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ABSTRACT

Rare germline variation in regulator of telomere elongation helicase 1 (RTEL1) is associated with telomere biology disorders
(TBDs). Biallelic RTELI variants result in childhood onset dyskeratosis congenita and Hoyeraal-Hreidarsson syndrome whereas
heterozygous individuals usually present later in life with pulmonary fibrosis or bone marrow failure. We compiled all TBD-
associated RTELI variants in the literature and assessed phenotypes and outcomes of 44 individuals from 14 families with mono-
or biallelic RTELI variants enrolled in clinical trial NCT00027274. Variants were classified by adapting ACMG-AMP guidelines
using clinical information, telomere length, and variant allele frequency data. Compared with heterozygotes, individuals with bi-
allelic RTEL1 variants had an earlier age at diagnosis (median age 35.5 vs. 5.1years, p <0.01) and worse overall survival (median
age 66.5 vs. 22.9years, p<0.001). There were 257 unique RTELI variants reported in 47 publications, and 209 had a gnomAD
minor allele frequency <1%. Only 38.3% (80/209) met pathogenic/likely pathogenic criteria. Notably, 8 of 209 reported disease-
associated variants were benign or likely benign and the rest were variants of uncertain significance. Given the considerable
differences in outcomes of TBDs associated with RTELI germline variants and the extent of variation in the gene, systematic
functional studies and standardization of variant curation are urgently needed to inform clinical management.

1 | Introduction p-R1264H) has also been reported in patients with HH (Ballew,
Joseph, et al. 2013; Fedick et al. 2015).

RTEL1 encodes regulator of telomere elongation helicase 1, a

DNA helicase essential for DNA replication, telomere homeo-
stasis, and recombination in mitotic and meiotic cells. Genome-
wide association studies have identified common, noncoding
germline RTELI variants associated with risk of brain tumors
(Shete et al. 2009; Wrensch et al. 2009; Jin et al. 2013; Melin
et al. 2013; Delgado et al. 2018). Rare biallelic and monoallelic
germline RTELI variants have been reported across the spec-
trum of telomere biology disorders (TBDs), including dyskera-
tosis congenita (DC) and Hoyeraal-Hreidarsson syndrome (HH)
(Walne et al. 2013; Le Guen et al. 2013; Ballew, Yeager, etal. 2013;
Speckmann et al. 2017). A pathogenic germline founder variant
in the Ashkenazi Jewish population (g.20:62326972G>A (hg19),

DC, the prototypical TBD, is a rare inherited bone marrow
failure (BMF) and cancer predisposition syndrome caused by
germline pathogenic/likely pathogenic (P/LP) variants in telo-
mere biology genes (Niewisch et al. 2022; Tummala, Walne, and
Dokal 2022; Revy, Kannengiesser, and Bertuch 2023). Classically
identified by the triad of abnormal skin pigmentation, oral leu-
koplakia, and dysplastic nails, DC phenotypes are progressive
and exist on a clinical spectrum, including pulmonary fibro-
sis (PF), liver disease, immunodeficiency, and stenosis of the
esophagus, lacrimal ducts, and/or urethra (Niewisch et al. 2022;
Tummala, Walne, and Dokal 2022; Revy, Kannengiesser, and
Bertuch 2023). HH is marked by intrauterine growth retardation,
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cerebellar hypoplasia, microcephaly, developmental delay, and
immunodeficiency (Niewisch et al. 2022; Tummala, Walne, and
Dokal 2022; Revy, Kannengiesser, and Bertuch 2023; Glousker
et al. 2015). Lymphocyte telomere length measured by flow cy-
tometry with fluorescence in situ hybridization (flow FISH) less
than the first percentile for age is diagnostic of DC and related
TBDs (Alter et al. 2012).

A subset of patients with idiopathic PF, a chronic, progres-
sive, irreversible, and lethal lung disease, have germline P/LP
variants in telomere biology genes and telomeres less than the
10t percentile for age (Armanios 2009; King Jr., Pardo, and
Selman 2011; Cogan et al. 2015). Often exhibiting incomplete
penetrance, rare RTELI variants account for approximately 3%
of diagnosed cases of PF (Stuart et al. 2015; Kropski, Blackwell,
and Loyd 2015). Detailed assessment of family history of those
with PF may reveal features of a TBD including aplastic anemia
and/or nonalcoholic/noninfectious liver disease.

The diagnosis of a TBD has major implications for the patient and
their relatives due to the variable penetrance and expressivity
of the phenotypes (Niewisch et al. 2022; Tummala, Walne, and
Dokal 2022; Revy, Kannengiesser, and Bertuch 2023). Careful
curation of germline variants is essential for understanding
disease etiology and for appropriate tailoring of therapy and
reproductive planning (Richards et al. 2008). In this study, we
compiled, annotated, and classified all germline RTELI variants
in our cohort study of TBDs and in the literature to better under-
stand the role of germline RTELI variation in disease etiology.

2 | Methods
2.1 | Study Participants

Forty-four individuals from 14 families with mono- or biallelic
rare RTELI variants enrolled in the NCI's Institutional Review
Board approved inherited BMF syndromes study between
January 1, 2002 and May 31, 2019 and were included in this
analysis (clinicaltrials.gov, Identifier: NCT00027274) (Alter
et al. 2018). All participants or their legal guardian signed
informed consent. Questionnaire data were collected, and
medical records reviewed. Twenty affected individuals were
evaluated at the National Institutes of Health Clinical Center.
Severe BMF was defined as transfusion dependency, and/or
androgen treatment, and/or abnormal blood counts; absolute
neutrophil count <500/mm? and/or platelet count <20,000/
mm? and/or hemoglobin <8.0g/dL. All study participants had
leukocyte telomere lengths measured by flow FISH at Repeat
Diagnostics, Inc. (Vancouver, BC, Canada). Study participants
underwent genetic testing and RTELI variants were identified
by clinical laboratories and/or research genetic testing at the
NCI (Table S1).

2.2 | RTELI1 Variant Identification and Curation

Disease-associated RTELI variants were extracted from the
following publicly available biomedical literature databases:
The National Library of Medicine's PubMed database, Arizona
State University's Telomerase Database, and the Human Gene

Mutation Database (HGMD). The RTELI-associated diseases
assessed were “DC,” “HH syndrome,” “idiopathic pulmonary
fibrosis,” “PF,” “aplastic anemia,” “myelodysplastic syndrome,”
“liver fibrosis,” and nonspecific “gastrointestinal enteropa-
thy.” Literature reviewed was published prior to May 31, 2023

(Table S2).

All genomic positions were converted to the GRCh37 (hgl9)
human genome build. Due to the presence of multiple RTELI
transcript isoforms, the transcript on which variants are re-
ported was inconsistent. cDNA positions and resulting amino
acids were converted to the longest RTELI transcript (4615 base
pairs, isoform 3, NM_001283009.2, ENST00000360203.11)
using Mutalyzer (Leiden University Medical Center) and the
ClinGen Allele Registry (https://reg.clinicalgenome.org). The
first report of the variant was used as the primary report and
additional reports were added to the dataset.

Disease-associated germline variants were annotated using
ANNOVAR and those with a minor allele frequency (MAF) less
than 1% were selected for further classification. Variant curation
following the ACMG-AMP recommendations was adapted to
RTELI as detailed in the Supplementary Methods—Data S1 and
previously described (Niewisch et al. 2022).

2.3 | Statistical Analyses

Fisher's exact test for categorical variable analyses while Mann-
Whitney U test was used for continuous variables. Survival
probabilities were calculated using Kaplan-Meier estimates. For
comparison of survival probabilities between autosomal domi-
nant (AD, heterozygous) and autosomal recessive (AR, biallelic)
RTEL1 associated TBD log-rank test was used. p-values less
than 0.05 were considered significant. Statistical analyses were
performed using R (version 3.3.0, R Foundation for Statistical
Computing, Vienna, Austria).

3 | Results

3.1 | Clinical Features of RTEL1 Variants in
the NCI Cohort

There were 29 individuals with heterozygous and 15 with bial-
lelic RTEL1 variants from 14 families in our cohort (Table 1).
Eight of the 14 families had both heterozygous and biallelic
genotypes present in affected individuals. Three patients had
homozygous RTELI variants. There were more females with
heterozygous variants and slightly more males with biallelic
variants (male:female ratios 0.71:1 and 1.14:1, respectively).
Patients with biallelic variants were significantly younger at
diagnosis than the heterozygotes (median age 5.08 years [range
0.78-16.93] vs. 35.52 [range 1.32-63.75], p <0.01, excluding 6 pa-
tients with diagnosis established after death). Biallelic patients
were also younger than heterozygotes at last follow-up (median
age 16.2years [range 2.16-26.33] vs. 37.68 [range 2.4-66.5], re-
spectively, p<0.01). Individuals with biallelic RTELI variants
were also more likely to have shorter telomeres than those with
heterozygous RTELI variants (Figure 1). Overall survival was
significantly poorer for those with biallelic RTELI variants
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TABLE 1 | Comparison of clinical phenotypes of participants with RTELI variants (grouped by genotype) in the NCI cohort. Twenty-four
participants underwent detailed evaluation at the NIH Clinical Center. For the 20 not evaluated at the NIH, features not specifically reported in

medical records were considered as absent.

Total (%) AD (%) AR (%)
Number of individuals 44 29 15
Male:Female 0.83:1 0.71:1 1.14:1

Median age at diagnosis (range)
Median age at follow-up in years (range)
DC triad features present?®

« Abnormal skin pigmentation

« Oral leukoplakia

« Dysplastic nails
Bone marrow failure
» Non-severe

. Severe®
Pulmonary fibrosis

« PFw/o HCT

« PF post HCT
Liver disease®

Short stature

CNS abnormalities

24.11 (0.78-63.75)
25.73 (2.15-66.50)

35.52 (1.32-63.75)
37.68 (2.40-66.50)

5.10 (0.78-16.93)
16.20 (2.16-26.33)

13/41 (31.7%) 0/26 (0%) 13/15 (86.7%)
6/41 (14.6%) 0/26 (0%) 6/15 (40%)
13/41 (31.7%) 0/26 (0%) 13/15 (86.7%)
10/41 (24.4%) 0/26 (0%) 10/15 (66.7%)
6/43 (13.9%) 5/28 (17.9%) 1/15 (6.67%)
17/43 (39.5%) 4/28 (14.3%) 13/15 (86.7%)
2 1 1
3 0 3
2/37 (5.41%) 0/26 (0%) 2/11 (18.2%)

5/37 (13.5%)

1/26 (3.85%)

4/11 (36.4%)

« Structural 15/19 (78.9%) 2/5 (40%) 13/14 (92.9%)
« Developmental delay 14/36 (38.9%) 4/25 (16%) 10/11 (90.1%)
PAVM

« Spontaneous 0 0 0

« PAVM post HCT 4 1 3

AVN

« Spontaneous 3 1 2

« AVN after HCT 4 2 2
Gastrointestinal abnormalities 9/25 (36%) 1/14 (7.14%) 8/11 (72.7%)
Endocrine abnormalities 4/36 (11.1%) 3/25(12%) 1/11 (9.10%)
Dental anomalies 6/21 (28.6%) 3/14 (21.4%) 3/7 (42.9%)

Abbreviations: AVN, avascular necrosis of femoral or humeral head; CNS, central nervous system; HCT, hematopoietic cell transplant; PAVM, pulmonary

arteriovenous malformations.
aAtleast 2 out of 3DC triad features present.

bSevere BMF: transfusion dependency, and/or androgen treatment, and/or abnormal blood counts; absolute neutrophile count <500/mm3 and/or platelet count

<20,000/mm3 and/or hemoglobin <8.0g/dL.
Liver disease: portal hypertension and/or liver cirrhosis/fibrosis.

than heterozygous individuals (median survival 22.9years vs.
66.5years, p<0.001, Figure 1).

The mucocutaneous triad was not present in patients with het-
erozygous RTELI variants. At least two of three mucocutaneous
triad features were present in 86.7% (13/15) participants with
biallelic RTELI1 variants. BMF occurred in approximately one
third of heterozygous participants (9/28, 32.1%). Notably, 86.7%

(13/15) of participants with biallelic RTELI variants experienced
severe BMF. PF was observed in one monoallelic and four bial-
lelic patients with most diagnoses occurring after hematopoietic
cell transplant (HCT) (3/5, 60%). Pulmonary arteriovenous mal-
formations were another common complication post-HCT in the
biallelic RTELI setting (4/4, 100%). Avascular necrosis occurred
similarly across all genotypes and did not seem to be impacted by
HCT (3/7, 42.9% spontaneous AVN; 4/7, 57.1% post-HCT AVN).
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FIGURE1 | Telomere lengths and overall survival of study participants with germline RTELI variants. (A) Flow FISH telomere lengths in total

lymphocytes are very short in all participants; (B) Kaplan-Meier estimates were compared between patients with heterozygous or biallelic RTELI

variants participating in the NCI IBMFS cohort. Patients with biallelic RTELI variants showed significantly lower overall survival than those with

heterozygous RTELI variants (p <0.001).

Liver disease, including portal hypertension and/or liver cirrho-
sis/fibrosis was identified only in those with biallelic genotypes
(2/37, 5.41%). Other clinical findings observed more commonly
in those with biallelic genotypes included short stature (4/11,
36.4%) and developmental delay (10/11, 90.1%), structural cen-
tral nervous system abnormalities (13/14, 92.9%), gastrointes-
tinal abnormalities, (8/11, 72.7%), and dental anomalies (3/7,
42.9%). Endocrine abnormalities including diabetes mellitus or
thyroid disease, occurred at similar frequencies across the co-
hort (AD: 3/25, 12% vs. AR: 1/11, 9.10%).

3.2 | TBD-Associated RTEL1 Variants in
the Literature

Literature review identified 257 unique RTELI variants in 47
publications associated with TBDs (Table S2). Two hundred
nine of these were rare variants (absent in gnomAD or present

at a MAF <1%) and further curated as shown in Figure S1. Only
38.3% (80/209) of the TBD-associated literature variants were
classified as P/LP according to modified ACMG criteria. Notably,
3.8% (8/209) TBD-associated variants were classified as likely
benign, and no variants were classified as benign. The remain-
ing disease-associated variants (57.9%, 121/209) in the literature
were classified as VUS due to MAF >1%, limited clinical data
and functional studies, and/or insufficient bioinformatic predic-
tions (Table S2). Figure 2 shows the location of nonsynonymous,
nonsense, and frameshift RTELI variants by protein domain.

4 | Discussion

Heterozygous and biallelic rare germline RTELI variants are
associated with a wide spectrum of TBD-related clinical mani-
festations, located throughout the protein, and few studies have
been performed to understand their effect on protein function
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Schematic of the RTEL1 protein with locations of germline variants. Nonsynonymous variants are pictured on the top of the

schematic. Nonsense and frameshift variants are pictured at the bottom of the schematic. The previously unreported NCI cohort patients are denoted

separately by orange circles. Tan circles denote literature variants and green denote both NCI and literature variants. Location of protein domains is

based on PMID: 26847928 (Jullien et al. 2016).

(Niewisch et al. 2022; Revy, Kannengiesser, and Bertuch 2023;
Glousker et al. 2015; Lansdorp, van Wietmarschen, and
Helicases 2019; Hourvitz, Awad, and Tzfati 2024). In this study,
we present survival data on patients with TBD due to biallelic
or heterozygous RTELI variants which shows shorter telomeres,
earlier age at diagnosis, and worse survival for biallelic patients.
We combined these data with a comprehensive literature review
of germline RTELI variants and associated phenotypes to in-
form our approach to variant classification.

Curation of RTELI variants is complicated because it is a large
gene with 35 exons over 4615 base pairs, contains numerous
splice variants resulting in 21 transcripts (https://ensembl.org),
and has thousands of variants reported in gnomAD (968 syn-
onymous, 1940 missense, and 89 loss of function) (Hourvitz,
Awad, and Tzfati 2024; Jullien et al. 2016). Inconsistencies in
genomic nomenclature, including publications not reporting the
genome build or transcript isoform used, added to the curation
challenges. Incomplete clinical data, heterozygous and biallelic
disease states, variable methods of telomere length measure-
ment, and lack of comprehensive functional studies further
complicated variant interpretation. Our comprehensively stud-
ied cohort of individuals with TBD due to RTELI variation al-
lowed us to use those variants as part of the curation criteria
(Niewisch et al. 2022). We recognize that this strength is also a
limitation because most of these variants lack functional data,
other than telomere length, and the cohort participants are
likely ascertained due to more severe phenotypes.

Less than half of the disease-associated variants in the litera-
ture met the adapted ACMG-AMP P/LP criteria (80/209, 38.3%).
The remainder were VUS (121/209, 57.9%), or were likely benign
(8/209, 3.8%). This finding is especially concerning because it
adds considerable uncertainty in determining affected status of
possible TBD patients and their family members. Patients with
biallelic RTEL1 TBDs generally present as young children with
BMF, immunodeficiency, mucocutaneous features, and/or other
complications. However, individuals harboring a heterozygous
P/LP RTELI variant may not develop disease until middle or
late adulthood (Delgado et al. 2018; Speckmann et al. 2017;

Tummala, Walne, and Dokal 2022). The challenges in RTELI
variant interpretation, complex and time dependent clinical
manifestations, and genetic testing of affected and unaffected
family members make genetic counseling in this situation ex-
ceedingly challenging and fraught with uncertainty.

Lymphocyte telomere length <1% percentile for age measured
by flow FISH is diagnostic of DC/TBDs and has successfully
been used in discovering their underlying genetic etiology (Alter
et al. 2012; Savage et al. 2007). In this study, we used flow FISH
telomere length as a component of variant classification to ad-
dress, in part, challenges related to the incomplete penetrance
and variable expressivity of RTELI-associated TBDs. This was
possible with variants in the NCI cohort but there were limited
telomere length data linked to the literature variants which
likely led to more of the latter being classified as VUS. Given
the importance of variant classification in clinical management,
assessment of telomere length in individuals being evaluated for
TBDs is essential to provide appropriate counseling and medical
management for affected and at-risk individuals.

RTELI encodes a helicase with important functions in genome
integrity and telomere biology and is associated with complex
phenotypes due to rare biallelic and heterozygous variants. This
study illustrates the need for standardization of RTELI variant
classification, consistency in genomic nomenclature, telomere
length measurement, robust functional studies, and additional
clinical and family studies to improve understanding of the role
of RTELI variation in human disease.
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