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Supplemental Data

Supplemental Figure 1. Study design. Schematic graph to illustrate study design of the LTL
GWAS meta-analysis. GWAS was conducted in each individual study cohort, stratified by
genotyping platform and disease status. SNP genotyping, GWAS and meta-analyses as well as
the corresponding QC procedures are described within the methods.
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Supplemental Figure 2. Manhattan Plot of GWAS results. Manhattan plot with quantile-quantile plot inlay. Known loci were labelled in blue,
novel loci associated with LTL at genome-wide significance (p-value<5x10%, red line) in red, and at FDR threshold of 5% (blue line) in orange.
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Supplementary Figure 3. Regional plots of genome-wide significant loci (p<5x10°8). For all loci 400kb windows encompassing conditionally
independent variants, except the TERT locus which is illustrated as a 200kb window.
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Supplementary Figure 4. Mendelian randomisation results for the effect of shorter LTL on the
risk of 122 diseases in UK Biobank. MR analysis was repeating using only SNPs that reached
genome-wide significance (P<5x10%). Data shown are odds ratios and 95% confidence intervals for a
1 standard deviation shorter LTL. Diseases are classified into groups as indicated by the boxing and
sorted alphabetically within disease group. Nominally significant (P<0.05) associations estimated via
inverse-variance weighted Mendelian randomisation are shown in green for a reduction in risk and
purple for an increase in risk due to shorter LTL. Where © indicates nominal (P<0.05) evidence of
pleiotropy estimated by MR-Eggers intercept. Full results are also shown in Table S16 along with the

full MR sensitivity analysis.
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Supplemental Methods

Information on study cohorts

The demographic characteristics of all study cohorts, for both discovery and replication
phases are shown in Table S1. All individuals included in the analysis are of European descent.

ENGAGE

The majority of the studies included have previously been described?. In addition to these the
following studies were included in this analysis.

GENMETS

GENMETS is a subcohort of the Finnish population-based Health 2000 study, comprising of
metablic syndrome cases and controls. This cohort is described in more detail elsewhere?.

NESDA

The Netherlands Study of Depression and Anxiety (NESDA) is an ongoing cohort study into the
long- term course and consequences of depressive and anxiety disorders. A description of the
study rationale, design, and methods is given elsewhere?. Briefly, in 2004 to 2007, participants
aged 18 to 65 years were recruited from the community (19%), general practice (54%), and
secondary mental health care (27%), therefore reflecting various settings and developmental
stages of psychopathology to obtain a full and generalizable picture of the course of
psychiatric disorders. A total of 2981 participants were included, consisting of persons with a
current or past depressive and/or anxiety disorder and healthy control subjects. Exclusion
criteria were a clinically overt primary diagnosis of psychotic, obsessive compulsive, bipolar,
or severe addiction disorder and not being fluent in Dutch. The research protocol was
approved by the ethical committee of participating universities, and all respondents provided
written informed consent.

ROTTERDAM

The Rotterdam Study is a population-based cohort study that investigates the occurrence
and determinants of diseases in the elderly, which has been ongoing since 19904, As of
2008, detailed phenotypic and genetic data has been collected on ~15,000 subjects aged 45
years or over. For this study the RS-l and RS-lll cohorts were used. The Medical Ethics
Committee at Erasmus Medical Center approved the study protocol.

EPIC-InterAct case-cohort study



The EPIC-InterAct study aimed to investigate the independent and interactive effects of
genetic and behavioural risk factors on type 2 diabetes risk>®. EPIC-InterAct is a case-cohort
study nested within 8 of the 10 countries participating in the EPIC-Europe cohort study. EPIC-
InterAct ascertained 12,403 cases of type 2 diabetes from a total cohort of 340,234
participants who provided blood samples at baseline and were followed-up for an average of
7 years (~4 million years of follow-up. Cases were ascertained from multiple data sources
including self-report of a physician diagnosis of diabetes, linkage to primary/secondary care
records, medication use, hospital admission data and death registration data. We also
established a random sub-cohort of 16,154 participants who were representative of
participants within each country. By design there is an overlap with the set of incident
diabetes cases (n=778). Participant characteristics have been previously reported in detail>®.
Observational statistics of LTL, genotyping and imputation are summarised in the Table S1
and Table S2.

EPIC-CVD case-cohort study

EPIC-CVD was designed as a case-cohort study that uses the same random sub-cohort as
InterAct, with a focus on incident coronary heart disease and stroke events’. The participants
included in this analysis are thus incident cases only (7722 coronary heart disease cases and
3451 cerebrovascular disease cases). We also included an additional 752 participants as a
random sub-cohort from the two countries not included in EPIC-InterAct (Greece and
Norway). Detailed characteristics of the EPIC-CVD participants has been previously reported®.

Telomere length measurements

Telomere length measurements were performed using an established quantitative PCR
technique® across 6 laboratories. Laboratory specific information is given below and in Table
S1. Details of the techniques used within Helsinki, Leicester and London have been given
elsewherel.

NESDA: Fasting blood was drawn from participants in the morning between 8:30 and 9:30 am
and blood samples were stored in a -80°C freezer afterwards. Leukocyte TL was determined
at the laboratory of Telomere Diagnostics, Inc. (Menlo Park, CA, USA), using quantitative
polymerase chain reaction (qPCR), adapted from the published original method®. Telomere
sequence copy number in each patient’s sample (T) was compared to a single-copy gene copy
number (S), relative to a reference sample. The detailed method is described elsewhere©.

Rotterdam: Telomere length was measured using a gPCR assay based on the method
described elsewhere® with minor modifications. For each sample the telomere and 36B4
assay were run in separate wells but in the same 384 wells PCR plate. Each reaction
contained 5 ng DNA, 1 uM of each of the telomere primers (tellb-forward:
GGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT, tel2b-reverse:
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT) or 250 nM of the 34B4 primers (36B4u-
forward: CAGCAAGTGGGAAGGTGTAATCC, 36B4d-reverse:



CCCATTCTATCATCAACGGGTACAA) and 1x Quantifast SYBR green PCR Mastermix (Qiagen).
The reactions for both assays were performed in duplicate for each sample in a 7900HT
machine (Applied Biosystems). Ct values and PCR efficiencies were calculated per plate using
the MINER algorithm®!. Duplicate Ct values that had a Coefficient of Variance (CV) of more
than 1% were excluded from further analysis. Using the average Ct value per sample and the
average PCR efficiency per plate the samples were quantified using the formula Q=1/(1+PCR
eff)ACt. The relative telomere length was calculated by dividing the Q of the telomere assay
by the Q of the 34B4 assay. To validate the assay 96 random samples were run twice and the
CV of that experiment was 4.5%.

Cambridge: Relative mean LTL was measured using a ViiATM Real-Time quantitative PCR
system (ThermoFisher Sicentific, Inc), and expressed as a ratio (T/S) of the relative quantities
of the telomeric TTAGGG repeat (T) and the single copy of a housekeeping gene, Albumin (S).
The denominator determines total genome copies per sample, controlling the technical errors
during quantification. The measurement was validated by the Terminal Restriction Fragment
(TRF) analysis (the “gold standard” measurement of TL) using separate DNA samples
extracted from peripheral blood mononuclear cells in 30 individuals (Pearson’s r =0.69). Batch
effect was corrected by normalising all the other batches to the fourth batch. Each sample
was measured repetitively for three times within one batch, when the same sample was
measured in more than one batch, measurement from the last batch was kept for the sample.
Samples with coefficients of variation greater than 10% were excluded.



Description of Individual loci associated with LTL

Chr1p13.2. The lead SNP (rs12065882) and three high LD variants are all located within
introns of MAGI3 (membrane associated guanylate kinase, WW and PDZ domain containing
3). MAGI3 has been proposed to act as a tumour suppressor; it regulates cell proliferation in
glioma via wnt/B-catenin signalling and interacts with PTEN*%13, Both S-PrediXcan and COLOC
analyses give evidence to support expression of AP4B1 (adaptor related protein complex 4
subunit beta 1) being influenced by the associated variants. This gene encodes a subunit of a
heterotetrametric adapter-like complex 4 that involves in Golgi-associated and lysosomal
vesicle biogenesis and membrane trafficking, transporting proteins from the trans-Golgi
network to the endosomal-lysosomal system!41>, Mutations in this gene are associated with
an autosomal recessively inherited disease, spastic paraplegia type 47'6. There is also
evidence of a colocalised eQTL signal for PTPN22 (protein tyrosine phosphatase, non-receptor
type 22) in three tissues. PTPN22 interacts with the proto-oncogene CBL, a member of the E3
ubiquitin ligase family that has been implicated in several cancers.

Chr1q24.2. rs35675808 is located downstream of the 3° UTR of CD247 (CD247 molecule),
which encodes T-cell receptor zeta that constitutes the T-cell receptor-CD3 complex, coupling
antigen recognition to several signalling transduction pathways, essential in adaptive immune
response!’ 18 Pathways that have been shown to be implicated with this gene include HIV life
cycle and translocation of ZAP-70 to immunological synapse (Reactome). Mutations in this
gene are associated with autosomal recessive immunodeficiency 25 (IMD25 [MIM: 610163]),
characterised by T-cells impaired response to alloantigens, tetanus toxoid and mitogens.
Another gene, the POU2F1 (POU class 2 homeobox 1), located 3kb upstream of this variant,
might be biologically relevant. This gene, also known as the OCT1, belongs to the first
identified members of the POU transcription factor family'®2°. Members of this family contain
the POU domain, a 160-amino acid region necessary for DNA binding to the octameric motif
(5’-ATGCAAAT-3’)1°. POU2F1, as a transcriptional factor, is involved in cell cycle regulation
and transcription of histone H2B and other cellular housekeeping genes?®2L, It has also been
suggested that the expression of histone H2B was downregulated in response to double-
stranded DNA breaks via a mechanism that modulates transcriptional regulatory potential of
POU2F1 by site-specific phosphorylation??. POU2F1 is implicated with various pathways,
including the RNA Polymerase Il transcription initiation, cytokine signalling in immune
system, BRCA1 pathway and glucocorticoid receptor signalling (Reactome). This gene also
facilitates human herpes simplex virus (HSV) infection by forming a multiprotein-DNA
complex with the virion proteins, activating transcription of the viral immediate early genes?3.

Chr1q42.12. Variants at this locus are focused across the PARP1 gene, which encodes the first
protein member of the poly(ADP-ribosyl)transferases family, also termed as the ADP-
ribosyltransferases with diphtheria toxin homology (ARTDs). It plays an essential role in
various pathways of DNA repair and chromatin remodelling, including single- and double-
strand break repair, nucleotide excision repair, stabilization of replication forks, and
modulation of chromatin structure, thereby maintaining genomic integrity and stability?*.
Because the DNA double-strand breaks structurally resemble telomeres, regulators and
components of DNA repair machinery have been shown to be implicated in telomere
homeostasis?>. Of note, rs1136410 (r>=1.0 to the lead) causes a known V762A substitution in



PARP1 (poly(ADP-ribose) polymerase 1), which has been shown to reduce PARP1 activity. The
allele that reduces activity is associated with shorter LTL, consistent with previous studies
where knockdown of PARP1 leads to telomere shortening. PARP1 was identified as a
telomeric double-stranded repeats binding factor in a proteomic study of telomeres using
DNA in situ hybridization in conjugation with mass spectrometry?®. In addition to the coding
change there is also eQTL evidence for PARP1 (S-PrediXcan and COLOC, online methods, Table
S7) in pancreas, with the shorter LTL allele associating with reduced PARP1 expression.
Another SNP, rs907187, is highlighted in the integrated analysis of non-coding variants and is
located within the 5’ UTR of PARP1, which could mediate the effect on gene expression.

Chr2p16.2. rs754017156 is located within intron 3 of ACYP2 (acylphosphatase 2) and also
causes an in-frame insertion of two amino acids into TSPYL6 (TSPY like 6). This gene encodes
a nuclear protein, the Testis-Specific Y-Encoded-Like Protein 6, that involves in the
nucleosome assembly. Biological function of this protein is largely unexplored. Studies have
associated genetic polymorphisms of this gene region with increased risk of ischemic stroke?’,
and breast cancer in the Han Chinese population?®. There are no high LD SNPs, but an
evidence of an eQTL in testis for TSPYL6.

Chr2q34. rs56810761 is located within intron 7 of UNC80 (unc-80 homolog, NALCN channel
complex subunit, A) gene. There are no high LD SNPs, but an evidence of an eQTL for SNA/1P1
(snail family zinc finger 1 pseudogene 1) in testis in the co-localisation analysis. SNAIP1 is a
processed pseudogene of SNA/1, which encodes the human ortholog of a zinc finger protein
of the snail family, first cloned in Drosophila, which was demonstrated to be essential in the
formation of mesoderm during gastrulation and embryonic development?°.

Chr3g12.3. This locus consists of a 77 SNPs located predominantly across SENP7
(SUMO1/sentrin specific peptidase 7) gene. The lead SNP is located 53bp upstream of SENP7
within a proximal promoter. It is associated with a DNasel sensitivity QTL and with SENP7
expression in one tissue (co-localisation). Lower expression of SENP7 associates with shorter
LTL. Although it has no known role in telomere regulation, the small ubiquitin-like modifier
(SUMO) functions as a post-translational modification, regulating various biological events,
especially in DNA repair, chromatin organization, transcription, and RNA metabolism3°, which
are essential biological events pertinent to telomere homeostasis.

Chr3qg13.2. The variants in this region are all located within intron 2 of a predicted mRNA,
RP11-572M11.4 and downstream of a non-coding RNA RP11-572M11.3 (also named
LINC02044). There is no supporting evidence to suggest which gene is potentially influenced
at this locus.

Chr3q26.2. This locus contains 47 SNPs in high LD (r? < 0.8) with the lead SNP (rs1093660).
The telomerase RNA component (TERC) is the functional candidate in this locus. One SNP
(rs2293607, r>=0.81 to rs1093660) is located 63bp downstream of the TERC sequence, which
potentially leads to altered TERC expression3l. However, the lead variant, rs10936600,
encodes a L2411 substitution within LRRC34 (Leucine rich repeat containing 34), which is
predicted to be deleterious (Table S6). The CADD score (19.81) places this SNP just outside of
the 1% most deleterious mutations. LRRC34 is a member of the leucine rich repeat containing
protein family. Although little is known about its biological function, it has been suggested to



be implicated in the maintenance and regulation of pluripotency32. Knock down of LRRC34
results in reduced expression of some, but not all, pluripotency genes?2. As genes encoding
the telomerase enzyme share the same expression patterns as those of the pluripotency
genes, thereby they are potentially subjected to the LRRC34-mediated transcriptional
regulation. Another highly linked variant, rs10936599 (r?=1.0) is predicted to have a functional
effect in the integrated analysis of non-coding variants (Table S7). It is located on the edge of
the active promoter region of MYNN, just inside the coding sequence. An eQTL is observed
for MYNN in testis (shorter TL associated with higher expression), suggesting that this SNP
may alter MYNN expression. MYNN protein is a member of the BTB/POZ and zinc finger
containing family that is involved in transcriptional regulation. It has also been shown to
interact with CUL3, a core component of the E3 Ubiquitin ligase complex, which functions in
many cellular processes including DNA repair. LTL variants at this locus have been associated
with idiopathic pulmonary fibrosis, of which telomere dysregulation is attributed to the
disease aetiology>3. Despite the obvious involvement of TERC in telomere length regulation,
little bioinformatic evidence is available to support it to be the only likely-causal gene in this
region, i.e. other candidate genes might also explain the locus association, such as LRRC34
and MYNN. However, it is also possible that with TERC being a processed non-coding RNA,
the relevant information is limited in standard datasets. There are no eQTLs for TERC in the
GTex dataset, but a study has shown that variants in the regulatory region can affect its
expression level, possibly by facilitating the maturation of TERC via 3’ processing3?.

Chr4q13.3. The lead variant rs13137667 is located within the first intron of MOB1B (MOB
kinase activator 1B). There are 49 variants in high LD, the majority of which are located
intronically within MOB1B or DCK (deoxycytidine kinase). No high LD non-synonymous
variants or co-localised eQTLs were found at this locus. MOB (Mps one binder) was originally
identified as an Mps1 binding protein in yeast, regulating mitotic checkpoint and cytokinesis,
and is evolutionarily conserved across all major kingdoms3*. Human MOB1B homolog
activates LATS1/2 (Large tumour suppressor 1/2) through protein-protein interaction in the
Hippo signalling pathway, resulting in the inhibition of cell proliferation, apoptosis, and thus
tumour suppression3®. DCK is a key component of the deoxyribonucleoside salvage pathway
and phosphorylates deoxycytidine, deoxyguanosine and deoxyadenosine to dCMP, dGMP
and dAMP respectively.

Chr4q31.23. There are 65 associated variants clustered towards the 5 end of DCLK2
(doublecortin like kinase 2). There is an eQTL co-localised with DCLK2 in one tissue (Table S7).
DCLK2 encodes a protein that contains four independent functional domains: two
doublecortin domains at the N-terminus, essential for microtubule binding and regulating
microtubule polymerisation, a serine/threonine protein kinase domain at the C-terminus,
sharing substantial homology to Ca?*/calmodulin-dependent protein kinase, and a
serine/proline-rich domain in between the two termini, which mediates multiple protein-
protein interactions. Mouse models with single or double copies of Dclk2 gene ablated are
viable and fertile, however, a simultaneous deletion of Dcx gene, encoding another protein
member of the doublecortin family, results in spontaneous seizures, hippocampal
disorganisation and poor survival®®, phenotypically mimicking human lissencephaly, X-linked,
1 disease (LISX1 [MIM: 300067]).



Chr4q32.2. This locus contains 70 closely related (r’>0.8) SNPs spanning NAF1 (nuclear
assembly factor 1 ribonucleoprotein), a gene encoding an RNA-binding protein, required for
the synthesis of box H/ACA RNAs and sequential assembly with proteins to form
ribonucleoprotein (RNP) complex. The box H/ACA RNPs regulates three fundamental cellular
processes: protein synthesis, mRNA splicing via site-specific pseudouridylation of ribosomal
RNAs and small nuclear RNAs and telomere maintenance by facilitating the maturation of
TERC in telomerase®’. Expression evidence was found for NAF1 (S-PrediXcan and COLOC) and
an antisense transcript RP11-563E2.2 (COLOC, online methods, Table S7). The lead SNP,
rs4691895, is a non-synonymous variant in NAF1 (L368V) along with another high LD variant
(rs4691896, r?=1, 1162V). Individually both are predicted to be benign; however, it is unclear
what effects they may have in combination.

Chr5p15.33. There are two independently associated SNPs at this locus, neither of which have
any high LD variants. Both SNPs are located within intron 2 of TERT, but little functional
evidence was found to support their involvements in regulating TERT levels, which might be
due to the transcriptional repression of TERT in most somatic tissues.

Chr5g14.1. The lead variant, rs62365174, is located in intron 4 of TENT2 (terminal
nucleotidyltransferase 2, previously named PAPD4 and GLDZ2). There are 137 SNPs in high LD
(r’<0.8), which fall across the region of TENT2 and include upstream, intronic and 3’ UTR
variants. There is strong evidence that these variants can affect the expression of TENT2, with
eQTLs co-localised in 9 tissues, exhibiting consistent positive correlations, i.e. reduced
expression associates with decreased LTL. TENT2 functions as the cytoplasmic poly(A) RNA
polymerase that adds successive AMP monomers to the 3'-end of specific RNAs, forming a
poly(A) tail, exhibiting strict substrate specificity, that, different from the canonical nuclear
poly(A) RNA polymerase, only functions on cytoplasmic RNAs32. Previous studies have
suggested its role in the polyadenylation and stability of p53 mRNA3? and several miRNAs*,

Chr5q31.2. The associated variant, rs112347796, has no further variants in high LD (r>>0.8). It
is located within intron 1 of UBE2D2 (ubiquitin conjugating enzyme E2 D2), which is involved
in the DNA damage repair*l. There is no evidence to suggest the potential function of this
variant.

Chr6p22.2. This locus contains 10 SNPs in high LD (r>>0.8) with the lead SNP, all located
around CARMIL1 (capping protein regulator and myosin 1 linker 1, previously named LRR16A).
One SNP, rs913455, causes a synonymous change within exon 3 and has scored to have
possible regulatory function (Table S8), which may be driven in part by its high conservation
and location within the coding region. There is no supporting literature evidence to identify
which gene(s) may be influenced at this locus.

Chr6p21.33. There are 11 SNPs in high LD (r?>>0.8) with the lead SNP, which are located across
the major histocompatibility complex (MHC) class Il region. MHC is a highly polymorphic and
gene-dense region with complex linkage disequilibrium structure, and thus characterisation
of potential causal genes within this region is difficult. A number of genes can potentially serve
as causal gene candidates, including PRRC2A, CSNK2B and BAG6. There is evidence that the
expression of both BAG6 and CSNK2B (S-PrediXcan and COLOC, Table S7) is affected. The lead
variant is located upstream of PRRC2A, which was previously known as the BAT2 (HLA-B



associated transcript 2) gene, encoding a large protein (2157 amino acids). PRRC2A has been
shown to be involved in the pre-mRNA editing, as spliceosome and splicing regulators were
found to be able to bind to the PRRC2A in protein-protein interaction assays, including the
heterogeneous nuclear RNPs and the cleavage and polyadenylation specific factor 142. As
maturation of the telomerase RNA subunit involves a spliceosome-mediated single cleavage
reaction*®, PRRC2A may regulate telomere length via involvement in the biogenesis of TERC.
Of note, another variant, rs805299 (r?=1), located within intron 1 of BAG6 (BCL2 associated
athanogene 6), shows a high probability for promoter activity and is predicted to have
regulatory function in the integrated analysis of non-coding variants (Table S8). BAG6 was
part of a cluster of genes that encode a multifunctional protein, involved in various pathways,
including intracellular protein quality controls by promoting proteasomal degradation of
misfolded and mislocalised proteins, and DNA damage-induced apoptosis. Another variant,
rs5872 (r’=1), is located within the 3’UTR of CSNK2B (casein kinase 2 beta). CSNK2B is a
subunit of CSNK2 that is involved in multiple pathways but of note has been shown to interact
with TRF1. CSNK2-mediated phosphorylation of TRF1 is required for the binding of TRF1 to
telomeres, which has been proposed to be essential for telomere length homeostasis*.

Chr7q31.33. The associated variants cover the POT1 (protection of telomeres 1) gene, which
encodes the most conserved protein component of the shelterin complex among all
eukaryotes®. It is tethered to the TERF1 and TERF2 homodimers via a TIN2-mediated linkage,
and specifically bound to the single-stranded telomeric repeats, protecting it from nucleolytic
degradation®®. Moreover, POT1 controls the sequence precision at the 5’ ends, which are
identical among nearly all human chromosomes, and regulates telomere length by restricting
telomerase binding®’. Rare nonsense mutations within this gene, which blocked physical
interactions of POT1 with telomeric single-stranded repeats and other components of the
shelterin protein complex, were identified by whole-exome sequencing in families with strong
histories of chronic lymphocytic leukaemia*®. The integrated analysis of non-coding variants
highlights rs2239532 (r?=0.85), located within the 5’UTR of GPR37 (G protein-coupled receptor
37), as having regulatory function (Table S8). Although no direct eQTL evidence is available to
support POT1, there is evidence to link the expression of an uncharacterised POT1-AS
transcript (RP11-3B12.1) to LTL via co-localisation in two tissues (Table S8).

Chr8p23.2. This region contains 52 SNPs in high LD (r’<0.8) and is located within 3 introns
towards the 3’ end of CSMD1 (CUB and Sushi multiple domains 1) gene. CSMD1 was
potentially associated with a rare neurological disease, the benign adult familial myoclonic
epilepsy®. It may also act as a suppressor of squamous cell carcinomas, yet unequivocal
evidence is lacking®®>!. The gene-knockout mouse was used as a schizophrenia human disease
model, exhibiting increased levels of exploratory activity, behavioural despair anxiety-related
response, and decreased startle reflex (MGI: 3528558). However, no direct supporting
evidence is available to suggest CSMD1 or other genes as causal gene candidates in this
region.

Chr8g22.2. Four SNPs are located upstream of COX6C (cytochrome c¢ oxidase subunit 6C).
COX6C is a subunit of complex IV that catalyses the final step of the mitochondrial respiratory
chain®2. No functional data is available to pinpoint causal genes for this locus.



Chr10p15.1. The 6 associated variants (in LD, r>>0.8) at this locus are clustered within the first
intron of ASB13 (ankyrin repeat and SOCS box containing 13), a member of the suppressor of
cytokine signalling box protein superfamily. Members of this protein family can also be
components of E3 ubiquitin ligase complexes>3. No causal gene candidates can be prioritised
for this locus.

Chr10qg24.33. This region contains STN1 (STN1, CST complex subunit, also termed OBFC1 in
humans), a component of the telomere binding CST complex. There is strong evidence that
the variants affect STN1(OBFC1) expressions across multiple tissues (S-PrediXcan and COLOC,
Table S7). The CST complex regulates telomere maintenance by mediating the access to
telomeres for telomerase and DNA polymerase a’*.

Chrllg21. The lead variant, rs117037102, is located within intron 5 of CEP295 (centrosomal
protein 295, also termed KIAA1731). There is a potentially damaging protein coding variant
(rs117405490, r?>=1), which results in a P to A substitution at position 783 of CEP295. CEP295
is a centriole-enriched microtubule-binding protein, highly conserved across species and
involved in centriole biogenesis, essential for cell cycle regulation and mitotic progression®>.

Chr11q22.3. The associated variants fall across a ~¥321kb region which includes several genes,
including ATM (ATM serine/threonine kinase), encoding a protein kinase that phosphorylates
many checkpoint-determining and regulatory proteins, such as p53, Chk2 and BRCA1, and
thus playing an essential role in cell cycle control and DNA-damage-activated signalling
pathways®®. ATM is responsible for the human genetic disorder ataxia telangiectasia (AT
[MIM: 208900]), manifested with genome instability, cerebellar and thymic degeneration,
immunodeficiency, premature ageing, sensitivity to ionizing radiation and predisposition to
cancer®’. There are eQTLs supporting ATM and another gene, ACATI1 (acetyl-CoA
acetyltransferase 1), within the region. ACAT1 is a mitochondrial protein, expression levels of
which have been linked to some cancers®®. Defects in this gene are associated with 3-
ketothiolase deficiency, an inborn error of isoleucine catabolism>°.

Chr12p13.1. The lead variant and 2 in high LD (r’<0.8) are located upstream of ATF7IP
(activating transcription factor 7 interacting protein), also named MCAF1, actively involved in
histone modification, chromatin organisation, and Spl-dependent maintenance of
telomerase activity in cancer cells®, It was previously shown to regulate expression of both
TERT and TERC and consequently telomerase activity®?.

Chr12q13.13. There are 7 variants in high LD (r? <0.8), located within a 3kb region upstream
of SMUG1 (single-strand-selective monofunctional uracil-DNA glycosylase 1), a gene involved
in base-excision repair. Although there is no bioinformatic evidence to show that these
variants affect SMUG1 expression levels, previous functional studies have suggested that
SMUG1 might influence telomere length by interacting with the telomerase component
Dyskerin (DKC1) with which it controls rRNA processing®?.

Chr14qg24.2. The lead variant is a non-synonymous (W22C) variant in DCAF4 (DDB1 and CUL4
associated factor 4). Another variant in high LD (rs3815460, r?=1) also causes a protein coding
change (S345C). Both variants are predicted to be damaging individually. DCAF4 interacts with
the Cul4-Ddb1 E3 ubiquitin ligase macromolecular complex, which regulates processes



including DNA repair and cellular proliferation®. DDB (DNA damage binding protein) is highly
expressed in multipotent hematopoietic progenitors, conditional ablation of which in
hematopoietic stem and progenitor cells led to a complete loss of pluripotency and self-
renewal of progenitors and stem cells, suggesting its role in cell differentiation, apoptosis and
death®. An intronic G-to-A variant (rs2535913) has been associated with shorter LTL®>. A
further SNP, rs2286838 (r’=0.9) causes a coding change in ZFYVE1 (zinc finger FYVE-type
containing 1, SA08R), which also has a predicted damaging effect. This protein, also known as
the double FYVE-containing protein 1 (DFCP1), contains two zinc-binding FYVE domains in
tandem, which has been shown to be localised on endoplasmic reticulum and Golgi apparatus
via binding to phosphatidylinositol 3-phosphate containing membranes, essential for the
regulation of autophagy®®.

Chr149g24.3. The lead variant, rs59192843, is located within intron 6 of BBOF1 (basal body
orientation factor 1, also termed as CCDC176). There are no coding variants or eQTLs
associated with the lead variant. Two variants in high LD (r?<0.8), rs73301475 and rs17094157
scored highly in the integrated analysis of non-coding variants (Table S8). These are located
within an enhancer of ENTPD5 (ectonucleoside triphosphate diphosphohydrolase 5) and the
3’ UTR of COQ6 (coenzyme Q6, monooxygenase), respectively. ENTPD5 hydrolyses UDP to
UMP to promote protein N-glycosylation and folding. It has been shown that ENTPD5 was
upregulated in cell lines and primary human tumour samples with active AKT, promoting cell
growth and survival®’. AKT activation also contributes to the elevation of aerobic glycolysis
seen in tumour cells, known as the Warburg effect. Of note, ENTPD5 was also involved in
stimulating glycolysis by providing substrates for cytidine monophosphate kinase-1 that
converts UMP to UDP using a phosphate molecule generated during the ATP hydrolysis
cycle®® COQS6 is an evolutionarily conserved monooxygenase, belonging to the ubiH/COQ6
family, which is required for the biosynthesis of coenzyme Q10 (or ubiquinone), an essential
component of the mitochondrial electron transport chain and one of the most potent
lipophilic antioxidants implicated in the protection of cell damage by reactive oxygen species.
Gene-ablated mouse model showed abnormal embryo size and growth retardation (MGI:
5548683). Mutations in this gene are associated with autosomal recessive coenzyme Q10
deficiency-6, which manifests as nephrotic syndrome with sensorineural deafness®°.

Chr14qg32.11. In this locus the variants are focused across CALM1 (calmodulin 1). There is an
eQTL co-localised with CALM1 expression in testis. Two SNPs (rs12885713 and rs2300496) are
within the CALM1 promoter/enhancer region and predicted to have regulatory function.
CALM1 encodes a member of the EF-hand calcium-binding protein family, regulating a
number of protein kinases and phosphatases, among which CP110, by interacting with CALM1
and centrin, regulates centrosome function and cytokinesis’®.

Chr14q32.33. The lead SNP, rs117536281, is located upstream of CDCA4 (cell division cycle
associated 4). CDCA4 encodes a member of the E2F family of transcription factors, regulating
spindle organization, cytokinesis and cell proliferation, which may be also involved in
differentiation of hematopoietic stem cells and progenitor cell lineage’!. There are no coding
variants or eQTL data for this locus.

Chr15q14. This locus consists of two associated SNPs, rs9972513 and rs12324579, which are
located in an intergenic region upstream of both c150rf53 and RASGRP1 (RAS guanyl releasing



protein 1). There are no coding variants or eQTL data for this locus. C150rf53 is a protein
coding gene with uncharacterised functions, with disputable evidence suggesting its
implication with schizophrenia and bipolar disorder’?2. RASGRP1 encodes a protein that
functions as a calcium- and diacylglycerol (DAG)-regulated nucleotide exchange factor
specifically activating Ras through the exchange of bound GDP for GTP. RASGRP1 contains a
pair of calcium-binding EF hands and a DAG-binding domain’3. The RASGRP1-mediated Ras
activation regulates T cell proliferation, development and homeostasis’*.

Chr15¢21.2. There are 17 SNPs clustered around the 5’ end of ATP8B4 (ATPase phospholipid
transporting 8B4 (putative)). There are no coding variants or eQTL data for this locus. ATP8B4
encodes a member of the cation transport ATPase (P-type) family and type IV subfamily,
which consists of a P4-ATPase flippase complex that catalyses the hydrolysis of ATP coupled
to phospholipid translocation across various membranes, playing a role in vesicle biosynthesis
and lipid signalling transduction’>’6, Deleterious rare variants within this gene have been
associated with systemic sclerosis, for which the principal cause of death was pulmonary
diseases, including interstitial lung disease and pulmonary arterial hypertension’’. An intronic
common variant at the distal promoter region of this gene has been reported to be associated
with Alzheimer’s Disease’®.

Chr15q21.3. This single variant, rs117610974 is located in an intergenic region, ~220kb
downstream of the closest gene, UNC13C (unc-13 homolog C), which might be implicated with
vesicle formation during exocytosis, with potential capabilities of diacylglycerol and calcium
binding’®. However, there is no evidence to suggest what role this lead variant may have.

Chr15q22.31. The lead variant, rs55710439, is located within intron 6 of ANKDD1A (ankyrin
repeat and death domain containing 1A). There is an eQTL for this gene co-localised in one
tissue. Little is known about the ANKDD1A protein, except that it contains an ankyrin repeat
domain and a death domain, both of which function in the protein-protein interaction. A
closely-related SNP (in LD, r?<0.8), rs57438358, predicted to have potential functional effects,
is located within the 3’UTR of SPG21 (SPG21, maspardin), a gene which is mutated in mast
syndrome.

Chr16p13.3. This is a single variant, rs11640926, located within intron 5 on CACNA1H. There
is no supporting evidence to suggest the effects of this variant. CACNA1H encodes a protein
component of the voltage-dependent calcium channel complex, a T-type calcium channel that
belongs to the "low-voltage activated” group, which plays an essential role in both central
neurons and cardiac nodal cells and supports calcium signalling in secretory cells and vascular
smooth muscle®®®!, |t is associated with a form of familial hyperaldosteronism, clinically
characterised by hypertension, elevated aldosterone levels and abnormal adrenal steroid
production®?; and another genetic rare disease, the Childhood Absence Epilepsy 623.

Chr16qg22.1. The most significantly associated variants in this region are located within and
around TERF2 (telomeric repeat binding factor 2), a component of the shelterin complex.
TERF2 protein directly and specifically binds to the telomeric double-stranded repeats, and
by interacting with other telomeric factors forming a T-loop configuration that protects
chromosome ends from disruptive end-to-end joining and ligation to exogenous DNA. Mutant



forms of this gene induced DNA fusion, such as formation of anaphase bridges and lagging or
ring-like chromosomes®+#>,

There is evidence that the variants affect expression of several genes in this region, with the
strongest evidence for TERF2 (S-PrediXcan and COLOC, Table S7). Longer LTL is associated
with reduced expression of TERF2, consistent with TERF2 being a negative regulator of
telomere length®. One variant predicted to have a functional effect, rs9939705, is located
within an enhancer region upstream of TERF2. There is also evidence to suggest that
expression of two other genes (COG8, and PDF) are also affected by the associated variants.

Chr16qg23.1. Variants at this locus show co-localisation with eQTLs for RFWD3 (ring finger and
WD repeat domain 3) in multiple tissues. RFWD3 is a ubiquitin ligase that interacts with and
ubiquitinates replication protein A (RPA), which has been shown to be essential for DNA
replication and repair. Upon replication stress, RPA was recruited to stalled replication folks
and ubiquitinated by the RFWD3, an essential process for recovery and homologous
recombination-mediated DNA repair®”. RFWD3 also ubiquitinates and stabilises p53/TP53 in
response to DNA damage, thereby regulating the cell cycle checkpoint®. This gene was also
clinically attributable to the Fanconi anaemia (FA [MIM: 227650]), an autosomal recessive
inheritance disease manifested with chromosomal instability, bone marrow failure, dermal
pigmentary changes and predisposition to malignancies.

Chr16q23.3. The association signal at this locus is across MPHOSPH6 (M-phase
phosphoprotein 6). There is strong eQTL evidence (S-PrediXcan and COLOC) in multiple tissues
to support the associated variants influencing MPHOSPH6 expression. MPHOSPH®6 is a
component of the RNA exosome, a protein complex required for the degradation of RNA
molecules and is required for the 3’ processing of the 5.8S rRNA®. There is also evidence that
MPHOSPH6 interacts with PARN (poly(A)-specific ribonuclease)®, an important regulator of
mRNA catabolism which is also required for the formation of mature TERC RNA®L,

Chrl7g25.3. The lead variant (rs144204502) is situated within the 5" UTR of TK (thymidine
kinase 1), with evidence of regulatory functions (Table S8). There are co-localised eQTLs for
TK1 in three tissues. TK1 encodes a cytosolic enzyme that catalyses the conversion of
thymidine to dTMP, which is the first step of the salvage pathway of dTTP biosynthesis,
essential for DNA replication. There are two forms of the TK enzyme, besides the TK1, TK2
catalyses the same reaction but in the mitochondria. The activity of TK1 is delicately regulated
by a configurational transition, changing from dimer to tetramer upon increases in ATP and
enzyme concentrations, with a consequently accompanied upregulation of catalytic
efficiency®2. This regulatory fine-tuning of TK1 activity ensured a balanced pool of nucleic acid
precursors. High TK1 expression was detected in numerous types of cancers, including
gastrointestinal adenocarcinomas and oesophageal and uterine squamous cell carcinomas®3.

Chr18p11.32. All variants within the locus are located within the TYMS (thymidylate
synthetase) gene, either within the intronic or the 3’UTR regions. There is an eQTL for TYMS
co-localised in one tissue. TYMS is involved in the de novo biosynthesis of dTMP, catalysing
the methylation of dUMP to dTMP using a serine-derived one-carbon donor, the 5,10-
methyleneTHF®4. TYMS has been targeted for cancer chemotherapeutics, as high expression
of which has been detected in various types of cancers, including gastrointestinal
adenocarcinomas and squamous cell uterine carcinomas®3.



Chr19p13.3. The lead variant is located within intron 5 of NMRK2 (Nicotinamide Riboside
kinase 2), with 6 SNPs in high LD (r?<0.8) located around this gene. NMRK2 enzyme catalyses
the phosphorylation of nicotinamide riboside (NR) and nicotinic acid riboside (NaR) to form
nicotinamide mononucleotide (NMN) and nicotinic acid mononucleotide (NaMN), the vitamin
precursors of NAD*, which is required for the function of Sirtuins, a key player in lifespan
extension and energy metabolism®. It has been demonstrated that increased NAD*
biosynthesis elevated the Sirtuin 2 function, which improved the subtelomeric gene silencing
effects and elongated replicative lifespan in eukaryotic cell models®. One further variant in
high LD, located upstream of DAPK3 (death associated protein kinase 3), is a regulator of
apoptosis. There is no functional data supporting any gene candidates at this locus.

Chr19p12. The lead variant is intergenic, located between ZNF257 and ZNF208, with closer
proximity to the former. There is eQTL evidence for both ZNF257 and ZNF265, yet stronger
for the ZNF257 (Table S7). ZNF257 encodes a member of a zinc finger protein family, the
Krippel-like zinc finger subfamily, signified by a consensus sequence of TGEKPYX (X denotes
any amino acids) between concatenated zinc finger motifs®®. The proteins have the KRAB
domain at their amino terminus, which determines the specificity of binding to DNA and other
transcriptional co-regulators.

Chr19q13.2. The single associated variant, rs11665818, is located within an intergenic region,
downstream of INFL2 (interferon lambda 2, also termed /L28a) and within a cytokine gene
cluster that consists of three closely related INFL genes. INFL2 encodes a protein with antiviral
activities, predominantly in the epithelial tissues®”. There is no supporting functional evidence
at this locus.

Chr20p12.3a. The lead and one variant in high LD (r?<0.8) are located upstream of PROKR2
(Prokineticin receptor 2), a G protein-coupled receptor for the prokineticin 2, which is a
secreted protein expressed in gut and brain, and has been shown to oscillate on a circadian
basis®®. Homozygous gene-knockout mice showed impaired circadian behaviour and
thermoregulation (MGI:2181363). Mutations in this gene led to gonadotropin-releasing
hormone deficiency and hypogonadism®. There are no coding variants or eQTLs associated
with this locus.

Chr20p12.3b All variants of this locus are located within an intergenic region, with the closest
gene being LINC01706 (long intergenic non-coding RNA 1706), an uncharacterised non-coding
transcript.

Chr20q11.23. The association signal spans two genes MROH8 (maestro heat like repeat family
member 8) and RBL1 (RB transcriptional corepressor like 1). There is eQTL evidence to support
changes in both RBL1 and SAMHD1 (SAM and HD domain containing deoxynucleoside
triphosphate triphosphohydrolase 1) expression. RBL1 functions as a transcriptional repressor
for E2F binding sites-containing genes!®, which shares similarity in amino acid sequence and
biochemical features to the retinoblastoma 1 (RB1) gene product that functions as a tumour
suppressor implicated in cell cycle regulation. SAMHD1 encodes a dNTP triphosphohydrolase
(dNTPase) that converts deoxynucleoside triphosphates (dNTPs) to deoxynucleosides. The
gene expression was regulated during cell cycle to maintain a homeostatic pool of dNTP,



required for DNA replication °. Studies have suggested an antiretroviral role of SAMHD1 in
dendritic and myeloid cells by depleting the intracellular pool of dNTPs9%103,

Chr20q13.33. There are four independent signals within this locus, which harbours several
genes, including the DNA helicase RTEL1 (regulator of telomere elongation helicase 1). There
are non-synonymous coding variants in RTEL1 and ZBTB46 (zinc finger and BTB domain
containing 46) although neither are predicted to be deleterious. There are eQTLs for RTEL1,
STMIN3(stathmin 3) and TNFRSF6B (TNF receptor superfamily member 6b, also termed decoy
receptor 3). RTEL1 encodes an ATP-dependent DNA helicase that functions in the regulation
of telomeres, DNA repair and genomic integrity. RTEL1 facilitates access of telomerase to the
3’ ends of telomeres by transiently dismantling the T-loop configuration, a lariat-like structure
that protects telomeres from degradation and deleterious DNA damage responsel®.
Mutations of this gene led to Hoyeraal Hreidarsson syndrome, a clinically severe form of
dyskeratosis congenita, of which half of the inherited families carry germline mutations of
telomere-related genes'®. Loss-of-function missense variants of this gene was found to be
associated with idiopathic pulmonary fibrosis and shortened telomere lengths®®. STMN3
gene encodes a member of the stathmin protein family, which shows microtubule-
destabilizing activity and is known to be involved in the development of central nervous
system and glioma pathology'®’. TNFRSF6B is a regulator of apoptosis and has been linked to
angiogenesis®®110 7ZBTB46 gene encodes a member of a large BTB zinc-finger protein family,
characterised by a DNA binding motif that consists of a tandem array of C2H2 kriippel-like
zinc fingers at the carboxyl terminus, with each finger containing a consensus sequence of
~30 amino acids and an embedded zinc ion!!. In contrast, the BTB domains at the amino
termini are more divergent across the family, mainly contributing to the hetero- or homo-
dimerization. The BTB domain determines DNA binding specificity and recruitment of co-
regulators to form higher chromosomal structures!!. ZBTB46 has been shown to function as
a transcriptional repressor involved in prostate cancer malignancy and cell cycle regulation!?,
Recently, studies have identified another member of the BTB zinc-finger protein family,
ZBTB48, also termed as the telomeric zinc finger—associated protein, to be specifically
associated with telomeres via the zinc finger domain. Further investigation demonstrated that
it was preferentially bound to longer telomeres where protein components of the shelterin
complex are rather sparse!!3. Experimental studies suggested that the ZBTB48 might compete
with the TERF2 for binding to the telomeric DNA repeats, thereby setting an upper limit of the
telomere length, which can further influence lifespan and cancer susceptibility*!3!14, Because
the zinc finger domain is conserved among all members of the family, we speculated that the
ZBTB46 was also capable of binding to the telomeric DNA, regulating telomere homeostasis
via similar mechanisms. However, further experiments are required to validate this
hypothesis.

Chr21qg22.3. The lead variant is a loss-of-stop mutation in KRTAP10-4 (keratin associated
protein 10-4), which was located within a cluster of related genes, encoding proteins that
form disulfide bonds between cysteine residues in hair keratins. A genome-wide siRNA-based
screen implicated this gene with the homologous recombination DNA double-strand break
repairt®®. Although transcripts lacking stop codons would be targeted for degradation, there
is no eQTL evidence to suggest loss of expression with this allele, possibly due to poor
detection of this transcript in GTex (Median transcripts per million=0). There is one variant in



high LD, located within intron 2 of TSPEAR (thrombospondin type laminin G domain and EAR
repeats), a regulator of the NOTCH signalling.

Chr22q13.31. This is a single variant located within intron 1 of KIA1644 (Also termed SHISAL1).
There is no supporting functional data for gene prioritisation at this locus.
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