-suppressive effects during the early
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stages of carcinogenesis, raising concerns that
indiscriminate senescent cell clearance could
compromise these protective mechanisms. At
present, senolytic and senomorphic approach-
es in DC remain confined to mechanistic explo-
ration rather than clinical application.

Targeting translational regulation (modulation
of IRES-dependent translation)

Level of evidence: mechanistic studies.

Abnormal rRNA pseudouridylation resulting
from DKC1 dysfunction selectively affects
IRES-dependent translation and thereby atten-
uates the expression of key tumor suppressors
such as p53 and p27 [86, 96, 105, 149]. While
this mechanism provides an important concep-
tual framework for understanding cancer sus-
ceptibility in DC, there are currently no estab-
lished clinical interventions capable of specifi-
cally modulating this translational pathway.
Translation of these insights into therapeutic
strategies will require deeper mechanistic stud-
ies and the identification of robust biomarkers
to enable patient stratification and treatment
monitoring.

Overall considerations for future clinical stud-
ies

Based on the available evidence, future clinical
trials in DC and related short telomere syn-
dromes should prioritize: (i) clear delineation of
evidence levels and rigorous assessment of
risk-benefit ratios to avoid premature clinical
implementation; (ii) stratified trial designs ac-
cording to genotype and inheritance pattern
(e.g., DKC1 versus TERT/TERC); and (iii) selec-
tion of clinically meaningful endpoints focused
on long-term safety, cancer incidence, and
immune function, rather than hematologic im-
provement alone. Only through careful integra-
tion of evidence strength, genetic background,
immune status, and cancer risk into a unified
evaluative framework can these emerging in-
terventions be translated into safe, reproduc-
ible, and clinically meaningful applications.

Acknowledgements
This work was supported by the National

Natural Science Foundation of China (Grant
Nos. U19A2005, 82270986, 82201074).

Am J Cancer Res 2026;16(2):660-678



Dyskerin dysfunction and cancer development

Disclosure of conflict of interest
None.

Address correspondence to: Jiongke Wang and
Xuefeng Zhang, State Key Laboratory of Oral
Diseases, National Center of Stomatology, National
Clinical Research Center for Oral Diseases, West
China Hospital of Stomatology, Sichuan University,
No. 14, 3rd Section of Ren Min Nan Road, Chengdu
610041, Sichuan, China. Tel: +86-13881818756;
ORCID: 0000-0003-0326-6376; E-mail: wangjion-
gke@163.com (JKW); Tel: +86-15982896887;
ORCID: 0000-0002-5030-2766; E-mail: zhangxue-
feng1990@scu.edu.cn (XFZ)

References

[1] AlSabbagh MM. Dyskeratosis congenita: a lit-
erature review. J Dtsch Dermatol Ges 2020;
18: 943-967.

[2]  Niewisch MR and Savage SA. An update on the
biology and management of dyskeratosis con-
genita and related telomere biology disorders.
Expert Rev Hematol 2019; 12: 1037-1052.

[3] Hackett JA, Feldser DM and Greider CW. Telo-
mere dysfunction increases mutation rate and
genomic instability. Cell 2001; 106: 275-286.

[4]  Vulliamy T, Marrone A, Goldman F, Dearlove A,
Bessler M, Mason PJ and Dokal I. The RNA
component of telomerase is mutated in auto-
somal dominant dyskeratosis congenita. Na-
ture 2001; 413: 432-435.

[5] Powell JB, Dokal I, Carr R, Taibjee S, Cave B
and Moss C. X-linked dyskeratosis congenita
presenting in adulthood with photodamaged
skin and epiphora. Clin Exp Dermatol 2014;
39: 310-314.

[6] MacNeil DE, Bensoussan HJ and Autexier C.
Telomerase regulation from beginning to the
end. Genes (Basel) 2016; 7: 64.

[71 Hoareau-Aveilla C, Henry Y and Leblanc T. Dys-
keratosis congenita, a disease caused by de-
fective telomere maintenance. Med Sci (Paris)
2008; 24: 390-398.

[8] Blackburn EH and Collins K. Telomerase: an
RNP enzyme synthesizes DNA. Cold Spring
Harb Perspect Biol 2011; 3: a003558.

[9] Hirvonen EAM, Peuhkuri S, Norberg A, De-
german S, Hannula-Jouppi K, Vélimaa H, Kil-
pivaara O and Wartiovaara-Kautto U. Charac-
terization of an X-chromosome-linked telomere
biology disorder in females with DKC1 muta-
tion. Leukemia 2019; 33: 275-278.

[10] Burris AM, Ballew BJ, Kentosh JB, Turner CE
and Norton SA; NCI DCEG Cancer Genomics
Research Laboratory; NCI DCEG Cancer Se-
quencing Working Group; Giri N, Alter BP, Nel-

672

(11]

[12]

[15]

(16]

[17]

(19]

[20]

[22]

lan A, Gamper C, Hartman KR and Savage SA.
Hoyeraal-hreidarsson syndrome due to PARN
mutations: fourteen years of follow-up. Pediatr
Neurol 2016; 56: 62-68, e61.

Ward SC, Savage SA, Giri N, Alter BP and Cow-
en EW. Progressive reticulate skin pigmenta-
tion and anonychia in a patient with bone mar-
row failure. J Am Acad Dermatol 2017; 77:
1194-1198.

Roka K, Solomou E, Kattamis A and Stiakaki E.
Telomere biology disorders: from dyskeratosis
congenita and beyond. Postgrad Med J 2024;
100: 879-889.

Savage SA. Telomere length and cancer risk:
finding Goldilocks. Biogerontology 2024; 25:
265-278.

Liti G and Louis EJ. NEJ1 prevents NHEJ-de-
pendent telomere fusions in yeast without
telomerase. Mol Cell 2003; 11: 1373-1378.
Katerina S. Telomeres and immunodeficien-
cies. Hum Immunol 2024; 85: 111146.

Kutler DI, Singh B, Satagopan J, Batish SD,
Berwick M, Giampietro PF, Hanenberg H and
Auerbach AD. A 20-year perspective on the In-
ternational Fanconi Anemia Registry (IFAR).
Blood 2003; 101: 1249-1256.

Choi J and Jung M. Head and Neck Cancer in
Fanconi Anemia: clinical challenges and mo-
lecular insights into a DNA repair disorder.
Cancers (Basel) 2025; 17: 3046.

Claude E and Decottignies A. Telomere mainte-
nance mechanisms in cancer: telomerase, ALT
or lack thereof. Curr Opin Genet Dev 2020; 60:
1-8.

Gao J and Pickett HA. Targeting telomeres: ad-
vances in telomere maintenance mechanism-
specific cancer therapies. Nat Rev Cancer
2022; 22: 515-532.

Fiesco-Roa MO, Garcia-de Teresa B, Leal-Ana-
ya P, van't Hek R, Wegman-Ostrosky T, Frias S
and Rodriguez A. Fanconi anemia and dyskera-
tosis congenita/telomere biology disorders:
two inherited bone marrow failure syndromes
with genomic instability. Front Oncol 2022; 12:
949435.

Njouendou AJ, Szarvas T, Tiofack AAZ, Kenfack
RN, Tonouo PD, Ananga SN, Bell EHMD, Simo
G, Hoheisel JD, Siveke JT and Lueong SS. SOX2
dosage sustains tumor-promoting inflamma-
tion to drive disease aggressiveness by modu-
lating the FOSL2/IL6 axis. Mol Cancer 2023;
22:52.

Barthel FP, Wei W, Tang M, Martinez-Ledesma
E, Hu X, Amin SB, Akdemir KC, Seth S, Song X,
Wang Q, Lichtenberg T, Hu J, Zhang J, Zheng S
and Verhaak RG. Systematic analysis of telo-
mere length and somatic alterations in 31 can-
cer types. Nat Genet 2017; 49: 349-357.

Am J Cancer Res 2026;16(2):660-678


mailto:wangjiongke@163.com
mailto:wangjiongke@163.com
mailto:zhangxuefeng1990@scu.edu.cn
mailto:zhangxuefeng1990@scu.edu.cn

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

673

Dyskerin dysfunction and cancer development

Blasco MA, Lee HW, Hande MP, Samper E,
Lansdorp PM, DePinho RA and Greider CW.
Telomere shortening and tumor formation by
mouse cells lacking telomerase RNA. Cell
1997; 91: 25-34.

Hanahan D and Weinberg RA. The hallmarks
of cancer. Cell 2000; 100: 57-70.

Alter BP, Giri N, Savage SA and Rosenberg PS.
Cancer in the National Cancer Institute inher-
ited bone marrow failure syndrome cohort af-
ter fifteen years of follow-up. Haematologica
2018; 103: 30-39.

Niewisch MR, Giri N, McReynolds LJ, Alsaggaf
R, Bhala S, Alter BP and Savage SA. Disease
progression and clinical outcomes in telomere
biology disorders. Blood 2022; 139: 1807-
1819.

Alter BP, Giri N, Savage SA, Quint WG, de Kon-
ing MN and Schiffman M. Squamous cell carci-
nomas in patients with Fanconi anemia and
dyskeratosis congenita: a search for human
papillomavirus. Int J Cancer 2013; 133: 1513-
1515.

Grill S and Nandakumar J. Molecular mecha-
nisms of telomere biology disorders. J Biol
Chem 2021; 296: 100064.

Briimmendorf TH and Balabanov S. Telomere
length dynamics in normal hematopoiesis and
in disease states characterized by increased
stem cell turnover. Leukemia 2006; 20: 1706-
1716.

Savage SA and Niewisch MR. Dyskeratosis
congenita and related telomere biology disor-
ders. In: Adam MP, Bick S, Mirzaa GM, Pagon
RA, Wallace SE, Amemiya A, editors. GeneRe-
views(®). Seattle (WA): University of Washing-
ton, Seattle; 1993.

Alter BP, Giri N, Savage SA, Peters JA, Loud JT,
Leathwood L, Carr AG, Greene MH and Rosen-
berg PS. Malignancies and survival patterns in
the National Cancer Institute inherited bone
marrow failure syndromes cohort study. Br J
Haematol 2010; 150: 179-188.

Larrivée M, LeBel C and Wellinger RJ. The gen-
eration of proper constitutive G-tails on yeast
telomeres is dependent on the MRX complex.
Genes Dev 2004; 18: 1391-1396.

Ghanim GE, Fountain AJ, van Roon AM, Ran-
gan R, Das R, Collins K and Nguyen THD. Struc-
ture of human telomerase holoenzyme with
bound telomeric DNA. Nature 2021; 593: 449-
453.

Zhang JM and Zou L. Alternative lengthening
of telomeres: from molecular mechanisms to
therapeutic outlooks. Cell Biosci 2020; 10: 30.
Ding H, Liu N, Wang Y, Adam SA, Jin J, Feng W
and Sun J. Implications of RNA pseudouri-
dylation for cancer biology and therapeutics: a
narrative review. J Transl Med 2024; 22: 906.

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Sobinoff AP and Pickett HA. Mechanisms that
drive telomere maintenance and recombina-
tion in human cancers. Curr Opin Genet Dev
2020; 60: 25-30.

Qin J, Garus A and Autexier C. The C-terminal
extension of dyskerin is a dyskeratosis congen-
ita mutational hotspot that modulates interac-
tion with telomerase RNA and subcellular lo-
calization. Hum Mol Genet 2024; 33: 318-332.
Garus A and Autexier C. Dyskerin: an essen-
tial pseudouridine synthase with multifaceted
roles in ribosome biogenesis, splicing, and
telomere maintenance. RNA 2021; 27: 1441-
1458.

Schlotter F, Mérouani S, Flayac J, Kogey V, Issa
A, Dodré M, Huttin A, Branlant C, Bertrand E,
Labialle S, Vandermoere F, Verheggen C and
Massenet S. Proteomic analyses reveal new
features of the box H/ACA RNP biogenesis.
Nucleic Acids Res 2023; 51: 3357-3374.
Torres-Montaner A. Telomere maintenance
and oncogenesis. Int J Mol Sci 2025; 26:
10941.

Sobinoff AP, Allen JA, Neumann AA, Yang SF,
Walsh ME, Henson JD, Reddel RR and Pickett
HA. BLM and SLX4 play opposing roles in re-
combination-dependent replication at human
telomeres. EMBO J 2017; 36: 2907-2919.
Sobinoff AP and Pickett HA. Alternative length-
ening of telomeres: DNA repair pathways con-
verge. Trends Genet 2017; 33: 921-932.
Dilley RL, Verma P, Cho NW, Winters HD, Won-
disford AR and Greenberg RA. Break-induced
telomere synthesis underlies alternative telo-
mere maintenance. Nature 2016; 539: 54-58.
Cho NW, Dilley RL, Lampson MA and Green-
berg RA. Interchromosomal homology search-
es drive directional ALT telomere movement
and synapsis. Cell 2014; 159: 108-121.

Kang TW, Yevsa T, Woller N, Hoenicke L,
Wuestefeld T, Dauch D, Hohmeyer A, Gereke
M, Rudalska R, Potapova A, Iken M, Vucur M,
Weiss S, Heikenwalder M, Khan S, Gil J, Bruder
D, Manns M, Schirmacher P, Tacke F, Ott M,
Luedde T, Longerich T, Kubicka S and Zender
L. Senescence surveillance of pre-malignant
hepatocytes limits liver cancer development.
Nature 2011; 479: 547-551.

Herranz N and Gil J. Mechanisms and func-
tions of cellular senescence. J Clin Invest
2018; 128: 1238-1246.

Ritschka B, Storer M, Mas A, Heinzmann F, Or-
tells MC, Morton JP, Sansom 0J, Zender L and
Keyes WM. The senescence-associated secre-
tory phenotype induces cellular plasticity and
tissue regeneration. Genes Dev 2017; 31:
172-183.

Hassona Y, Cirillo N, Lim KP, Herman A, Mel-
lone M, Thomas GJ, Pitiyage GN, Parkinson EK

Am J Cancer Res 2026;16(2):660-678



[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

(57]

(58]

674

Dyskerin dysfunction and cancer development

and Prime SS. Progression of genotype-specif-
ic oral cancer leads to senescence of cancer-
associated fibroblasts and is mediated by oxi-
dative stress and TGF-B. Carcinogenesis 2013;
34: 1286-1295.

Milanovic M, Fan DNY, Belenki D, Dabritz JHM,
Zhao Z, Yu Y, Dorr JR, Dimitrova L, Lenze D,
Monteiro Barbosa |A, Mendoza-Parra MA,
Kanashova T, Metzner M, Pardon K, Reimann
M, Trumpp A, Dorken B, Zuber J, Gronemeyer
H, Hummel M, Dittmar G, Lee S and Schmitt
CA. Senescence-associated reprogramming
promotes cancer stemness. Nature 2018;
553: 96-100.

Niklander SE, Lambert DW and Hunter KD. Se-
nescent cells in cancer: wanted or unwanted
citizens. Cells 2021; 10: 3315.

Zhao J, Zhu J, Zhu K, Wang M, Gong W, Wang J
and Liu S. TERT links telomere length to cancer
risk by integrating genomic instability and im-
mune modulation. Discov Oncol 2025; 16:
1788.

Coppe JP, Boysen M, Sun CH, Wong BJ, Kang
MK, Park NH, Desprez PY, Campisi J and Krtol-
ica A. A role for fibroblasts in mediating the ef-
fects of tobacco-induced epithelial cell growth
and invasion. Mol Cancer Res 2008; 6: 1085-
1098.

Hoare M, Ito Y, Kang TW, Weekes MP, Mathe-
son NJ, Patten DA, Shetty S, Parry AJ, Menon S,
Salama R, Antrobus R, Tomimatsu K, Howat W,
Lehner PJ, Zender L and Narita M. NOTCH1
mediates a switch between two distinct secre-
tomes during senescence. Nat Cell Biol 2016;
18: 979-992.

Yu X and Zhang H. Biomolecular condensates
in telomere maintenance of ALT cancer cells. J
Mol Biol 2025; 437: 168951.

Kockler ZW, Osia B, Lee R, Musmaker K and
Malkova A. Repair of DNA breaks by break-in-
duced replication. Annu Rev Biochem 2021;
90: 165-191.

Nelson G, Wordsworth J, Wang C, Jurk D, Law-
less C, Martin-Ruiz C and von Zglinicki T. A se-
nescent cell bystander effect: senescence-
induced senescence. Aging Cell 2012; 11:
345-349.

Wajapeyee N, Serra RW, Zhu X, Mahalingam M
and Green MR. Oncogenic BRAF induces se-
nescence and apoptosis through pathways
mediated by the secreted protein IGFBP7. Cell
2008; 132: 363-374.

Hubackova S, Krejcikova K, Bartek J and Hod-
ny Z. IL1- and TGFB-Nox4 signaling, oxidative
stress and DNA damage response are shar-
ed features of replicative, oncogene-induced,
and drug-induced paracrine ‘bystander senes-
cence’. Aging (Albany NY) 2012; 4: 932-951.

(59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

[67]

Acosta JC, Banito A, Wuestefeld T, Georgilis A,
Janich P, Morton JP, Athineos D, Kang TW, Las-
itschka F, Andrulis M, Pascual G, Morris KJ,
Khan S, Jin H, Dharmalingam G, Snijders AP,
Carroll T, Capper D, Pritchard C, Inman GJ,
Longerich T, Sansom 0J, Benitah SA, Zender L
and Gil J. A complex secretory program orches-
trated by the inflammasome controls para-
crine senescence. Nat Cell Biol 2013; 15: 978-
990.

Baker DJ, Childs BG, Durik M, Wijers ME,
Sieben CJ, Zhong J, Saltness RA, Jeganathan
KB, Verzosa GC, Pezeshki A, Khazaie K, Miller
JD and van Deursen JM. Naturally occurring
p16(Ink4a)-positive cells shorten healthy lifes-
pan. Nature 2016; 530: 184-189.

Baker DJ, Wijshake T, Tchkonia T, LeBrasseur
NK, Childs BG, van de Sluis B, Kirkland JL and
van Deursen JM. Clearance of p16Ink4a-posi-
tive senescent cells delays ageing-associated
disorders. Nature 2011; 479: 232-236.
Demaria M, O’Leary MN, Chang J, Shao L, Liu
S, Alimirah F, Koenig K, Le C, Mitin N, Deal AM,
Alston S, Academia EC, Kilmarx S, Valdovinos
A, Wang B, de Bruin A, Kennedy BK, Melov S,
Zhou D, Sharpless NE, Muss H and Campisi J.
Cellular senescence promotes adverse effects
of chemotherapy and cancer relapse. Cancer
Discov 2017; 7: 165-176.

Mattarocci S. The DNA damage tolerance fac-
tor Rad5 and telomere replication. Curr Genet
2025; 71: 11.

Baar MP, Brandt RMC, Putavet DA, Klein JDD,
Derks KWJ, Bourgeois BRM, Stryeck S, Rijksen
Y, van Willigenburg H, Feijtel DA, van der Pluijm
I, Essers J, van Cappellen WA, van lJcken WF,
Houtsmuller AB, Pothof J, de Bruin RWF, Madl
T, Hoeijmakers JHJ, Campisi J and de Keizer
PLJ. Targeted apoptosis of senescent cells re-
stores tissue homeostasis in response to che-
motoxicity and aging. Cell 2017; 169: 132-
147, el16.

Wang H, Yu Y, Li R, Zhang H, Chen ZS, Sun C
and Zhuang J. Immunoregulatory mechanisms
in the aging microenvironment: targeting the
senescence-associated secretory phenotype
for cancer immunotherapy. Acta Pharm Sin B
2025; 15: 4476-4496.

Victorelli S, Eppard M, Martini H, Woo SH,
Everts SPA, Lee G, Pirius N, Han N, Liang EY,
Franco AC, Han Y, Saul D, Névoa E, Nogueiras
R, Splinter PL, O’Hara SP, Morgenthaler O, Va-
lenzuela-Pérez L, Kim Lee HS, Jurk D, LaRusso
NF, Hirsova P and Passos JF. Mitochondrial
RNA cytosolic leakage drives the SASP. Nat
Commun 2025; 16: 10992.

Yoshimoto S, Loo TM, Atarashi K, Kanda H,
Sato S, Oyadomari S, Iwakura Y, Oshima K,
Morita H, Hattori M, Honda K, Ishikawa Y, Hara

Am J Cancer Res 2026;16(2):660-678



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

675

Dyskerin dysfunction and cancer development

E and Ohtani N. Obesity-induced gut microbial
metabolite promotes liver cancer through se-
nescence secretome. Nature 2013; 499: 97-
101.

Di Mitri D, Toso A, Chen JJ, Sarti M, Pinton S,
Jost TR, D’Antuono R, Montani E, Garcia-Escu-
dero R, Guccini |, Da Silva-Alvarez S, Collado
M, Eisenberger M, Zhang Z, Catapano C, Gras-
si F and Alimonti A. Tumour-infiltrating Gr-1+
myeloid cells antagonize senescence in can-
cer. Nature 2014; 515: 134-137.

Toso A, Revandkar A, Di Mitri D, Guccini |, Proi-
etti M, Sarti M, Pinton S, Zhang J, Kalathur M,
Civenni G, Jarrossay D, Montani E, Marini C,
Garcia-Escudero R, Scanziani E, Grassi F,
Pandolfi PP, Catapano CV and Alimonti A. En-
hancing chemotherapy efficacy in Pten-defi-
cient prostate tumors by activating the sen-
escence-associated antitumor immunity. Cell
Rep 2014; 9: 75-89.

Chang J, Wang Y, Shao L, Laberge RM, De-
maria M, Campisi J, Janakiraman K, Sharpless
NE, Ding S, Feng W, Luo Y, Wang X, Aykin-Burns
N, Krager K, Ponnappan U, Hauer-Jensen M,
Meng A and Zhou D. Clearance of senescent
cells by ABT263 rejuvenates aged hematopoi-
etic stem cells in mice. Nat Med 2016; 22: 78-
83.

Li X, Ma S and Yi C. Pseudouridine: the fifth
RNA nucleotide with renewed interests. Curr
Opin Chem Biol 2016; 33: 108-116.

Liu P, Wu X, Jiang Z, Zhang P, Meng Z, Xu C, Ao
D, Jiang J and Liu H. ROS-mediated senes-
cence and autophagy inhibition drive 5-FU/Au-
molertinib synergy in colorectal cancer. Eur J
Pharmacol 2026; 1011: 178448.

Ge J and Yu YT. RNA pseudouridylation: new
insights into an old modification. Trends Bio-
chem Sci 2013; 38: 210-218.

Cerneckis J, Cui Q, He C, Yi C and Shi Y. Decod-
ing pseudouridine: an emerging target for ther-
apeutic development. Trends Pharmacol Sci
2022; 43: 522-535.

Borchardt EK, Martinez NM and Gilbert WV.
Regulation and function of RNA pseudouri-
dylation in human cells. Annu Rev Genet 2020;
54: 309-336.

Rintala-Dempsey AC and Kothe U. Eukaryotic
stand-alone pseudouridine synthases - RNA
modifying enzymes and emerging regulators of
gene expression? RNA Biol 2017; 14: 1185-
1196.

Hoi XP, Stangis MM, Glass SE, Kim JH, Kang
SW, Brennen WN, Li Z, Grady WM, Yegnasubra-
manian S, Kuhn P, Lyssiotis CA, Sagara A,
Shrubsole MJ, Kadara H, Yuan Y, Coffey RJ, Lau
KS, De Marzo AM, Maitra A, Min J, Yu M and
Chan KS; TBEL Consortium. Cellular senes-
cence in precancer lesions and early-stage
cancers. Cancer Cell 2026; 44: 6-11.

(78]

[79]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

Jiang J, Kharel DN and Chow CS. Modulation
of conformational changes in helix 69 mutants
by pseudouridine modifications. Biophys Chem
2015; 200-201: 48-55.

Jack K, Bellodi C, Landry DM, Niederer RO,
Meskauskas A, Musalgaonkar S, Kopmar N,
Krasnykh O, Dean AM, Thompson SR, Ruggero
D and Dinman JD. rRNA pseudouridylation
defects affect ribosomal ligand binding and
translational fidelity from yeast to human cells.
Mol Cell 2011; 44: 660-666.

Charette M and Gray MW. Pseudouridine in
RNA: what, where, how, and why. IUBMB Life
2000; 49: 341-351.

Li X, Zhu P, Ma S, Song J, Bai J, Sun F and Yi
C. Chemical pulldown reveals dynamic pseu-
douridylation of the mammalian transcrip-
tome. Nat Chem Biol 2015; 11: 592-597.
Karijolich J, Yi C and Yu YT. Transcriptome-wide
dynamics of RNA pseudouridylation. Nat Rev
Mol Cell Biol 2015; 16: 581-585.

Yoon A, Peng G, Brandenburger Y, Zollo O, Xu
W, Rego E and Ruggero D. Impaired control of
IRES-mediated translation in X-linked dyskera-
tosis congenita. Science 2006; 312: 902-906.
Holcik M and Sonenberg N. Translational con-
trol in stress and apoptosis. Nat Rev Mol Cell
Biol 2005; 6: 318-327.

Bellodi C, Kopmar N and Ruggero D. Deregula-
tion of oncogene-induced senescence and
p53 translational control in X-linked dyskerato-
sis congenita. EMBO J 2010; 29: 1865-1876.
Bellodi C, Krasnykh O, Haynes N, Theodoro-
poulou M, Peng G, Montanaro L and Ruggero
D. Loss of function of the tumor suppressor
DKC1 perturbs p27 translation control and
contributes to pituitary tumorigenesis. Cancer
Res 2010; 70: 6026-6035.

Montanaro L, Calienni M, Bertoni S, Rocchi L,
Sansone P, Storci G, Santini D, Ceccarelli C,
Taffurelli M, Carnicelli D, Brigotti M, Bonafé M,
Treré D and Derenzini M. Novel dyskerin-medi-
ated mechanism of p53 inactivation through
defective mRNA translation. Cancer Res 2010;
70: 4767-4777.

Hao LY, Armanios M, Strong MA, Karim B, Feld-
ser DM, Huso D and Greider CW. Short telo-
meres, even in the presence of telomerase,
limit tissue renewal capacity. Cell 2005; 123:
1121-1131.

Zhao K, Yan Y, Dong BT, Pan SS and Zhang XZ.
Senescence reprogramming unleashes tumor
immune surveillance via coordinated gene
modulation. Adv Mater 2026; 38: e16597.
Armanios M, Alder JK, Parry EM, Karim B,
Strong MA and Greider CW. Short telomeres
are sufficient to cause the degenerative de-
fects associated with aging. Am J Hum Genet
2009; 85: 823-832.

Am J Cancer Res 2026;16(2):660-678



Dyskerin dysfunction and cancer development

[91] Schratz KE, Flasch DA, Atik CC, Cosner ZL,
Blackford AL, Yang W, Gable DL, Vellanki PJ,
Xiang Z, Gaysinskaya V, Vonderheide RH, Roop-
er LM, Zhang J and Armanios M. T cell immune
deficiency rather than chromosome instability
predisposes patients with short telomere syn-
dromes to squamous cancers. Cancer Cell
2023; 41: 807-817, e806.

[92] Pederiva C, Trevisan DM, Peirasmaki D, Chen
S, Savage SA, Larsson O, Ule J, Baranello L,
Agostini F and Farnebo M. Control of protein
synthesis through mRNA pseudouridylation by
dyskerin. Sci Adv 2023; 9: eadg1805.

[93] Wuebben EL and Rizzino A. The dark side of
SOX2: cancer - a comprehensive overview. On-
cotarget 2017; 8: 44917-44943.

[94] Evans RA, Diamond MS, Rech AJ, Chao T, Rich-
ardson MW, Lin JH, Bajor DL, Byrne KT, Stanger
BZ, Riley JL, Markosyan N, Winograd R and
Vonderheide RH. Lack of immunoediting in
murine pancreatic cancer reversed with neo-
antigen. JCl Insight 2016; 1: e88328.

[95] Ding J, Bansal M, Cao Y, Ye B, Mao R, Gupta A,
Sudarshan S and Ding HF. MYC drives mRNA
pseudouridylation to mitigate proliferation-in-
duced cellular stress during cancer develop-
ment. Cancer Res 2024; 84: 4031-4048.

[96] Gupta A, Bansal M, Ding J, Karki S, Pandit M,
Sudarshan S and Ding HF. DKC1-mediated
pseudouridylation of rRNA targets hnRNP Al
to sustain IRES-dependent translation and
ATF4-driven metabolic adaptation. Sci Adv
2025; 11: eadv9401.

[97] Gu BW, Bessler M and Mason PJ. A pathogenic
dyskerin mutation impairs proliferation and ac-
tivates a DNA damage response independent
of telomere length in mice. Proc Natl Acad Sci
U S A 2008; 105: 10173-10178.

[98] Montanaro L. Dyskerin and cancer: more than
telomerase. The defect in mRNA translation
helps in explaining how a proliferative defect
leads to cancer. J Pathol 2010; 222: 345-349.

[99] Gu BW, Fan JM, Bessler M and Mason PJ. Ac-
celerated hematopoietic stem cell aging in a
mouse model of dyskeratosis congenita re-
sponds to antioxidant treatment. Aging Cell
2011; 10: 338-348.

[100] Dokal I, Bungey J, Williamson P, Oscier D, Hows
J and Luzzatto L. Dyskeratosis congenita fibro-
blasts are abnormal and have unbalanced
chromosomal rearrangements. Blood 1992;
80: 3090-3096.

[101] Bellucci MA, Amiri M, Berryman S, Moshari A,
Owino CO, Luteijn RD, Tuthill TJ, Svitkin Y,
Belsham GJ, van Kuppeveld FJM and Sonen-
berg N. ITAF(45) is a pervasive trans-acting
factor for picornavirus Type Il IRES elements.
Proc Natl Acad Sci U S A 2025; 122:
€2506281122.

676

[102] Fuentes Y, Olguin V, Lépez-Ulloa B, Mendonga
D, Ramos H, Abdalla AL, Guajardo-Contreras G,
Niu M, Rojas-Araya B, Mouland AJ and Lépez-
Lastra M. Heterogeneous nuclear ribonucleo-
protein K promotes cap-independent transla-
tion initiation of retroviral mMRNAs. Nucleic
Acids Res 2024; 52: 2625-2647.

[103] Taoka M, Nobe Y, Yamaki Y, Sato K, Ishikawa H,
Izumikawa K, Yamauchi Y, Hirota K, Nakayama
H, Takahashi N and Isobe T. Landscape of the
complete RNA chemical modifications in the
human 80S ribosome. Nucleic Acids Res
2018; 46: 9289-9298.

[104] Genuth NR and Barna M. The discovery of Ri-
bosome heterogeneity and its implications for
gene regulation and organismal life. Mol Cell
2018; 71: 364-374.

[105] ZhaoY, Rai J and Li H. Regulation of translation
by ribosomal RNA pseudouridylation. Sci Adv
2023; 9: eadg8190.

[106] Harvey RF, Péyry T and Willis AE. Let’s (P-s)talk
about specialized ribosomes. Mol Cell 2024;
84: 4478-4479.

[107] Rocchi L, Pacilli A, Sethi R, Penzo M, Schneider
RJ, Treré D, Brigotti M and Montanaro L. Dys-
kerin depletion increases VEGF mRNA internal
ribosome entry site-mediated translation. Nu-
cleic Acids Res 2013; 41: 8308-8318.

[108] Justilien V, Walsh MP, Ali SA, Thompson EA,
Murray NR and Fields AP. The PRKCI and SOX2
oncogenes are coamplified and cooperate to
activate Hedgehog signaling in lung squamous
cell carcinoma. Cancer Cell 2014; 25: 139-
151.

[109] Chen Y, Huang Y, Zhu L, Chen M, Huang Y,
Zhang J, He S, Li A, Chen R and Zhou J. SOX2
inhibits metastasis in gastric cancer. J Cancer
Res Clin Oncol 2016; 142: 1221-1230.

[110] Jones-Weinert C, Mainz L and Karlseder J.
Telomere function and regulation from mouse
models to human ageing and disease. Nat Rev
Mol Cell Biol 2025; 26: 297-313.

[111] Florez-Vargas O, Ho M, Hogshead MH, Papen-
berg BW, Lee CH, Forsythe K, Jones K, Luo W,
Teshome K, Blauwendraat C, Billingsley KJ,
Kolmogorov M, Meredith M, Paten B, Chari R,
Zhang C, Schneekloth JS, Machiela MJ, Cha-
nock SJ, Gadalla SM, Savage SA, Mbulaiteye
SM and Prokunina-Olsson L. Genetic regula-
tion of TERT splicing affects cancer risk by al-
tering cellular longevity and replicative poten-
tial. Nat Commun 2025; 16: 1676.

[112] Liu L, Lee RS, Twarowski JM, Emagbetere T,
Thomas J, Wells JM, Seuferer GJ, Lobachev K
and Malkova A. Genome-wide screen reveals
dependence of break induced replication on
several distinct checkpoints. Nat Commun
2025; 17: 494.

Am J Cancer Res 2026;16(2):660-678



Dyskerin dysfunction and cancer development

[113] Lee BW, Yap HK, Quah TC, Chong A and Seah
CC. T cell immunodeficiency in dyskeratosis
congenita. Arch Dis Child 1992; 67: 524-526.

[114] Zeng T, Lv G, Chen X, Yang L, Zhou L, Dou Y,
Tang X, Yang J, An Y and Zhao X. CD8(+) T-cell
senescence and skewed lymphocyte subsets
in young Dyskeratosis Congenita patients with
PARN and DKC1 mutations. J Clin Lab Anal
2020; 34: e23375.

[115] Wagner CL, Hanumanthu VS, Talbot CC Jr,
Abraham RS, Hamm D, Gable DL, Kanakry CG,
Applegate CD, Siliciano J, Jackson JB, Desider-
io S, Alder JK, Luznik L and Armanios M. Short
telomere syndromes cause a primary T cell
immunodeficiency. J Clin Invest 2018; 128:
5222-5234.

[116] Kehrer H, Krone W, Schindler D, Kaufmann R
and Schrezenmeier H. Cytogenetic studies of
skin fibroblast cultures from a karyotypically
normal female with dyskeratosis congenita.
Clin Genet 1992; 41: 129-134.

[117] Gisselsson D. Mitotic instability in cancer: is
there method in the madness? Cell Cycle
2005; 4: 1007-1010.

[118] Allenspach EJ, Bellodi C, Jeong D, Kopmar N,
Nakamura T, Ochs HD, Ruggero D, Skoda-
Smith S, Shimamura A and Torgerson TR. Com-
mon variable immunodeficiency as the initial
presentation of dyskeratosis congenita. J Al-
lergy Clin Immunol 2013; 132: 223-226.

[119] Dokal I. Dyskeratosis congenita in all its forms.
Br J Haematol 2000; 110: 768-779.

[120] zZiv A, Werner L, Konnikova L, Awad A, Jeske T,
Hastreiter M, Mitsialis V, Stauber T, Wall S, Kot-
larz D, Klein C, Snapper SB, Tzfati Y, Weiss B,
Somech R and Shouval DS. An RTEL1 muta-
tion links to infantile-onset ulcerative colitis
and severe immunodeficiency. J Clin Immunol
2020; 40: 1010-1019.

[121] Griffith JD, Comeau L, Rosenfield S, Stansel
RM, Bianchi A, Moss H and de Lange T. Mam-
malian telomeres end in a large duplex loop.
Cell 1999; 97: 503-514.

[122] Revy P, Kannengijesser C and Fischer A. Somat-
ic genetic rescue in Mendelian haematopoietic
diseases. Nat Rev Genet 2019; 20: 582-598.

[123] Agarwal S, Loh YH, McLoughlin EM, Huang J,
Park IH, Miller JD, Huo H, Okuka M, Dos Reis
RM, Loewer S, Ng HH, Keefe DL, Goldman FD,
Klingelhutz AJ, Liu L and Daley GQ. Telomere
elongation in induced pluripotent stem cells
from dyskeratosis congenita patients. Nature
2010; 464: 292-296.

[124] Harley CB. Telomerase and cancer therapeu-
tics. Nat Rev Cancer 2008; 8: 167-179.

[125] Yang Z and Li L. Tumor-initiating stem cells en-
gineer immunity. Cancer Cell 2026; 44: 18-20.

[126] Cai Y, Zhu C, Shi MH, Zhang JH, Liu SY, Cui JL,
Guo MM, Ming DJ, Zeng XT, Yuan S and Weng

677

H. YTHDC2 suppresses bladder cancer by in-
hibiting SOX2-mediated tumor plasticity. Cell
Death Dis 2025; 16: 765.

[127] Li J, Tang C, Zhang X, Xing R and Guo Q. His-
tone lactylation-driven upregulation of VRK1
expression promotes stemness and prolifera-
tion of glioma stem cells. Adv Sci (Weinh)
2025; 12: e03897.

[128] Aviv A, Anderson JJ and Shay JW. Mutations,
cancer and the telomere length paradox.
Trends Cancer 2017; 3: 253-258.

[129] Zhang JJ, Tian RF, Song CG, Liu R, He D, Zhang
GQ, Fan XY, Duan ZC, Zhang K, Zhang TJ, Chen
YT, Zhang J, Wang K, Zhao JM, Yang XM, Chen
ZN and Li L. Lactate mitochondrial oxidation
drives stemness potential in metastatic breast
cancer. Nat Commun 2025; 17: 399.

[130] Hwang W, Kottmann D, Guo W, MacMahon M,
Correia L, Ahmed S, Harris R, McCaughan F
and Han N. Utilising multi-modal data-driven
network analysis to identify monotherapy and
combinational therapy targets in SOX2-depen-
dent squamous cell lung cancer. Commun
Chem 2025; 8: 401.

[131] Guo W, Luan J, Huang X, Leon D, Gang S, Nich-
olson B, Bertacchi B, Bolotin D, Lingen MW,
Pearson AT, lzumchenko E, Rosenberg AJ,
Agrawal N, Vokes EE, Punyawatthananukool S,
Narumiya S, Gunzer M, Ballesteros |, Hidalgo A
and Miao Y. Tumor-initiating stem cells fine-
tune the plasticity of neutrophils to sculpt a
protective niche. Cancer Cell 2026; 44: 94-
111, e11.

[132] Su WC, Chang YM, Chen HH, Chen SF, Yang
MH, Lin YC and Yu JH. Single-cell isolation re-
veals 5 fluorouracil-resistant subclones in oral
squamous cell carcinoma: new insights into
stemness and epithelial-mesenchymal transi-
tion for targeted therapies. J Dent Sci 2025;
20: 2283-2291.

[133]Li Q, Wang Y, Chen L, Shen Y, Zhang S, Yue D
and Chen X. LncRNA TSPEAR-AS2 maintains
the stemness of gastric cancer stem cells by
regulating the miR-15a-5p/CCND1 axis. Bio-
molecules 2025; 15: 1227.

[134] Sakaguchi H, Nakanishi K and Kojima S. Inher-
ited bone marrow failure syndromes in 2012.
Int J Hematol 2013; 97: 20-29.

[135] Kirwan M, Beswick R, Vulliamy T, Nathwani AC,
Walne AJ, Casimir C and Dokal I. Exogenous
TERC alone can enhance proliferative poten-
tial, telomerase activity and telomere length in
lymphocytes from dyskeratosis congenita pa-
tients. Br J Haematol 2009; 144: 771-781.

[136] Xie J, Tang Y, Wang Y, Gao X, Fu F, Liu Y, Yi C,
Zhou G, Wang Z, Chen C, Jin P, Cai Y and Zhou
J. Construction and verification of a prognostic
model for prostate cancer based on ribosome
biogenesis-related genes. BMC Med Genomics
2025; 18: 196.

Am J Cancer Res 2026;16(2):660-678



Dyskerin dysfunction and cancer development

[137] Li S, Shounai O, Kato M, Ikeuchi K and Inada T.
Collision-induced ribosome degradation driven
by ribosome competition and translational per-
turbations. Nat Commun 2025; 16: 11087.

[138] Albadrani HM and Zakariyah AF. Telomeres,
telomerase, and curcumin: a new frontier in
cancer therapy: a narrative review. Biomedi-
cines 2025; 13: 2721.

[139] Sekne Z, Ludzia P, Balch S and Nguyen THD.
Structural biology of telomerase and associat-
ed factors. Cold Spring Harb Perspect Biol
2025; [Epub ahead of print].

[140] Tummala H, Walne AJ, Badat M, Patel M, Walne
AM, Alnajar J, Chow CC, Albursan |, Frost JM,
Ballard D, Killick S, Szitanyi P, Kelly AM, Ragha-
van M, Powell C, Raymakers R, Todd T, Manta-
dakis E, Polychronopoulou S, Pontikos N, Liao
T, Madapura P, Hossain U, Vulliamy T and Do-
kal I. The evolving genetic landscape of telo-
mere biology disorder dyskeratosis congenita.
EMBO Mol Med 2024; 16: 2560-2582.

[141] Agarwal S. Evaluation and management of he-
matopoietic failure in dyskeratosis congenita.
Hematol Oncol Clin North Am 2018; 32: 669-
685.

[142] Islam A, Rafiq S, Kirwan M, Walne A, Cavenagh
J, Vulliamy T and Dokal I. Haematological re-
covery in dyskeratosis congenita patients
treated with danazol. Br J Haematol 2013;
162: 854-856.

[143] Grossmann M. Danazol treatment for telomere
diseases. N Engl J Med 2016; 375: 1095.

678

[144] Diaz de Leon A, Cronkhite JT, Katzenstein AL,
Godwin JD, Raghu G, Glazer CS, Rosenblatt RL,
Girod CE, Garrity ER, Xing C and Garcia CK.
Telomere lengths, pulmonary fibrosis and
telomerase (TERT) mutations. PLoS One 2010;
5:e10680.

[145] Nagpal N, Wang J, Zeng J, Lo E, Moon DH, Luk
K, Braun RO, Burroughs LM, Keel SB, Reilly C,
Lindsley RC, Wolfe SA, Tai AK, Cahan P, Bauer
DE, Fong YW and Agarwal S. Small-molecule
PAPD5 inhibitors restore telomerase activity in
patient stem cells. Cell Stem Cell 2020; 26:
896-909, e898.

[146] Shukla S, Jeong HC, Sturgeon CM, Parker
R and Batista LFZ. Chemical inhibition of
PAPD5/7 rescues telomerase function and he-
matopoiesis in dyskeratosis congenita. Blood
Adv 2020; 4: 2717-2722.

[147] McHugh D, Duran | and Gil J. Senescence as a
therapeutic target in cancer and age-related
diseases. Nat Rev Drug Discov 2025; 24: 57-
71.

[148] Dong Z, Luo Y, Yuan Z, Tian Y, Jin T and Xu F.
Cellular senescence and SASP in tumor pro-
gression and therapeutic opportunities. Mol
Cancer 2024; 23: 181.

[149] Khan D, Katoch A, Das A, Sharathchandra A,
Lal R, Roy P, Das S, Chattopadhyay S and Das
S. Reversible induction of translational iso-
forms of p53 in glucose deprivation. Cell Death
Differ 2015; 22: 1203-1218.

Am J Cancer Res 2026;16(2):660-678



