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Abstract Telomere length is a putative biomarker
of aging and is associated with multiple age-related
diseases. There are limited data on the landscape of
rare genetic variations in telomere length. Here, we
systematically characterize the rare variant associa-
tions with leukocyte telomere length (LTL) through
exome-wide association study (ExWAS) among
390,231 individuals in the UK Biobank. We iden-
tified 18 robust rare-variant genes for LTL, most of
which estimated effects on LTL were significant
(>0.2 standard deviation per allele). The biological
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functions of the rare-variant genes were associated
with telomere maintenance and capping and several
genes were specifically expressed in the testis. Three
novel genes (ASXLI, CFAP58, and TET2) associated
with LTL were identified. Phenotypic association
analyses indicated significant associations of ASXL/
and TET2 with cancers, age-related diseases, blood
assays, and cardiovascular traits. Survival analyses
suggested that carriers of ASXLI or TET2 variants
were at increased risk for cancers; diseases of the cir-
culatory, respiratory, and genitourinary systems; and
all-cause and cause-specific deaths. The CFAP5S8 car-
riers were at elevated risk of deaths due to cancers.
Collectively, the present whole exome sequencing
study provides novel insights into the genetic land-
scape of LTL, identifying novel genes associated
with LTL and their implications on human health
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UK Biobank Data (N = 390,231)
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«Fig. 1 Study design. Top part, UK Biobank data used in the
present study, including leukocyte telomere length (LTL),
exome sequence data, and health-related outcomes. Middle-
upper part, exome-wide association analysis of LTL revealing
novel rare-variant genes associated with LTL. Middle-lower
part, biological functions of the rare-variant genes, including
Gene Ontology (GO) analysis and protein—protein interaction
(PPI) network, and tissue expression enrichment analysis. Bot-
tom part, phenotypic association analyses of LTL genes with
diseases and biomedical phenotypes. Survival analyses of LTL
genes with incident diseases and mortality. BP, biological pro-
cess; CC, cellular component; MF, molecular function

and facilitating a better understanding of aging, thus
pinpointing the genetic relevance of LTL with clonal
hematopoiesis, biomedical traits, and health-related
outcomes.

Keywords Telomere length - Whole exome
sequencing - Aging - Human health

Introduction

Telomeres are the genomic complexes at the end
of eukaryotic chromosomes that shorten with each
round of cell division and are involved in the main-
tenance of genomic and cellular stability [1, 2]. With
a better understanding of the multiple molecular
mechanisms of aging, telomeres are considered an
instigator or amplifier of the molecular circuits that
drive the aging process and age-related diseases [3].
Telomere shortening, as one of the hallmarks of aging
[4], is commonly observed during normal aging in
humans [5], and mounting evidence has suggested
that shorter telomere length (TL) is associated with
the risk of malignant neoplasms, coronary artery dis-
ease (CAD), pulmonary fibrosis, and multiple other
age-related diseases [6—8]. Therefore, identifying the
determinants of telomere shortening would advance
a better understanding of the initiating pathophysi-
ology in aging and age-related diseases. Telomere
length is inheritable, as previous studies have dem-
onstrated that TL was a highly polygenic trait with
a high heritability [9] and revealed numerous genes
associated with TL through genome-wide associa-
tion study (GWAS) and whole-genome sequencing
(WGS) study [10, 11]. However, most previous stud-
ies have focused on the common genetic variants,
with only a few profiling the contribution of rare vari-
ants to the variations of TL [12]. In addition, though

considerable loci or genes associated with TL have
been identified, their estimated effect sizes were
generally modest [10]. Exome sequencing mainly
focuses on protein-coding variants, particularly rare
and ultra-rare variants that have not been genotyped,
and directly implicates genes in phenotype variabil-
ity through the burden testing of multiple rare vari-
ants [13]. The growing exome sequencing data and
the development of statistical association analyses
for the rare variants made it possible to explain the
missing heritability, which cannot be interpreted by
common variants alone [14], thus providing novel
insights into the genetic architecture of TL [13, 15].
In addition, sequencing studies and subsequent gene
therapeutic interventions have demonstrated the great
translational potential of the rare variants [16, 17].
Therefore, revealing the genetic determinants of TL,
particularly the protein-coding variants, will provide
insights into the regulation of TL shortening or vari-
ation, and identify underlying therapeutic targets for
aging and age-related diseases.

Here, we leverage the whole exome sequencing
(WES) data in 390,231 participants from the UK
Biobank to perform rare variants and gene burden
exome-wide association study (ExWAS) of leukocyte
TL (LTL) measurements. Eighteen robust rare-vari-
ant genes associated with LTL were identified, three
of which have not been reported in previous studies.
Next, we characterize the biological functions, pro-
tein—protein interaction network, and specific tissue
expression of the identified genes. We then explore
the phenotypic association of the significant rare-
variant genes across multiple biomedical phenotypes.
Finally, we test the longitudinal risk of age-related
diseases and overall and disease-specific mortal-
ity among the novel LTL rare-variant gene carriers

(Fig. ).

Methods
Participants of the study

The UK Biobank is a large-scale population-based
prospective cohort study in the UK from March 2006
to December 2010, which recruited over 500,000 par-
ticipants aged 40 to 69 years old at baseline [18]. At
recruitment, the demographic, clinical, and genetic
information of the participants were collected through
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touch-screen questionnaire, computer-assisted inter-
view, physical measurements, and biological sam-
ple assays, as described in detail elsewhere [18]. All
participants have given written informed consent for
genomic data and medical records at recruitment.

Measurement of LTL

The measurement, extensive quality checks, adjust-
ment, and transformation of LTL of the participants
in UKB have been described in detail elsewhere [19].
Briefly, LTL was measured on DNA extract from
peripheral blood samples collected at recruitment
using quantitative polymerase chain reaction (qQPCR)
method, and reported as a ratio of the telomere repeat
number to a single-copy gene (T/S ratio). Then, the
measurement of LTL was log,-transformed to approx-
imate the normal distribution and then z-standardized
to facilitate the comparisons with other datasets [19].
Regarding the further analyses in the present study,
participants with LTL measurement at baseline were
included (n=472,174).

Since LTL is influenced by multiple conditions,
including multi-morbidities, modifiable factors, and
behaviors [20], the participants with extreme values
(top and bottom 0.5%) were excluded from the anal-
yses to avoid the influence of potential confounding
factors.

Exome sequencing and quality control

Whole exome sequencing was conducted on 454,787
participants from the UK Biobank [13]. Our ExXWAS
analysis was restricted to White British individu-
als with available LTL and exome sequencing data,
further carrying out other quality controls. The IDT
xGen Exome Research Panel version 1.0 includ-
ing supplemental probes on the NovaSeq6000 plat-
form was used to capture the exomes and the full
sequencing protocols were described in detail else-
where [21]. Initial quality check included sex dis-
cordance, contamination, unresolved duplicate
sequences, and discordance with microarray geno-
typing data checks. In addition, we performed addi-
tional quality control and filtering. We applied gen-
otype refinement to the raw genotype calls in the
pVCF files using Hail. We first split multi-allelic
sites to represent separate bi-allelic sites. All calls
that did not pass the following hard filters were then
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set to no-call in our analysis. For homozygous refer-
ence calls, we chose Genotype Quality <20, Geno-
type Depth<10, and Genotype Depth>200. For
heterozygous calls, (Al Depth+A2 Depth) / Total
Depth <0.9, A2 Depth / Total Depth < 0.2, Genotype
likelihood [ref / ref] <20, Genotype Depth < 10, and
Genotype Depth>200. For homozygous alternative
calls, (Al Depth+ A2 Depth) / Total Depth<0.9,
A2 Depth / Total Depth<0.9, Genotype likelihood
[ref / ref] <20, Genotype Depth < 10, and Genotype
Depth>200 were used in this work. Regarding the
variants, we excluded the variants with low geno-
type quality, extremely low or high genotype depth,
call rate less than 90%, and Hardy—Weinberg p-value
less than 10", For samples, we excluded those with
low exome sequencing quality, withdrawn from the
study, with duplicates, with discordance between
self-reported and genetically inferred sex, and whose
call rates or additional metrics were outliers. Moreo-
ver, the related participants had high level of genetic
correlation, which probably influence the robustness
of exome-wide association analysis. To improve the
reliability and accuracy of the results of exome-wide
association analysis, the participants related at 3rd
degree or closer were also excluded. Overall, 390,231
individuals were included in the ExXWAS analysis of
which 327,790 of them were European. The overall
workflow of the quality control of exome sequencing
data could be found in Fig. S1.

Exome-wide association analysis

For rare variants, the SKAT-O test through the
SAIGE-GENE +method was used to analyze the
20,103 genes in the exome sequencing data [22].
The SAIGE-GENE+method is used for region-
based association analysis that is capable of pro-
cessing large-scale samples, particularly biobank
[22, 23]. SAIGE-GENE +can collapse the ultra-rare
variants (which are defined as minor allele carrier
(MAC) <10) to a single marker and then test the col-
lapsed variant together with all other variants with
MAC > 10, thereby reducing the data sparsity due to
the effects of ultra-rare variants [22]. Regarding rare
variants, here we applied five different maximum
minor allele frequency (MAF) cutoffs (1%, 0.1%,
0.01%, 0.001%, and 0.0005%) and two different vari-
ant annotations (LOF and missense), followed by
aggregating multiple SKAT-O tests using the Cauchy
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combination or minimum p-value for each gene or
region [24, 25]. SnpEff Version 5.1 was used to anno-
tate and classify the variants of all samples [26].
The LOF variants included the variants annotated as
frameshift, splicing donor, splicing acceptor, and stop
gain. The missense variants include the variants pre-
dicted as deleteriousness in Sorting Intolerant From
Tolerant (SIFT) [27], Polymorphism Phenotyping v2
(PolyPhen2) HDIV [28], and PolyPhen2 HVAR [28];
likelihood ratio test (LRT) [29]; and MutationTaster
[30], and are further collapsed for each gene. The
ExWAS model was adjusted by age at the recruit-
ment, gender, and first ten PCs.

In single rare variant analysis, the variants at
exome-wide significance (p<1x107%) were consid-
ered significant. In rare-variant gene—based analysis,
Bonferroni correction was used for multiple compari-
sons (adjusted p-value=0.05/X/Y/Z, where X repre-
sented the number of genes, Y represented the num-
ber of maximum MAF cutoffs, and Z represented the
number of variant annotations).

Phenome-wide association analysis

For rare-variant genes for LTL, we performed phe-
nome-wide association analysis between the rare-
variant genes significantly associated with LTL and
17,361 binary and 1419 continuous phenotypes in the
394,695 European UKB individuals using AstraZen-
eca PheWAS (https://azphewas.com) [31]. Any phe-
notype with a p-value<0.05 was considered nomi-
nally significant phenotypes. We then categorized
the binary and continuous phenotypes and calculated
the proportion of the significant phenotypes in each
category. To identify the significant associations,
we focused on rare protein-truncating variant (PTV,
which was defined as any variant that is predicted
to truncate the protein) and Bonferroni corrections
were used for multiple comparisons (for binary traits,
adjusted p=0.05/17361=2.88E—6; for continuous
traits, adjusted p=3.52E-5).

Gene Ontology analysis

Gene Ontology (GO) analysis was conducted using
the R package clusterProfiler [32]. All genes listed in
the database were used as background. And the GO
terms of three ontologies (biological process, molecu-
lar function, and cellular component) with an adjusted

p <0.05 (calculated by the method BH) were defined
as an enrichment of the GO term. The results of GO
analysis were visualized by the R package ggpubr
(https://github.com/kassambara/ggpubr).

Protein—protein interaction analysis

The online website STRING (https://string-db.org;
version 11) was used to perform protein—protein
interaction (PPI) analysis with default parameters.
Cytoscape software (version 3.9.1) [33] was used
to visualize the result of PPI analysis and hub genes
within the network were identified using the cyto-
Hubba plug-in [33].

Tissue enrichment of LTL genes

Tissue enrichment analysis of the genes significantly
associated with LTL was performed through the R
package TissueEnrich [34] to identify whether the
specific gene was enriched in multiple tissues [34].
TissueEnrich uses hypergeometric test to calcu-
late the enrichment of the tissue-specific genes, and
the RNA sequencing data from Genotyped Tissue
Expression (GTEx) v8 was used [34]. The genes with
expression level greater than 1 (TPM) that also have
at least five-fold higher expression levels in a certain
tissue compared to all other tissues were considered
tissue-enriched [35].

Single-cell RNA sequencing data

Single-cell RNA sequencing (scRNA-seq) dataset of
healthy human testis was acquired from Gene Expres-
sion Omnibus (GEO) with the accession number
GSE182786 [36]. We used the R package Seurat to
process the scRNA-seq data [37]. First, the individual
cells with low quality, which were defined as the cells
with less than 800 expressed genes or larger than 50%
mitochondrial counts, were excluded and then the
gene expression matrix was normalized by the Nor-
malizeData function in Seurat [36, 37]. We used the
R package Harmony [38] to integrate the multiple
datasets to correct the batch effect. The top 40 PCs
and a resolution of 0.1 were used to conduct cluster-
ing, and then, the clusters were annotated according
to the known markers of each cell type (spermatid:
PRM3, SPATA3; Leydig cell: IGF1, CFD; endothe-
lial cell: VWF, CD34; spermatocyte: SYCPI, SYCP3;
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smooth muscle cell: CRIP1, MCAM; spermatogonia:
MAGEA4, ID4; Sertoli cell: SOX9, DEFBI19; mac-
rophage: CD14, CD163, TYROBP) [36, 37].

Longitudinal survival analyses of rare-variant genes

Longitudinal survival analyses were performed by
Cox proportional hazard models using the R pack-
age survival (https://github.com/therneau/survival).
The carriers of the LTL rare variant were defined as
those carrying genetic variant (including both LOF
and missense variants) within the gene region, and we
have confirmed that all the LTL rare-variant carriers
only had 1 of the pre-identified variants in the genes.
The primary outcomes included cancers, hematologi-
cal and circulatory diseases, which were extracted
from the UK Biobank health outcome datasets first
occurrences of health outcomes (Category 1712,
https://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=
1712), and all-cause or disease-specific death, which
were extracted from the UK Biobank health outcome
datasets underlying (primary) cause of death (Field
40,001) based on International Classification of Dis-
ease-10. Regarding the diseases, the end of follow-up
was defined as the date of the diagnosis of the disease
or the end of hospital inpatient data collection. And
regarding the death, the end of follow-up was defined
as the date of death or the end of hospital inpatient
data collection. In each model, the individuals with
any diagnosis of the disease or cancer prior to the
time at recruitment were excluded. Assumptions of
proportional hazards were tested based on Schoenfeld
residuals [39]. The hazard ratios (HRs) were adjusted
for age at recruitment, gender, and top 10 PCs.

Genomic association analysis

The imputed genotypes available in the UK Biobank
v3 imputed genetic data were used for GWAS and
only White British participants were included in
the analysis [40]. The participants with a missing
genotype rate more than 0.05, a mismatch between
self-reported (Field 31) and genetic gender (Field
22,001), abnormal sex chromosomal aneuploidy, het-
erozygosity rate outliers, and exceeding 10 putative
third-degree relatives were filtered out. For quality
control, we excluded the variants with MAF <0.01,
call rate<0.95, and imputation quality score<0.5,
falling the Hardy—Weinberg equilibrium test at

@ Springer

p-Value<1><10‘6, or duplicated [41]. In addition,
we further excluded the multi-allelic variants in the
analysis. Then, PLINK 1.9 was used to perform
the association analysis for LTL [42]. Age, gender,
and the first ten PCs were considered the covari-
ates. In GWAS, the SNPs at genome-wide signifi-
cance (p<5x107%) were considered significant
associations.

Mendelian randomization

We first screened all 42,335 traits available in the
MR-Base platform [43]. Then, to increase statisti-
cal power and avoid significant sample overlap, we
excluded the traits with non-European ancestry, small
sample size (<50,000), only one gender, or generated
from the UK Biobank. In addition, we also excluded
the duplicated traits (through systemically consider-
ing the sample size and throughput of sequencing).
After the screening, 186 traits remained and were
further divided into 126 exposures and 61 outcomes.
Regarding the selection of the instrumental vari-
ables, the single-nucleotide polymorphisms (SNPs)
associated with the traits or LTL at genome-wide
significance (p<5x107%) were first screened and
then clumped at R%2<0.001 at a 10,000 kb window
size based on the 1000 Genomes European reference
panel using PLINK v2.0 [42]. We used the R package
TwoSampleMR [43] to perform MR analysis and the
inverse-variance weighted method was mainly used
to estimate the causal effect. Moreover, MR-Egger,
weighted median, weighted mode, and simple mode
methods were also performed as additional analysis
[43-45]. A p-value less than 0.05 was considered a
nominally significant association.

Results
Exome-wide rare variant analysis of LTL

In the analysis of exome sequencing data, a total
of 390,231 participants with both LTL and exome
sequencing data from the UK Biobank were included
after quality controls of genotype, variant, and sam-
ple (Fig. S1). We first conducted ExXWAS of LTL
for the rare variants and found 88 single rare vari-
ants (MAF<0.01) in CFAP58, CTCI, DCLREIB,
EXOC3LI1, HBB, PARN, POTI, RTELI, SAMHDI,
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TERFI1, TERT, and TET2, associated with LTL at
exome-wide significance (p<1X 1078, Table S1).
Next, we performed whole exome gene-based col-
lapsing tests of LTL (Fig. 2A, B) and identified 19
significant (Bonferroni-adjusted p-value =0.05/20103
/5/2=2.49x107") rare-variant genes associated with
LTL (Table 1). The Q-Q plots for the rare variants are
available in Figs. S2 and S3.

To test the robustness of the rare variants and
genes identified above, we conducted ExWAS of
LTL for the rare variants in the European popula-
tion. We found that 71 of 88 single rare variants were
still associated with LTL at exome-wide significance
(p<1x107%; Table S1). In addition, 18 of 19 rare-
variant genes were also significant in the European
population after multiple comparisons, except for
HBB (Table 1). The Q-Q plots for the rare variants of
European ancestry are available in Figs. S4 and S5.

Of the 18 robust rare-variant genes, thirteen of
them have been reported in previous GWAS or WGS
studies of LTL (Fig. S6) [10, 11], while five rare-
variant genes (ASXLI, CFAPS5S8, TET2, ZNF451,
and ZSWIM3) were not reported in previous GWAS
or WGS studies (Fig. S6). Moreover, ZNF451 and
ZSWIM3 were identified as underlying genes for LTL
by Kessler et al. [46]. Among the three novel genes
identified from the ExWAS collapsing test, the bur-
den of rare LOF variants in TET2 showed the most
significant associations with LTL (p=5.19 x 1071).

Landscape of novel rare-variant genes with LTL

We profiled the carriers with rare-variant genes
for LTL of all participants in the UK Biobank
(Fig. 3A). Among the novel genes identified associ-
ated with LTL, the proportion of participants with
CFAP58 (1.69%, 847 LOF and 6479 missense)
variants or ASXLI (0.68%, 241 LOF and 2690 mis-
sense) was relatively high. In contrast, the num-
ber of participants with TET2 (0.11%, 460 LOF
and 11 missense) or ZSWIM3 (0.11%, 52 LOF and
416 missense) variants was relatively low. Meas-
urements of LTL among the novel LTL gene car-
riers and noncarriers were also profiled (Fig. 3B).
The participants with ASXLI (—0.055+0.963
[mean +standard deviation, Z-adjusted T/S log rela-
tive LTL] vs.—0.004+0.943, p<0.01) or TET2
(—0.415+0.962  vs.—0.004+0.943, p<0.001)
variants showed shorter LTL. The trend was more

significant when we restricted the participants
with LOF variants for ASXLI (—0.627+0.901
vs.—0.004 +0.943, p<0.001) (Fig. 3B). In addition,
participants with CFAP58, ZNF451, or ZSWIM3 vari-
ants had longer LTL than noncarriers.

We also profiled the effects of the genes on LTL via
a linear regression model. After adjustment for age at
recruitment, gender, and the top 10 PCs, the estimated
effects of LTL gene carrier ranged from —0.84 to 0.69
(Fig. 3C). Similarly, the effects were rather obvious
in LOF carriers (—1.00 to 1.00; Fig. 3D). Of note,
participants with LOF ASXLI or TET2 variants had
a 0.45 or 0.34 decrease in Z-adjusted LTL compared
with those without any LTL variants, respectively. As
the effect of age on LTL was modest (~0.023 SD in
decrease per year) [20], the rare-variant genes play an
essential role in determining LTL.

Biological function and tissue expression of the
rare-variant genes

Bioinformatics analyses of the 18 significant rare-
variant genes associated with LTL were conducted
to profile their biological functions. Gene Ontol-
ogy analysis indicated that the genes were mainly
enriched in the biological processes associated with
telomere maintenance and capping, as well as the
molecular functions associated with telomeric and
telomerase binding (Fig. 4A). Moreover, the genes
were mainly enriched within the cellular component
like telomere cap complex (Fig. 4A). Next, we per-
formed protein—protein interaction (PPI) analysis of
the significant genes associated with LTL. Within
the PPI network, 16 of the 18 genes, including three
novel genes (ASXLI, CFAP58, and TET2), were iden-
tified, and TERT, TINF2, and RTELI were identi-
fied as the most important genes within the network
(Fig. 4B).

Tissue enrichment analysis of the 18 rare-variant
genes associated with LTL was performed via GTEx
database. There was one gene and two genes enriched
in the kidney and testis, respectively (Fig. 4C).
TERT was specifically enriched in the kidney, while
CFAP58 and TYMS were specifically enriched in
the testis (Fig. S7). Then, we used scRNA-seq data
of human testis to evaluate the expression levels
of CFAP58 and TYMS in different cell types within
the testis (Fig. 4D). Though the expression level of
CFAP58 was relatively low, it was mainly expressed
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«Fig. 2 Exome-wide association analysis of LTL. A Manhat-
tan plot showing the results of the rare variants (LOF) from
ExWAS of LTL with four different MAF thresholds in pan-
ancestry gene-based analysis. B Manhattan plot showing
the results of the rare variants (LOF and/or missense) from
ExWAS of LTL with four different MAF thresholds in pan-
ancestry gene-based analysis. C Manhattan plot showing the
results of the rare variants (LOF) from ExWAS of LTL with
four different MAF thresholds in European-specific gene-based
analysis. D Manhattan plot showing the results of the rare vari-
ants (LOF and/or missense) from ExWAS of LTL with four
different MAF thresholds in European-specific gene-based
analysis. The x-axis indicates the position of the gene in 22
chromosomes. The y-axis indicates the —logl0 of the p-value
for each association. The black dashed horizontal line indicates
the threshold for significant association (p-value <2.49 x 1077).
The p-values are adjusted for age at recruitment, gender, eth-
nicity, and top 10 principal components. The novel genes iden-
tified from ExWAS were marked with red

by spermatids (Fig. 4E). TYMS was also expressed
by germ cells, and spermatocytes showed the highest
level of TYMS (Fig. 4E).

Phenotypic associations of the novel rare-variant
genes

To explore the underlying pleiotropy of the novel
genes significantly associated with LTL, we per-
formed phenotypic association analyses across
17,361 binary (mainly diseases) and 1419 continuous
phenotypes from the UK Biobank by AstraZeneca
PheWAS [31]. Regarding the phenotypes associated
with diseases, our results were consistent with the
previous studies, with most of the associated pheno-
types deriving from cancer and hematological dis-
eases (Fig. 5SA). Of note, ASXLI and TET2 showed
significant associations with cancer and hematologi-
cal diseases, and we observed the largest number of
hematological, endocrine and metabolic, and respira-
tory disease associations for TET2. Regarding the
associations of the rare-variant genes with continuous
biomedical phenotypes (Fig. 5B), ASXLI was associ-
ated with the largest number of biomedical traits. In
line with the obvious associations with hematological
and circulatory diseases, the most associations with
blood assays and cardiovascular traits were identi-
fied for ASXLI (Fig. 5B). In addition, ASXLI was
also associated with most physical measures and pul-
monary functions. TET2 was mainly associated with
blood assays (Fig. 5B), supporting its essential role in
hematological and immune diseases [47].

In analysis of binary traits, the most significant
associations with ASXL] were myeloid leukemia and
acute myeloid leukemia (Fig. 5C). In addition, sig-
nificant associations between ASXL/ and benign or
malignant hematological disorders were observed,
including myelodysplastic syndromes, diseases of the
blood, and other anemias (Fig. 5C). Moreover, ASXL]
was also significantly associated with hypertension
and hypertensive diseases. The most significant asso-
ciations with TET2 were cancers of hematopoietic
system, including myeloid leukemia, lymphomas, and
monocytic leukemia (Fig. 5D). In addition, TET2 was
associated with many hemorrhagic diseases, like pur-
pura and thrombocytopenia. Intriguingly, both ASXLI
and TET2 were significantly associated with influenza
and pneumonia and renal failure (Fig. 5C, D). No
significant associations were observed for CFAP58
(Table S2).

After multiple comparisons, TET2 was associated
with the largest number of continuous traits, mainly
blood assays (Fig. SE). We found that both ASXL]
and TET2 were significantly associated with inflam-
matory parameters, like white blood cell count, neu-
trophil count, and monocyte count (Fig. 5E). And no
significant associations were observed for CFAP5S,
either (Table S3).

Overall, the analysis of the WES data revealed five
novel genes associated with LTL and the biomedical
pleiotropies of the genes, with most associations with
cancers, hematological diseases, and the related phe-
notypes particularly blood assays.

Longitudinal disease risk of the novel rare-variant
genes

To test the significance of the novel genes in the real-
world settings, we further performed survival analy-
ses by Cox proportional hazards models to explore
whether the individuals with LTL genes were at a
higher risk of incident cancers and other age-related
diseases (Table S4). A total of 26 nominal longitudi-
nal associations (p <0.05) were observed for the three
genes, where TET2 showed the largest associations
(n=19; Fig. 6A). The complete results of the survival
analyses of diseases are shown in Table S5.

In consistent with the results of phenome-wide
associations, we found that individuals with ASXL/
variants had elevated risk of developing leuke-
mia or lymphoma (hazard ratio [HR]=1.50, 95%
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Table 1 Rare-variant gene associations with leukocyte telomere length after Bonferroni corrections

Gene Group Pan-ancestry European

p-value BETA for  SE for p-value for  p-value BETA for  SE for p-value for

burden burden burden burden burden burden

DCLREIB lof 1.93E—-15 0.023 0.003 400E-15 3.10E—14 0.025 0.003 1.30E—-13
DCLREIB missense;lof 3.05SE—35  0.022 0.002 2.10E-35 1.05E-27 0.022 0.002 7.33E-28
TET2 lof 5.19E—-15 -0.015 0.002 741E-16 521E-13 -0.015 0.002 5.21E-13
TET2 missense;lof 6.74E—14 —0.014 0.002 9.62E—15 5.83E-12 -0.014 0.002 5.83E—-12
TERT lof 6.69E—13 —0.040 0.006 6.609E—13 2.68E—11 -0.040 0.006 2.68E—-11
TERT missense;lof 5.89E—-35 —0.034 0.003 5.89E-35 143E-32 -0.035 0.003 1.43E-32
ZNF451 missense;lof 5.82E—10  0.008 0.001 6.69E—10 2.15E-10  0.008 0.001 1.46E—-10
POTI lof 1.74E—-65  0.039 0.002 832E-60 2.39E-51 0.038 0.003 5.44E-47
POTI missense;lof 4.83E—44  0.024 0.002 6.90E—45 1.30E-45 0.016 0.001 1.24E—-40
TERFI lof 5.54E-29  0.027 0.003 1.31E-23 3.51E-34 0.042 0.004 5.08E—-32
TERFI missense;lof  7.75E—51  0.027 0.002 3.57E-45 273E-54 0.033 0.002 1.17TE—-47
CFAP58"  missense;lof 4.88E—14  0.003 0.000 334E—-07 8.04E—13  0.003 0.001 5.96E — 08
STN1 lof 2.07E-09 0.015 0.003 289E-09 431E-09 0.016 0.003 4.72E—-08
ATM lof 3.89E—-10 -0.007 0.001 443E-10 1.37E-07 -0.007 0.001 6.43E—-08
ATM missense;lof 5.44E—14 —0.005 0.001 8.13E—15 1.59E-13 -0.004 0.001 3.71E-13
HBB lof 9.80E-09  0.015 0.003 4.60E—08 1.03E—04 0.012 0.005 1.94E—-02
HBB missense;lof 9.80E—09  0.015 0.003 4.60E—08 1.03E—04 0.012 0.005 1.94E-02
TINF2*™ missense;lof 2.90E-08  0.011 0.003 2.70E-05 846E-08  0.022 0.004 8.46E — 08
PARN lof 1.08E—13 -0.027 0.003 1.54E—-14 6.85E—13 -0.028 0.004 9.79E - 14
PARN missense;lof 3.37E—08 —0.007 0.001 490E—-08 9.56E—09 —0.007 0.001 4.65E—09
C1CI lof 695E—-17 0.014 0.002 329E-17 9.39E-41 0.016 0.001 4.22E-37
Cc1CI missense;lof 6.91E—18  0.009 0.001 949E-17 1.37E-42 0.011 0.001 5.43E-38
TK1 missense;lof 1.98E—09 —0.012 0.002 2.17E-09 197E-07 -0.011 0.002 1.62E-07
TYMS lof 5.85E—08 —0.035 0.006 5.85E-08 9.18E-08 —-0.037 0.007 9.18E-08
TYMS missense;lof 6.06E—10 —0.016 0.003 1.0OSE-09 8.ISE-09 -0.016 0.003 5.70E—-08
ASXLI lof 5.58E—-11 -0.017 0.003 797E-12 2.16E-10 -0.017 0.003 1.23E-10
RTELI lof 1.L12E-35 -0.022 0.002 6.85E—-30 1.03E-32 -0.023 0.002 2.33E-26
RTELI missense;lof 8.50E—62 —0.016 0.001 9.37E-61 1.23E-47 -0.016 0.001 5.28E—-46
SAMHDI  lof 3.15E-12  0.018 0.002 450E—-13 2.16E—10 0.017 0.003 1.92E-10
SAMHDI  missense;lof 2.00E—41  0.018 0.001 2.85E—-42 7.51E-43 0.018 0.001 247E—-43
ZSWIM3™  lof 3.68E-08  0.029 0.005 5.03E-08 9.87E-05 0.029 0.007 9.87E—-05
ZSWIM3 missense;lof 1.16E—10  0.010 0.002 9.19E-08 2.56E-08  0.024 0.004 2.56E —08

“Max minor allele frequency =0.01

**Max minor allele frequency =0.00001
**Max minor allele frequency =0.000005

confidence interval [CI] 1.12-2.01, p=7.86 X 10_3)
and renal failure (HR=1.20, 95% CI 1.06-1.36,
p=495%x107%). ASXLI was also associated
with the risk of heart failure (HR=1.28, 95% CI
1.06-1.54, p=8.88x107). Regarding TET2,
we observed significant increased risks of leuke-
mia or lymphoma (HR=6.95, 95% CI 5.03-9.61,

@ Springer

p=9.08x107%?) and any cancers (HR=1.55,

95% CI 1.27-1.88, p=1.22x107). Moreo-
ver, TET2 was also associated with diseases
of the blood (HR=2.35, 95% CI 1.91-2.88,

p=2.24%x1071%, anemia (HR=1.61, 95% CI
1.25-2.09, p=3.07><10_4), diseases of the geni-
tourinary system (HR=1.33, 95% CI 1.09-1.62,
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Fig. 3 Landscape of the LTL genes and their effects on LTL.
A The carrier percentage for rare LOF and missense variants
in genes associated with LTL. The percentage was calculated
based on all participants in the UK Biobank. The color of the
bar indicates LOF (red) or missense (blue) groups of the vari-
ants. B The LTL measurements are displayed among partici-
pants with or without LTL rare gene variants. The violin plot
showed the distribution of LTL among the carriers or the non-

Shorter LTL Longer LTL

carriers. The dot represented the median value of LTL, and
the line represented 25th and 75th percentiles of LTL. C The
effects of the genes on LTL among rare gene carriers. The
genes are shown on the y-axis and the f for the effects on LTL
are shown on the x-axis. Error bars indicate 95% Cis. D The
effects of the genes on LTL among LOF rare gene carriers.
*p<0.05, ##p <0.01; ***p <0.001
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Fig. 4 Bioinformatics analyses of the rare-variant genes asso-
ciated with LTL. A Representative results of the GO analysis.
The x-axis indicates —log10 of the p-value for each GO term.
The y-axis indicates different GO terms, and each ontology is
marked with different colors. B Results of the PPI analysis.
The color of the gene indicates the importance of the gene
within the network. C The bar plot showing the tissue-specific
gene enrichment. The x-axis indicates the types of the tissues.
The y-axis indicates the fold-change values of the tissue-spe-

p=4.65x1072), and renal failure (HR =1.64, 95%
CI 1.30-2.10, p=6.27x107°), supporting the
findings in phenome-wide association analysis. In
addition, we also found that TET2 carriers were

@ Springer

cific gene enrichment. The number above the bar indicates the
number of the tissue-specific genes within the tissue. D The
uniform manifold approximation and projection (UMAP) plot
showing the eight different cell types within the testis. The
color of the dots indicates the cell type. E The feature plot
showing the expression level of CFAP58 or TYMS in differ-
ent cell types within testis. BP, biological process; CC, cellular
component; GO, Gene Ontology; MF, molecular function; PPI,
protein—protein interaction

associated with diseases of the respirator system
(HR=1.65,95% CI 1.35-2.10, p=8.55x10"") and
digestive system (HR=1.36, 95% CI 1.14-1.62,
p=5.46x107%.
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Fig. 5 Phenotypic associations of the rare-variant genes
associated with LTL. A The associations with diseases. The
y-axis (concentric circles) indicates the proportion of the
phenotypes within a category that are nominally associated
(p-value <0.05) within each gene. B The associations with
continuous phenotypes. C Significant associations of ASXLI
with binary outcomes. The x-axis indicates the binary out-
comes. The y-axis indicated the —logl0 of the p-value. The
color of the point indicates different categories. The gray
dashed horizontal line indicates the threshold for significant
association (p-value <2.88x107%). D Significant associations

of TET2 with binary outcomes. E Significant associations of
ASXLI and TET2 with continuous traits. The color of the traits
indicates different categories. The color of the edge indicates
the direction of the association and the width of the edge indi-
cates the—loglO of the p-value for each association. ApoA,
apolipoprotein A; CRP, C-reactive protein; CysC, cystatin C;
Hb, hemoglobin; HDL, high-density lipoprotein; MPV, mean
platelet volume; MRV, mean reticulocyte volume; MSCYV,
mean sphered cell volume; PDW, platelet distribution width;
RDW, red blood cell distribution width; RET, reticulocyte
count; TC, total cholesterol; WBC, white blood cell count
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«Fig. 6 The associations of LTL rare-variant gene carriers with
A incident diseases and B deaths. The forest plot showing the
results of the Cox proportional hazard models of the risks of
diseases and deaths among the carriers with LTL rare-variant
genes. The y-axis indicates the diseases. The disease with a
p-value <0.05 was marked with bold in the plots

Longitudinal death risk of the novel rare-variant
genes

We also performed survival analyses to explore
whether the individuals carrying LTL rare-variant
genes were at a higher risk of overall deaths or cause-
specific deaths (Fig. 6B). The complete results of the
survival analyses of deaths are shown in Table S6.

We found that TET?2 carriers had an increased risk
of all-cause death (HR=2.19, 95% CI 1.78-2.70,
p=157x 10‘13), death due to any cancers (HR =2.67,
95% CI 2.05-3.47, p=2.34x10""%), and leuke-
mia or lymphoma (HR=12.17, 95% CI 8.31-17.80,
p=17.35x107%%). Moreover, there is significant lon-
gitudinal risk of TET2 with ischemic heart disease
(HR=2.41, 95% CI 1.47-3.93, p=4.55x10"* and
myocardial infarction (HR=3.66, 95% CI 1.74-7.69,
p=6.21x10"%. In line with the longitudinal dis-
ease risk, TET2 carriers had a higher risk of dis-
eases of the respiratory system (HR=2.27, 95% CI
1.51-3.42, p=8.52x107%). ASXLI carriers probably
had an increased risk of all-cause death (HR=1.14,
95% CI 1.00-1.29, p=4.45% 10‘2) and death due to
circulatory diseases (HR=1.32, 95% CI 1.09-1.59,
p=4.59x 10_3). However, we failed to observe
increased risk of all-cause death among the carriers
with CFAP58 variants (p >0.05).

Overall, through survival analyses, we found that
the novel LTL rare-variant genes were associated with
multiple adverse outcomes. The participants carrying
TET2 were at higher risk of hematological malignan-
cies and all-cause deaths, and those with ASXLI vari-
ants were at higher risk of circulatory diseases.

Mendelian randomization of LTL with biomedical
phenotypes

Next, to support the identified rare variant associa-
tions of LTL and explore the common variant asso-
ciations, we performed GWAS analysis of LTL in
the European population (Fig. S8) and identified
231 independent variants and 101 genomic risk loci

for LTL at genome-wide significance (p<5x107%;
Table S7). The estimated effects of the significant
variants were generally modest (most absolute effects
were less than 0.1 SD per allele), which was consist-
ent with the previous GWAS of LTL (Fig. S8B and
S8C) [10].

Then, we performed MR analyses to evaluate the
causal associations of LTL with multiple biomedical
phenotypes at genetic level. A total of 186 traits were
screened (Fig. S9; Table S8). The results of the for-
ward (LTL as the exposure) MR analyses were con-
sistent with the phenotypic associations identified in
the ExXWAS analyses (Fig. S10A); our analysis indi-
cated that genetically predicted LTL was positively
associated with hematological cancer (#=0.003,
standard error (SE)=0.001, p=0.046). In addition
to cancers, genetically predicted LTL was nega-
tively associated with several aging-related diseases,
like CAD (f=—-0.131, SE=0.043, p=0.002), idi-
opathic pulmonary fibrosis (f= —0.003, SE=0.001,
p=2.10x1075), and family history of AD
(= —-0.012, SE=0.004, p=0.001). Regarding the
backward MR analysis of LTL (Fig. S10B), geneti-
cally predicted parental longevity was associated
with LTL (combined parental attained age: f=0.155,
standard error (SE)=0.071, p=0.029; mother’s
attained age: f=0.231, SE=0.055, p=2.33><10_5).
Moreover, we also identified several peripheral
biomarkers associated with LTL, including low-
density lipoprotein cholesterol (LDL-C, $=0.017,
SE=0.006, p=0.004) and white blood cell count
(WBC, = —-0.020, SE=0.010, p=0.050). The full
MR analyses have been presented in Table S9. Over-
all, the MR analyses further supported the associa-
tions between LTL and hematological malignancies
and cardiovascular diseases and revealed some traits
associated with LTL at genetic level.

Discussion

To our best knowledge, the present study was the
largest EXWAS study of LTL, which systematically
elucidated the rare genetic determinants of LTL and
their biomedical implications. In ExXWAS analyses
of LTL, we replicated many known telomere syn-
drome—causing variants and discovered three novel
genes not previously related to telomere length or tel-
omere syndrome that serve as promising candidates
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for further experimental investigations. We charac-
terized their biological functions associated with tel-
omere maintenance and capping and the specific tis-
sue expression in the testis and profiled considerable
phenotypic associations of ASXL/ and TET?2 with dis-
eases including cancers and hematological, cardiovas-
cular, and genitourinary diseases, and physiological
traits including blood assays and cardiovascular traits.
Survival analyses further supported their associations
with hematological malignancies and age-related dis-
orders. Overall, our EXWAS analyses of LTL revealed
novel genes associated with LTL which served as
promising candidates for further experimental investi-
gations, and provided insights into the associations of
LTL with clonal hematopoiesis and age-related disor-
ders at genetics level.

Genetics is essential in telomere length and tel-
omere syndrome [48], which explained approxi-
mately 70% of the variance in LTL [49]. However,
the effect sizes of the genes or other exposures on
LTL reported in previous studies were generally
modest. Codd et al. demonstrated that the estimated
effect sizes of the common variants on LTL were
moderate (<0.2 SD per allele) [10]. Meanwhile,
though LTL could be modified by healthy behaviors
to some extent, their effects on LTL were moderate,
accounting for less than 0.2% of the variation [20].
Our findings revealed their significant effect on LTL
compared with the common variants. For instance,
participants with TERT LOF variants had a 1.00
decrease in Z-adjusted log LTL. And the estimated
effects for ASXLI and TET2 LOF variants were —0.45
and—0.34 on Z-adjusted log LTL, respectively,
equivalent to~ 15-20 years of age-related change in
LTL [20]. These highlighted the putative role of rare-
variant genes in LTL and the related consequences
and helped the identification of those aged and at
higher risk of age-related disorders.

Previous studies have demonstrated that muta-
tions in telomere and telomerase genes contributed
to telomere shortening that manifests in age-related
phenotypes, providing evidence that telomeres were
associated with aging [50, 51]. Our study has repli-
cated several known genes implicated in monogenic
telomere disorders [51]. POTI was the most signifi-
cant gene associated with LTL in our EXWAS analy-
sis, which encoded the subunit of telomeric structure
[52]. Previous studies have shown the protective role
of POT1 protein in DNA damage response [52] and
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that POTI mutations led to telomere dysfunction
[53]. Compared with previous rare and ultra-rare vari-
ant ExWAS study based on 200 k exome sequencing
data [10], our study significantly expanded the sample
size, using the latest 450 k exome sequencing data in
the UK Biobank, replicated several LTL genes (i.e.,
RTELI, TERFI, and TERT), and further identified
three novel genes associated with LTL. Compared
with a recent EXWAS study of LTL [46], our study
has used SAIGE-GENE + gene—based analysis, which
improved the statistical power and robustness of
results, identified novel gene-LTL associations, and
further characterized the biomedical implications of
the novel rare-variant genes. TET2 encodes an essen-
tial enzyme that catalyzes oxidative responses of
methylcytosine bases [54]. Among individuals older
than 65 years old, 5-10% of them showed inactivat-
ing mutations within TET2 in peripheral blood cells
[55]. The biological functions of TET2 involved
with the self-renewal and differentiation of hemat-
opoietic stem cell, maintenance of genomic stability,
and participating inflammatory responses [56]. Yang
et al. demonstrated that knockout of TET enzymes
(TET1/2/3) in embryonic stem cells induced shorter
LTL and instability of chromosome by modulating
the expression of DNMT3A and methylation [57].
Mutations of TET2 contributed to higher levels of
inflammatory molecules, which further recruit cir-
culating immune cells and form a chronic inflam-
matory microenvironment, thus accelerating cel-
lular senescence or leading to age-related diseases
[58]. In addition to the known association of TET2
with hematological malignancies [59], we revealed
putative associations between TET2 and diseases of
hematological, circulatory, respiratory, and genitou-
rinary systems. Such associations were supported by
longitudinal risk among TET?2 carriers and the phe-
notypic associations of TET2 with related biomedical
traits. For instance, TET?2 carriers had a higher risk of
developing diseases involving blood and any anemias
and TET2 was significantly associated with lower
hemoglobin and platelet count. In addition, ASXLI
is an epigenetic modulator that frequently mutates in
myeloid neoplasms, such as myeloid leukemia, mye-
lodysplastic syndromes, and myeloproliferative neo-
plasms [60]. Mutant ASXL/ induced dysfunction and
age-related aberrant proliferation of hematopoietic
stem cells and lymphocytes, thus promoting cellular
senescence and the progression of malignant tumors
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[61, 62]. A recent retrospective study suggested that
among subjects with acute myeloid leukemia and
ASXLI mutations, the risk of developing cardiovas-
cular events increased by 40% compared with the
noncarriers [62]. Moreover, our study suggested that
ASXLI carriers had increased risk of heart failure and
deaths due to circulatory diseases, consistent with a
recent cohort study by Yu et al., demonstrating that
CHIP due to ASXLI mutations was associated with
increasing risk of incident heart failure and decreas-
ing left ventricular ejection fraction [63]. Similar to
TET2, ASXLI-mediated clonal hematopoiesis induced
a pro-inflammatory phenotype of cardiac mac-
rophages characterized by higher expression levels
of interleukin-1p (IL-1P) and IL-6, further forming
a pro-inflammatory environment in heart and accel-
erating heart failure [64]. Another key finding of our
analysis was that both ASXL/I and TET2 were associ-
ated with age-related disorders of multiple systems,
including circulatory, respiratory, and genitourinary
systems. The associations could be explained by
their impact on immune functions. In murine mod-
els, knockout of Ter2 showed increased expression
of inflammatory cytokines contributing to athero-
sclerosis and pulmonary emphysema [65, 66]. There-
fore, our results added the phenotypic associations of
LTL with age-related disorders at genetic level and
implied the potential clinical significance of early
screening and management for cancers and other age-
related disorders in individuals with TET2 and ASXLI
mutations.

Intriguingly, both ASXLI and TET2 were epige-
netic modulators that were common among subjects
with clonal hematopoiesis of indeterminate potential
(CHIP) [46, 67]. And both telomere shortening and
CHIP are commonly observed in older individuals
and considered hallmarks of aging [68, 69]. Shorter
TL was observed in CHIP carriers [70, 71]. GWAS
analyses have reported that TERT was the common
locus shared by CHIP and LTL [10, 72]. By analyzing
CHIP with VAF> 10% in Trans-Omics for Precision
Medicine (TOPMed) and UK Biobank, Nakao et al.
demonstrated the bi-directional associations between
CHIP and shorter LTL [73]. In addition to TERT, our
ExWAS analyses revealed novel LTL genes, ASXLI
and TET2, which may explain the complex relation-
ship between CHIP and telomere length. As the vari-
ant allele frequency (VAF) of ASXLI and TET2 was
skewed away from 0.5 (~0.25) in previous studies

utilizing exome sequencing data of the UK Biobank
[72, 74], our results supported that clonal hemat-
opoiesis is a putative contributor to the genetic under-
pinnings of LTL. In addition, we conducted survival
analyses of ASXL/ and TET2, which filled the gap
regarding the associations among LTL, CHIP, and
cancers or age-related disorders.

Regarding one novel LTL gene showing putative
protective effects on telomere shortening, CFAP58
was a protein expressed predominantly in sperms and
ciliated cells [75]. CFAP58 was essential for the cili-
ogenesis and flagellar elongation, and its mutations
have been observed in patients with morphological
abnormalities of the sperm flagella or sperm motility
disorders [76, 77]. Similarly, tissue enrichment anal-
ysis of the rare-variant genes for LTL indicated that
some genes associated with LTL were specifically
expressed and enriched within testis. Our results were
supported by the previous studies which reported
that relative TL was the longest in the testis and the
expression of TL maintenance enzyme was also the
highest in the testis [69]. CFAP58 was associated
with ferroptosis and immune infiltration in cancers
and showed predictive values in the prognosis of
endometrial carcinoma [78, 79], which supported the
suggestive association between CFAP5S8 carriers and
deaths due to cancers. However, the underlying cellu-
lar and molecular mechanisms of CFAP58 with LTL
or aging need further investigations.

There were several limitations in the present
study. Firstly, both ASXLI and TET2 are essential
CHIP genes and the somatic mutations in the blood
cells may lead to contamination in rare variant iden-
tification. And we have checked that the individu-
als with ASXLI or TET2 variants rarely experienced
hematological malignancies (less than 5 in ASXLI
or TET2 carriers at baseline). And our analyses
have adjusted age at recruitment as a covariate to
avoid the impact of age on the results. Secondly,
it should be noted that the participants in the UK
Biobank are mainly middle-aged, and our analysis
was restricted to those of European ancestry. There-
fore, genetic determinants of LTL in different age
strata and ancestries need to be further investigated.
Thirdly, the results of our analysis lack an external
validation. However, we have adjusted some essen-
tial covariates in the association analyses and used
multiple models in gene-based collapsing analysis
to support the robustness of the results. We also
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performed additional bioinformatic analyses to sup-
port the biological relevance of the genes identified
here. Lastly, experimental and functional studies are
warranted to assess the functions and mechanisms
of the genes in the associations with the shortening
or variations of LTL and to test their values as ther-
apeutic targets for age-related diseases.

In conclusion, the present WES study has pro-
filed the landscape of the rare variants with rel-
evance to LTL and the biomedical phenotypes,
clonal hematopoiesis, or health-related outcomes
associated with LTL. The understanding of LTL
would furnish novel insights into the molecular
mechanisms and therapeutic targets for aging and
age-related diseases.
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