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in Danish patients with multiple primary melanoma
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Summary
TINF2 encodes the TINF2 protein, which is a subunit in the shelterin complex critical for telomere regulation. Three recent studies have

associated six truncating germline variants in TINF2 that have previously been associated with a cancer predisposition syndrome (CPS)

caused by elongation of the telomeres. This has added TINF2 to the long telomere syndrome genes, together with other telomere mainte-

nance genes such as ACD, POT1, TERF2IP, and TERT.

We report a clinical study of 102 Danish patients with multiple primary melanoma (MPM) in which a germline truncating variant in

TINF2 (p.(Arg265Ter)) was identified in four unrelated participants. The telomere lengths of three variant carriers were >90% percentile.

In a routine diagnostic setting, the variant was identified in two more families, including an additional MPM patient and monozygotic

twins with thyroid cancer and other cancer types. A total of 10 individuals from six independent families were confirmed carriers, all

with cancer history, predominantly melanoma. Our findings suggest a major role of TINF2 in Danish patients with MPM.

In addition to melanoma, other cancers in the six families include thyroid, renal, breast, and sarcoma, supporting a CPS in which mel-

anoma, thyroid cancer, and sarcoma predominate. Further studies are needed to establish the full spectrum of associated cancer types

and characterize lifetime cancer risk in carriers.
High-risk melanoma susceptibility genes include CDKN2A

(MIM: 600160), CDK4 (MIM: 123829), and BAP1 (MIM:

603089), all genes involved in cell cycle regulation; how-

ever, BAP1 is also involved in regulation of DNA damage

response, cell senescence, and apoptosis, as well as

the more recently discovered TERT (MIM: 187270), POT1

(MIM: 606478), ACD (MIM: 609377), and TERF2IP (MIM:

605061) genes involved in maintaining telomeres. The

most frequently mutated high-risk gene is CDKN2A, where

pathogenic variants are observed in 11% of families with

R3 melanoma cases in a previous Danish study,1 while

variants in other high-risk genes are rare.2–8

Moderate-risk genes include MC1R (MIM: 155555) and

MITF (MIM: 156845). R-alleles of MC1R, strongly associated

with fair skin, blue eyes, and red hair, are common in the

Danish population (minor-allele frequency�0.2) and confer

aperallele riskof�2formelanoma.9TheMITFp.(Glu318Lys)

varianthasbeenassociatedwitha2- to3-fold increased riskof

melanoma and renal cell carcinoma (RCC).10,11 Numerous

low-risk melanoma genes have been identified including

pigmentation genes such as ASIP (MIM: 600201), OCA2 (MI

M: 611409), IRF4 (MIM: 601900), TYRP1 (MIM: 115501),

and TYR (MIM: 606933).12

The recent discovery of TERT, POT1, ACD, and TERF2IP

as high-risk melanoma genes suggests that disruption of

telomere maintenance may be a key mechanism of mela-

noma predisposition.
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The telomeres are regions at the end of the chromo-

somes consisting of repetitive TTAGGG hexamers syn-

thesized and added to the telomeres by telomerase.13

Low abundance and low activity of telomerase ensure a

tight regulation of telomere synthesis. An important

regulator of telomerase activity is the shelterin com-

plex,14 consisting of several protein subunits: TERF1 (te-

lomeric repeat binding factor 1), TERF2 (telomeric repeat

binding factor 2), TINF2 (TERF1-interacting nuclear fac-

tor 2), TERF2IP (telomeric repeat binding factor 2 inter-

acting protein), ACD (adrenocortical dysplasia protein

homolog), and POT1 (protection of telomeres 1). This

regulation ensures that telomere synthesis mainly occurs

in early embryonal development in somatic cells with

subsequent repression of TERT (telomerase reverse tran-

scriptase) in adult cells.15 Thus, after elongation during

embryogenesis, telomeres gradually shorten during

each cycle of DNA replication.13 Some adult tissues, in-

cluding stem cells, continue to express telomerase, how-

ever still have telomere shortening.16

This default telomere shortening in cells constitutes a tu-

mor suppressor mechanism, as cells with too short telo-

meres reach senescence or go into apoptosis (the Hayflick

limit) by activation of a DNA damage response.17 Initially,

long telomeres thus increase cancer risk by delaying the

Hayflick limit, permitting excessive proliferation that

might drive tumorigenesis.18
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In addition to telomere length regulation, the shelterin

complex maintains several complex functions in telomere

maintenance, such as telomere protection, in which the

complex allows the cell to distinguish telomere ends

from DNA breaks.13

Consequently, it has been unclear whether the cancer

predisposition associated with TERT, POT1, ACD, and TER-

F2IP is mediated by long telomeres. For example, reviewed

in Schmutz et al. 202018 and Gong et al. 2021,19 POT1 can-

cer-predisposing variants have, in addition to creating long

telomeres,4,6 been shown to result in genomic instabil-

ity,20–23 which has therefore been suggested as the main

mechanism driving cancer development.18 However, evi-

dence has arisen of an increased cancer risk conferred by

overelongation of telomeres in early development, thus

linking TERT, POT1, ACD, and TERF2IP to long telomere syn-

drome. This evidence, consisting of in vitro studies as well as

epidemiologic studies including GWAS and familial cases,

has been reviewed elsewhere.14,18

Three recent studies18,24,25 have linked six germline trun-

cating variants of TINF2, located on chromosome 14q12

(MIM:604319),withhigh-penetrance cancer predisposition.

He et al.24 describe a TINF2 frameshift variant (c.591del,

p.(Trp198GlyfsTer12)) leading to a premature stop codon

in a family of multiple cases or melanoma; however a wide

melanoma, with complete segregation of the variant in

affected individuals. Schmutz et al.18have identifieda frame-

shift variant (c.557del, p.(Ser186PhefsTer24)) with introduc-

tion of a premature stop codon and a variant (c.604G>C,

p.(Glu202Gln)), which disrupt the splice donor site of

exon 5 resulting in frameshifts and predicted truncations

(p.(Leu170ValfsTer12) and p.(Glu202GlyfsTer14)) in a total

of four cancer-prone families. These families all have cases

or melanoma; however a wide/or melanoma; however a

wide range of other cancers and benign tumors are present

aswell, including amantle cell lymphoma, twobrain tumors

(e.g., a cerebellar subependymoma and a diffuse astrocy-

toma), a tenosynovial giant cell tumor, and several cases of

the common cancers: breast, colorectal, lung, and prostate

cancer.

Ballinger et al.25 describe three germline truncating

TINF2 variants (p.(Val67TrpfsTer3), p.(Arg256Ter) and

p.Arg265Ter)), one variant in each of three patients with

history of undifferentiated pleomorphic sarcoma (one

patient) or liposarcoma (two patients) in a large popula-

tion-based, case control study of 1,644 sarcoma patients.

Telomere length analysis of variant carriers in the five fam-

ilies described by He et al.24 and Schmutz et al.18 show long

telomeres in peripheral blood lymphocytes compared to

healthy controls and in the family of He et al.24 compared

to wild-type relatives as well. Schmutz et al.18 further show

telomere overelongation in clonal cell lines with heterozy-

gous knockin of their two variants. Thus, these results

argue that truncating TINF2 variants can lead to long

telomeres.

Similarly, Ballinger et al.25 find that relative telomere

length in leukocytes of sarcoma patients is longer in car-
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riers of variants in the shelterin complex genes; however

this is not specified for the TINF2 variant carriers.

Here, we describe a truncating germline TINF2 variant

(NM_001099274.3(TINF2): c.793C>T, p.(Arg265Ter)), iden-

tified in six Danish independent families with a history of

melanoma. The variant is found to be associated with long

telomeres.

102 patients with multiple primary melanoma (MPM),

defined as greater than or equal to three cutaneous mela-

nomas (including in situ melanomas), participated in a

clinical study in the years 2021–2022 at the Department

of Clinical Genetics at Rigshospitalet, Denmark (see sup-

plemental methods and Figure S1). Participation involved

whole exome sequencing (WES) of lymphocyte DNA to

examine potential cancer-predisposing variants, drawing

of a three-generation pedigree, and a detailed question-

naire regarding skin type, sun exposure, sun bed use, and

tobacco use. Forty (39%) patients had previously received

genetic counseling due to their history of melanoma, and

34 (33%) had previous genetic tests including as a mini-

mum CDKN2A and CDK4.

WES data from all patients were analyzed by an in silico

gene panel consisting of 390 cancer-related genes (Table S2)

and showed no high-risk melanoma gene single nucleotide

variants (SNVs) or structural variants (SVs). Two patients

(2%) carried the MITF moderate-risk variant p.(Glu318Lys),

and 74 (73%) patients carried R-alleles ofMC1R; 32 had two

R-alleles, 42 one R-allele, resulting in an allele frequency

(AF) 2.6 times the background population (AF ¼ 0.52, OR ¼
2.60).1 Nine patients (8.8%) carried a heterozygous patho-

genic or likely pathogenic germline SNV in a cancer-related

gene other than MC1R and MITF: ATM (MIM: 607585),

BRCA1 (MIM: 113705), CHEK2 (MIM: 604373), FANCM

(MIM: 609644), NTHL1 (MIM: 602656), PALB2 (MIM:

610355), and TP53 (MIM: 191170) (Table 1). 14 patients

(13.7%) had one or two variants of unknown significance

(VUSs) identified, with a total of 19 VUSs (Table S1).

In four study participants we identified the TINF2

nonsense p.(Arg265Ter) variant. No other cancer-predis-

posing SNVs or SVs were identified in these individuals,

except for one participant (proband family F4) carrying

two MC1R R-alleles (p.(Arg151Cys) and p.(Arg160Trp)).

Another participant (proband family F1) had an MC1R

r-allele (p.(Val60Leu) identified. AF values of R-alleles

and r-alleles were thus lower in the four study participants

carrying the TINF2 variant (i.e., 0.25 and 0.13, respec-

tively) compared to the remaining MPM study partici-

pants (i.e., 0.54 and 0.18, respectively). Additionally, three

individuals with cancer (two of whom are monozygotic

[MZ] twins) had the same TINF2 variant identified via

routine diagnostic testing while the clinical study was

running. One patient with MPM, who at the time of the

study inclusion did not fulfill the inclusion criteria, had

the variant identified by WES, while the MZ twins had a

clinical cancer gene panel (42 genes, view Table S3) per-

formed, detecting no pathogenic variants, followed by

whole-genome sequencing (WGS) of one twin,
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Table 1. Pathogenic and likely pathogenic variants in cancer-related genes identified in study participants

Gene Variant identifieda Associated cancers

ATM NM_000051.3:c.538C>T,
NP_000042.3:p.(Gln180Ter)

homozygous/compound heterozygous form:
ataxia-telangiectasia; heterozygous form:
breast cancer (Girard et al.26), melanoma
(Dalmasso et al.27), possibly pancreatic
cancer and colorectal cancer (West et al.28)

NM_000051.3:c.1564_1565delGA,
NP_000042.3:p.(Glu522IlefsTer43)

BRCA1 NM_007294.3:c.5089T>C,
NP_009225.1:p.(Cys1697Arg)b

breast cancer and ovarian cancer
(Kuchenbaecker et al.29) and lower risk of
pancreatic cancer, prostate cancer, and
stomach cancer (Cavanagh et al.30)NM_007294.3:c.1556delA,

NP_009225.1:p.(Lys519ArgfsTer13)b

CHEK2 NM_007194.4:c.1100del,
NP_009125.1:p.(Thr367MetfsTer15)

breast cancer and prostate cancer, possibly
renal cancer, colorectal cancer, and thyroid
cancer (West el al.,28 Cybulski et al; 3331) and
melanoma (Bui et al.32)

FANCM NM_020937.4:c.1972C>T,
NP_065988.1:p.(Arg658Ter)

in homozygous form: breast cancer (Catucci
et al.33); in heterozygous form: breast cancer
(Neidhardt et al.34 Figlioli et al.35) and likely
ovarian cancer (Dicks et al.36)

MC1R NM_002386.3:c.252C>A,
NP_002377.4:p.(Asp84Glu)

melanoma (Raimondi et al.9)

NM_002386.3:c.451C>T,
NP_002377.4:p.(Arg151Cys)

NM_002386.3:c.478C>T,
NP_002377.4:p.(Arg160Trp)

NM_002386.3:c.880G>C,
NP_002377.4:p.(Asp294His)

NM_002386.3:c.425G>A,
NP_002377.4:p.(Arg142His)

NM_002386.3:c.487C>T,
NP_002377.4:p.(Arg163Ter)

NM_002386.3:c.86dupA,
NP_002377.4:p.(Asn29LysfsTer14)

NM_002386.3:c.537dupC,
NP_002377.4:p.(Ile180HisfsTer59)

MITF NM_000248.3:c.952G>A,
NP_000239.1:p.(Glu318Lys)

melanoma, renal cell carcinoma (Bertolotto
et al.11 Yokoyama et al.10)

(Continued on next page)
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Table 1. Continued

Gene Variant identifieda Associated cancers

NTHL1 NM_002528.6:c.268C>T,
NP_002519.1:p.(Gln90Ter)

colorectal cancer and breast cancer in
homozygous or compound heterozygous
individuals (Beck et al.37)

PALB2 NM_024675.3:c.760_761delTC,
NP_078951.2:p.(Ser254ArgfsTer2)

breast cancer, pancreatic cancer, ovarian
cancer (Yang et al.38)

TINF2 NM_001099274.1:c.793C>T,
NP_001092744.1:p.(Arg265Ter)

melanoma and thyroid cancer (Schmutz
et al.,18 He et al.24), dyskeratosis congenita
related cancer (Alter et al.39)

TP53 NM_000546.5:c.542G>A,
NP_000537.3:p.(Arg181His)c

Adrenocortical carcinoma, breast cancer,
brain tumors, and sarcomas (Frebourg
et al.40), however, also risk of other cancers
including melanoma (Sandru et al.41)

aAll variants were identified heterozygous in one study participant, respectively, except MITF p.Glu318Lys (two heterozygous carriers) and MC1R R-alleles (view Table S3 for details).
bKnown prior to inclusion.
cClassified as likely pathogenic.
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Table 2. Clinical characteristics of variant carriers in the six families and first-degree relatives with history of cancer

Family Individual
Malignancies and histo-subtypes
if available (age at diagnosis)

Tumor unknown benign/
malignant (age at
diagnosis) Variant status

F1 proband 4 CMs: all SSMM
(34 y, 35 y, 41 y, 44 y)

melanocytic skin
tumor (50 y)

p.(Arg265Ter)

mother breast cancer (not verified)

F2 proband 2 CMs: both SSMM (25 y), 2
CMs in situ: both SSMMIS
(25 y, 26 y)

p.(Arg265Ter)

father Prostate cancer (60 y), chromophobe
RCC grade 3 (60 y), leiomyosarcoma
grade 3 (67 y)

p.(Arg265Ter)

paternal grandfathera multiple myeloma (75 y), lung
adenocarcinoma (77 y)

F3 proband 3 CMs: all SSMM (46, 47, 48 y),
1 CM in situ: SSMMIS (46 y)

p.(Arg265Ter)

sister CM: SSMM (67 y) p.(Arg265Ter)

mothera breast cancer: IDC (58 y), carcinoma
cells on breast skin (61 y)
perhaps metastasis

F4 proband 4 CMs: 1 nodular CM, 3 SSMMs
(36 y, 38 y, 47 y, 48 y), 1 CM in situ:
SSMMIS (42 y)

p.(Arg265Ter)

mother colorectal cancer (not verified)

fathera myxoid sarcoma grade 2 (74 y)

F5 proband 3 CM in situ: 1 not classified,
1 likely SSMMIS, 1 lentigo
maligna
(22 y, 28 y, 41 y)
1 CM: SSMM (51 y)

p.(Arg265Ter)

brother CM: SSMM (28 y)

F6 one MZ twin thyroid cancer: both papillary and
follicular adenocarcinoma (29 y),
clear cell RCC (60 y), CM in situ:
SSMMIS (61 y)

p.(Arg265Ter)

other MZ twin thyroid cancer: papillary
adenocarcinoma (58 y)

p.(Arg265Ter)

mothera adenocarcinoma of unknown
primary (likely lung, breast,
or genitalia) identified in the
femoral bone (56 y)

obligate p.(Arg265Ter)
carrier (not tested)b

Abbreviations: CM, cutaneous melanoma, IDC, invasive ductal carcinoma, RCC, renal cell carcinoma, SSMM, superficially spreading malignant melanoma,
SSMMIS, superficially spreading malignant melanoma in situ.
aDeceased.
bA relative of the mother (not shown) was confirmed as variant carrier of p.(Arg265Ter); thus, the mother is an obligate variant carrier.
identifying the TINF2 variant. No other cancer-predispos-

ing SNVs or SVs were identified in the three patients

(however, MC1R variants were not evaluated in WGS of

the twin).

TINF2 variant carriers from the study cohort all had four

to five invasive or in situ cutanous melanomas (CMs) (see

Table 2). One of the additional three patients clinically

identified had history of three in situ CMs and one invasive

CM, and the last two are the MZ twins, both of whom have

had thyroid cancer, and one twin had RCC and CM in situ

as well. One TINF2 variant carrier from the study cohort

(proband Family F2) had two invasive CMs evaluated for

the BRAF variants V600E/V600D and V600K/V600R/
Human
V600M, showing one CM with the variant V600E or

V600D and one CM without the variants.

The five TINF2 variant carriers with MPM all reported

having many nevi. Further, pathological reports show

numerous excised nevi clinically suspected of CM in all

five individuals; one individual had at least 40 excised

non-malignant nevi. Four carriers reported having had

skin tumors removed solely on their request, where pathol-

ogy results showedmelanoma, whichmay suggest an atyp-

ical presentation of melanomas.

The fifth TINF2 patient had an unusual clinical presenta-

tion. At 28 years, she was diagnosed with an intraspinal ex-

tramedullary meningioma in the region C4-C5. After
Genetics and Genomics Advances 4, 100225, October 12, 2023 5



Figure 1. Pedigree of families F2, F3, and F5
Probands are highlighted by arrow. Black symbols indicate familymembers with history of cancer. Square symbols indicatemales, circles
females, and diamonds sex unspecified. A number within a square/circle/diamond refers to number of individuals represented by the
symbol if more than one individual. A line through a symbol indicates that the individual is deceased. þ, TINF2 p.(Arg265Ter) variant
carriers. ?, not tested for TINF2 p.(Arg265Ter) variant. A Family F2. B Family F3. C Family F5.
surgical resection, she developed loss of sensation in one

lower extremity as well as partial paresis on the contralat-

eral lower extremity. On the lower extremity with sensa-

tion loss, she developed a Spilus-like giant nevus. Within

the acquired giant nevus, she has developed four of her

five invasive or in situ melanomas.

Clinical characteristics of all variant carriers and first-de-

gree relativeswithhistory of cancer are presented inTable 2,

and pedigrees of the families F2, F3, and F5 are in Figure 1.

Worth highlighting is two first-degree relatives of probands

(Families F2 and F3) shown to carry the variant, one with

history of melanoma and one with history of three verified

primary cancers: prostate cancer, RCC, and leiomyosar-

coma. In addition, one proband has a first-degree relative

with history of CM not tested for the variant.

The TINF2 variant (p.(Arg265Ter)) truncates the TINF2

protein by introducing a premature stop codon. The

variant has just recently been described by Ballinger

et al.25 in a patient with undifferentiated pleomorphic sar-

coma with a pedigree meeting the classic Li-Fraumeni syn-

drome (LFS) criteria.25

The variant has of April 2nd, 2023, been registered in

global background population databases (gnomAD data-
6 Human Genetics and Genomics Advances 4, 100225, October 12, 2
sets) four times (twice in ‘‘other’’ population and twice in

Latino/admixed American, with the highest AF of 0.00036

(non-cancer) in the population group ‘‘other’’) in addition

to registration of one of our patients. Moreover, the variant

is reported twice in ClinVar in addition to registration of

one of our patients, once as a VUS regarding dyskeratosis

congenita and once as likely pathogenic; however the con-

dition was not provided. We screened for the variant in a

Danish database of exomes of 2,000 patients or controls

from a diabetes study42 and in-house data from around

750 patients evaluated for non-cancer genetic diseases

and did not identify any individual carrying the TINF2

variant.

As described, the two previous studies by He et al.24 and

Schmutz et al.18 have associated three different variants of

TINF2 with a long-telomere CPS. We therefore hypothe-

sized that our variant may confer a similar effect on telo-

mere length. To examine whether this was the case, flow-

FISH (fluorescence in situ hybridization) was performed

to measure telomere length in three of the probands with

MPM. All three individuals had unusually long telomeres

compared to age-matched controls, i.e., median telomere

length in lymphocyte DNA (Figure 2).
023



Figure 2. Telomere length results of
three TINF2 p.(Arg265Ter) variant carriers
Analysis performed by flow-FISH (with
permission fromRepeatDx Europe). Results
show median telomere length percentiles
in lymphocytes compared to age-matched
controls, shown in graphical form (A) and
as a table (B). Square: proband from family
1. Triangle: proband from family 2. Circle:
proband from family 3. Abbreviations are
as follows: MTL, patient medial telomere
length. MTLN, normal MTL at age (50th

percentile). INT, telomere length interpreta-
tion. VH, very high (R99th percentile). H,
high (R90th and <99th percentile). N,
normal (R10th percentile and <90th per-
centile). L, low ¼ (R1st percentile and
<10th percentile). VL, very low (<1st per-
centile). As presented, family one and two
had a median telomere length of lympho-
cytes overall above the 99th percentile,
whereas family three had between the 90th

and 99th percentile.
To estimate the age of the variant, we modeled the geno-

types around the variant for the five MPM carriers using

hidden Markov models (see supplemental methods). The

most likely model suggested a 417-kb region around the

variant for which the five individuals share a haplotype

and that they had a common ancestor 277 generations

ago (95% confidence interval 245–313). As this suggests

that the variant is very old, we cannot say whether the

variant is a Danish founder, as the variant may have origi-

nated from elsewhere and entered the Danish gene pool

through immigration.

In normal circumstances, the TINF2 protein interacts

with TERF1 and TERF2, both of which bind double-

stranded DNA, and ACD, which in turns binds POT1, a

protein that binds single-stranded DNA.43 TINF2 and

ACD thus mediate shelterin complex assembly and are

crucial for its stability.44

BothHe et al.24 and Schmutz et al.18 performed co-immu-

noprecipitation analysis to evaluate if interaction of TINF2

with TERF1 was lost due to TINF2 truncation. Results

showed complete loss of TERF1 binding to the truncated

TINF2 proteins. Schmutz et al.18 further found very little

or no interaction with TERF2 of the p.(Leu170fs) protein

and loss of ACD interaction in the p.(Leu170fs) and

p.(Ser186fs) proteins.
Human Genetics and Genomics
It has previously been found that the

localization of TINF2 to telomeres is

primarily dependent on its interaction

with TERF1.45 In agreement with this,

telomeric chromatin immunoprecipi-

tation assays performed by Schmutz

et al.18 indicated that the truncated

proteins did not locate to telomeres.18

A prevailing model for telomere

length homeostasis suggests that TIN

F2, POT1, and TERF1 inhibit telome-
rase activity in cis by accumulating on the synthesized

TTAGGG hexamers.18 It has been shown that TINF2 as

well as TERF1 and POT1 are negative regulators of telomere

length,18,46 and that telomerase hyper-elongates telomeres

when TINF2 is inhibited.46,47 The telomere length homeo-

stasis model thus may explain how loss of TERF1 interac-

tion leads to overelongation of telomeres.

Schmutz et al.18 further performed analysis of telomere

protection and genomic instability to investigate whether

the cancer risk conferred by the TINF2 variants could be

caused by othermechanisms than telomere overelongation.

Telomere protectionwas investigated by a telomere dysfunc-

tion-induced foci assay, showing telomere protection was

maintained in heterozygous clones. Analysis of metaphase

spreads similarly did not detect telomere dysfunction or

genomic instability in heterozygous cell lines. Schmutz

et al.18 thus concluded it unlikely that telomere deprotection

or genomic rearrangements contribute to cancer predisposi-

tion conferred by the variants. Further, Schmutz et al.18

examined six of their reported tumors, of which no loss of

heterozygosity was detected, and in four of the six tumors

(i.e., a melanoma, astrocytoma, colorectal cancer, and breast

cancer), second hits in TINF2 were excluded.

These results point strongly towardTINF2 as a haploinsu-

fficient tumor suppressor, in which truncating variants
Advances 4, 100225, October 12, 2023 7



Figure 3. Pathogenic and likely pathogenic nonsense variants, frameshift variants, and splice variants in TINF2 identified in the
HGMD and ClinVar databases
(A) The TINF2 gene shown as TINF2S and TINF2L.
(B) The TINF2 protein including the short and long transcript isoforms. Three frameshift variants, and now our nonsense variant
(NM_001099274.3(TINF2): c.793C>T, p.(Arg265Ter)), have been associated with long telomere syndrome, all located upstream of the
DC patch in exons 5 and 6. A frameshift variant and a nonsense variant identified by Ballinger et al.25 may be associated with long telo-
mere syndrome as well. One variant (p.(Tyr312Ter) has been associated with moderate breast cancer risk. Location of 20 nonsense,
frameshift, and splice variants associated with short telomere disease is shown in the figure (missense variants not included). Details
of the variants are shown in Table S5 including literature references.
can cause a cancer-prone state mediated by telomere

elongation.

To our knowledge, no studies have measured telomere

length in the tumors of carriers of long-telomere-associated

TINF2 variants. Further, only a few non-synonymous so-

matic variants in TINF2 have been identified in CM, to our

knowledge. In the Australian Melanoma Genome Project,

three non-synonymous variants were identified (two mis-

sense variants, p.(Leu150Arg) and p.(Pro220Ser), and one

splice site variant) in a total of 303 CMs included (i.e.,

1%).48 Thus, this suggests that TINF2 rarely harbors somatic

mutations in CM. The TINF2 variant (c.793C>T, p.(Arg265

Ter)) identified inour study is locatedwithin theTERF1bind-

ing region (Figure 3). We thus expected the truncated tran-

script to contain the TERF2/ACD binding domain and to

lack the C-terminal end of the TERF1 binding region.

Interestingly, two TINF2 transcript isoforms have been

described,49 namely TINF2L encoding a 451-residue protein

andTINF2S encodinga354-residueprotein.Thesmallerpro-

tein isoform is caused by inclusion of intron 6, intron 7, and

intron 8, which introduced a premature stop codon one
8 Human Genetics and Genomics Advances 4, 100225, October 12, 2
nucleotide into intron 6. This means that in this transcript

isoform, the p.(Arg265Ter) variant is located in the last

exon and therefore results in a truncated protein, whereas

the p.(Arg265Ter) variant is suspected to undergo non-

sense-mediated decay in the longer isoform. The expression

pattern of the two isoforms in stem cells is currently un-

known. However, together with the observed unusually

long telomeres in variant carriers, we strongly suspect that

the cancer-prone state observed in our families is conferred

by telomere elongation due to loss of TERF1 interaction, as

indicated in the studies by He et al.24 and Schmutz et al.18

Interestingly, our variant is close to the ‘‘DC patch’’ (dys-

keratosis congenita patch) located downstream of the TERF1

binding region. Loss of this patch is expected in our trun-

cated protein, and as well in the truncated proteins identi-

fied previously.18,24 The DC patch is the gene region in

which TINF2 variants related to short telomere disease

are located.50 Short telomere disease has a wide range of

clinical presentations. The most common is pulmonary

fibrosis in adulthood; however, bone marrow failure and

immunodeficiency, most often in children, and other
023



organ failures occur as well.14 Approximately 10%–15% of

the patients are affected by cancer, mainly head and neck

carcinomas and hematologic cancers.39 The TINF2 protein

uses the DC patch to stimulate the telomerase to telomere

maintenance.18 Several particularly severe cases of short

telomere disease have been associated with TINF2 vari-

ants.50 A truncating TINF2 variant (c.805 C>T, p.(Gln

269Ter)) causing severe short telomere disease, located in

the DC patch just four amino acids downstream of our

variant, has been shown to have impaired but not have

completely abolished binding to TERF1.50 Other trun-

cating variants as well as missense variants associated to

DC in TINF2 have—to our knowledge—not been shown

to affect binding of TERF1. Whether slight interaction be-

tween TINF2 and TERF1 is adequate to avoid the long telo-

mere phenotype remains undetermined.

Another interesting finding is a truncating TINF2 variant

(c.936C>A, p.(Tyr312Ter)), previously identified in a pa-

tient with Ewing sarcoma,51 which in a recent study by Koi-

vulouma et al. 202252 has been associated with moderate

risk of breast cancer and in a previous case report was found

in a patient with normal telomere length.53

Overall, these data show the differential effects on telo-

mere length and phenotypes of truncating TINF2 variants

located close to each other, as we observe both long and

short telomere disease, and as well telomere disease not

likely related to telomere length. An overview of patho-

genic and likely pathogenic nonsense, frameshift, and

splice TINF2 variants, including the abovementioned vari-

ants, are shown in Figure 3 together with gene location

and related disease manifestation.

The cancer-prone families we observe show evidence of a

long telomere syndrome. We identified the TINF2 p.(Arg265

Ter) variant in 10 individuals from the six families, all hetero-

zygous carriers. All variant carriers had history of cancer, pre-

dominantly CM/CM in situ (seven individuals), however also

thyroid cancer (two individuals), RCC (two individuals), and

one case each of a grade 3 leiomyosarcoma, prostate cancer,

and an unspecified cancer. Eight carriers had history of multi-

ple malignancies. These findings thus suggest co-segregation

of the variant in individuals affected with cancer.

In the families, we identified one case of CM, one case

of myxoid sarcoma grade 2 in untested first-degree relatives,

and no cases of thyroid cancer. Various cancer types were

observed, including multiple cases of renal cancer, breast

cancer, prostate cancer, colorectal cancer, and lung cancer. Fu-

rthermore, single cases of multiple myeloma, leukemia (not

verified), and several other cancers were observed (Table 2).

Notably, three family members had multiple malignancies.

The many different cancer types are supportive of a

multi-cancer spectrum not limited to melanoma, thyroid

cancer, and sarcoma. However, some of the observed can-

cer types are common (e.g., prostate cancer, colorectal can-

cer, and lung cancer) and are likely to occur independent of

a CPS. Breast cancer, also a frequent cancer, was observed

in all four families described by Schmutz et al.18; however,

there is potential ascertainment bias in families referred to
Human
genetic counseling, as the referral typically is because of

accumulation of cancer in the family. The families identi-

fied in our study cohort (F1–F4) were included only

because of MPM in one individual, and in these families,

we still observed family members with cancer, supporting

a multi-cancer predisposition. In general, similar to our

families, Schmutz et al.18 observed a wide range of cancer

types in addition to melanoma and thyroid cancer. On

the contrary, the family investigated by He et al.24 had a

striking history of melanoma and thyroid cancer, with

eight cases of papillary thyroid cancer and four cases of

CM, thus representing a much narrower cancer spectrum

and a different clinical phenotype. Detailed cancer history

in the three families with a pathogenic TINF2 variant

described by Ballinger et al.25 is not provided; however,

one family met the classic LFS criteria, another the Chom-

pret criteria for LFS, and the third family did not meet the

criteria for a cancer syndrome. None of the three families

met the GenoMEL familial melanoma criteria.25

The hypothesis of a multi-cancer spectrum is, however,

also in agreement with other telomere maintenance genes.

For example, POT1 variants have, in addition to familial

melanoma, been associated with cases of gliomas, chronic

lymphocytic leukemia (CLL), and angiosarcomas14,54 in

families not necessarily having melanomas,54 suggesting a

wider cancer predisposition of the POT1 gene.14 Thus, it

could suggest a wide cancer spectrum in long telomere syn-

drome in general. McNally et al.,14 reviewing existing evi-

dence of long telomere syndrome, suggest a large role of

CLL as well. However, CLL has not yet been associated

with TINF2-mediated long telomere syndrome.

In conclusion, we believe that the data presented (e.g.,

familial cancer cases, telomere length measurements, evi-

dence of previous long telomere variants, etc.) establish

that heterozygosity of the TINF2 p.(Arg265Ter) variant pre-

disposes to long telomere syndrome.

We find it intriguing that the variant frequency in our

cohort is 4/102 (�4%). We believe these results suggest

TINF2 is an important susceptibility gene in Danish MPM

patients.

We observe that our families most likely have variant car-

riers who have not developed cancer, such as one of the

two parents in family F5 unaffected by cancer. This argues

against the variant being high penetrance for melanoma

risk, such asCDKN2Avariants.We thus expect that observed

cancer casesmaybe influencedbyenvironmental risk factors

and/or additional genetic predisposition (e.g., polygenic

risk). No interaction of MC1R or MITF variants with the

TINF2-associated melanoma risk was detected, and the low

AF of MC1R R-alleles and r-alleles in study participants car-

rying the TINF2 p.(Arg265Ter) variant does not suggest

thatMC1R interaction can explain the melanoma predispo-

sition of the TINF2 variant carriers. However, additional

studies are needed, including potential interaction of low-

risk melanoma genes. Although difficult to quantify, we

did observe significant environmental risk in several variant

carriers; for instance, almost all variant carriers with history
Genetics and Genomics Advances 4, 100225, October 12, 2023 9



ofmelanomahave used sunbeds and had sunburns in child-

hood (as did >70% of the overall study group).

In conclusion, we have established this variant to confer

long-telomere-mediated cancer risk similar to previously

identified long telomere TINF2 variants; this most likely is a

multi-cancer syndrome dominated by melanoma, thyroid

cancer, and sarcoma; however, it may involve breast cancer,

renal cancer, or other cancers as well. We have shown that

TINF2 is an important susceptibility gene in Danish patients

with MPM. However, as variants in shelterin genes are rare,

further research of TINF2 variants is necessary to characterize

thisCPS ingreaterdetail andclarify the role ofTINF2 inMPM.

Based on the identified TINF2 families, we recommend

yearly skin examinations by dermatologists as well as self-ex-

amination of skin monthly for all variant carriers. Further-

more,we recommend thyroid surveillance is offered tovariant

carriers in the family with thyroid cancer in terms of ultra-

soundandscintigraphyof thethyroidglandeverysecondyear.

ADanish studyof>2,000melanomapatients showed that

three SNPs predicting long telomeres (rs7726159 (TERT),

rs1317082 (TERC [MIM: 602322]), and rs2487999 (OBFC1

[MIM: 613128]) were associated with increased mortality in

the patients.55 It remains undetermined whether the associ-

ationholds for germlineTINF2variants; however, itmayadd

to the importance of surveillance in variant carriers.

Whether more cancer surveillance would be beneficial

remains unknown. The TINF2 gene should be included

in future cancer gene panels when testing individuals

with multiple melanomas or familial clustering of mela-

noma for etiological clarification, however, with consider-

ation that variants in TINF2 causing long telomeres may

not explain the entire melanoma predisposition.
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