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Abstract

BACKGROUND—Telomere shortening is a well-characterized cellular aging mechanism, and
short telomere syndromes cause age-related disease. However, whether long telomere length is
advantageous is poorly understood.

METHODS—We examined the clinical and molecular features of aging and cancer in persons
carrying heterozygous loss-of-function mutations in the telomere-related gene PO71 and
noncarrier relatives.

RESULTS—A total of 17 POT1 mutation carriers and 21 noncarrier relatives were initially
included in the study, and a validation cohort of 6 additional mutation carriers was subsequently
recruited. A majority of the PO71 mutation carriers with telomere length evaluated (9 of 13)

had long telomeres (>99th percentile). PO71 mutation carriers had a range of benign and
malignant neoplasms involving epithelial, mesenchymal, and neuronal tissues in addition to

B- and T-cell lymphoma and myeloid cancers. Five of 18 PO71 mutation carriers (28%) had
T-cell clonality, and 8 of 12 (67%) had clonal hematopoiesis of indeterminate potential. A
predisposition to clonal hematopoiesis had an autosomal dominant pattern of inheritance, as

well as penetrance that increased with age; somatic DNMT3A and JAKZ hotspot mutations were
common. These and other somatic driver mutations probably arose in the first decades of life,
and their lineages secondarily accumulated a higher mutation burden characterized by a clocklike
signature. Successive generations showed genetic anticipation (i.e., an increasingly early onset of
disease). In contrast to noncarrier relatives, who had the typical telomere shortening with age,
POTI mutation carriers maintained telomere length over the course of 2 years.

CONCLUSIONS—POT1 mutations associated with long telomere length conferred a
predisposition to a familial clonal hematopoiesis syndrome that was associated with a range of
benign and malignant solid neoplasms. The risk of these phenotypes was mediated by extended
cellular longevity and by the capacity to maintain telomeres over time. (Funded by the National
Institutes of Health and others.)

THE LENGTH OF TELOMERES, WHICH ARE made up of tandem (TTAGGG),
sequences at chromosome ends, predicts the onset of replicative senescence and functions
as a mitotic clock.! Telomeres shorten with cell division, and short dysfunctional telomeres
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signal DNA damage, which elicits a cellular response that leads to senescence or apoptosis.?
Germline loss-of-function mutations in genes that encode components of telomerase, the
enzyme that synthesizes new telomere repeats, cause a short telomere progeria that is
marked by pulmonary and hematopoietic disease.? Its most common manifestation is
idiopathic pulmonary fibrosis,2 which co-occurs with syndromic features such as premature
hair graying,3 bone marrow failure,* and B- and T-cell immunodeficiency.>6 Long telomeres
extend the replicative potential of cultured cells,! which raises the possibility that mutations
that prevent telomere shortening may influence specific aging phenotypes and disease risk.

The protein POT1 (protection of telomeres 1) binds the single-stranded 3" end of the
telomere.” It is a conserved, essential protein and protects telomeres from exonuclease
degradation.” POT1 has also been implicated in the regulation of telomerase-dependent
elongation of the telomere. Some studies have suggested that it increases the processivity
of telomerase (i.e., its ability to continue to add telomere repeats),® whereas others have
identified a role of POT1 in the negative regulation of telomerase catalytic activity.%:10
Heterozygous somatic PO71 mutations were initially identified in chronic lymphocytic
leukemia (CLL) cells, 1! and germline mutations were later reported in families with isolated
cancers, including melanoma,1213 glioma,14 and CLL.1° Biallelic POT mutations have
been reported in an infant with some short telomere features.16 However, the mechanisms
underlying the risk of disease associated with heterozygosity for PO71 mutations are

not understood; hypotheses have included telomere deprotection,1” genome instability, 11
telomere elongation, 1819 and telomere shortening.2°

METHODS
PARTICIPANTS AND OVERSIGHT

We recruited participants for a Johns Hopkins University research study dedicated to
understanding the role of telomeres in disease. Persons who were heterozygous for POT1
mutations were identified in a clinical setting and, along with their relatives, were invited

to participate in the study. An initial group of 17 mutation carriers from five families,

along with 21 of their noncarrier relatives, were first included in the study; subsequently,

6 mutation carriers from three additional families were recruited and included in validation
studies. The Johns Hopkins Medicine institutional review board approved the study, and the
participants provided written informed consent. Two of the authors reviewed the primary
clinical records. The authors vouch for the accuracy and completeness of the data.

TELOMERE LENGTH MEASUREMENT

Telomere length was measured with the use of flow cytometry and fluorescence in situ
hybridization at Johns Hopkins Hospital Laboratories, and the data were plotted relative

to a clinically validated nomogram.2! Additional details, including the methods used for
germline and somatic bulk and single-cell colony sequencing, T-cell clonality studies, flow
cytometry, and phylogenetic analyses, are provided in the Supplementary Methods section
in the Supplementary Appendix, available with the full text of this article at NEJM.org.
The human genome build and transcript identifiers used for all variant annotation are also
provided in the Supplementary Methods section.
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STATISTICAL ANALYSIS

The study was designed to be exploratory, and all analyses, including the analyses of the
primary and exploratory end points, were assigned post hoc. The first primary objective was
to compare the age-adjusted telomere length in POT1 mutation carriers with the expected
length based on the validated nomogram of controls, as published previously.2! Specifically,
we calculated the probability of observing the number of PO71 mutation carriers whose
telomere length was above the 90th percentile and above the 99th percentile relative to

the expected percentages of 10% and 1%, respectively, using the binomial test. We also
evaluated the difference in telomere length among PO71 mutation carriers and related
noncarriers as compared with the 50th percentile value at that age using the Mann—Whitney
test. The second primary objective was to compare the incidence of clonal hematopoiesis

of indeterminate potential (CHIP) among PO71 mutation carriers and related noncarriers
with the use of Fisher’s exact test. A two-sided P value of less than 0.05 was considered to
indicate statistical significance.

Exploratory analyses included a comparison of the proportions of PO71 mutation carriers
and related noncarriers who had JAKZ p.V617F clones with variant-allele frequencies
greater than 0.1%; this measure was also evaluated among GGCC haplotype carriers with

or without POT1 mutations. In these analyses, odds ratios and 95% confidence intervals
were adjusted for small sample sizes with the use of the epitab package in R software.22

The widths of the confidence intervals were not adjusted for multiplicity, and therefore the
confidence intervals should not be used for hypothesis testing. P values are included only for
the primary analyses. Data were analyzed with R software, version 4.2.1.

RESULTS
TELOMERE LENGTH AND FUNCTIONAL CONSEQUENCES OF POT1 MUTATIONS

We consecutively included 17 persons who carried germline heterozygous mutations in
POT1 from five unrelated families (Fig. 1A, 1B, and 1C). Of these persons, the 13 who
were alive underwent evaluation for telomere length; in all 13, the mean telomere length was
above the 90th percentile, and in 9 of the 13 the mean telomere length was above the 99th
percentile (P<0.001 by binomial test for each comparison). Persons with a PO71 mutation
had longer telomeres than did their noncarrier relatives (21 persons) (mean, 3.0 kb vs. 1.2 kb
longer than the median for age; P<0.001 by Mann-Whitney test) (Fig. 1A).

The POT1 mutations were absent from or rare in population databases (Table S1 in

the Supplementary Appendix), although one mutation, p.178T, is a known Ashkenazi
founder mutation.23 The p.178T and p.R273Q variant amino acids are located in conserved
domains of POT1 that interact with telomere DNA. Assays of POT1 protein and mRNA

in lymphoblastoid cell lines derived from carriers of POT1 p.178T and p.R273Q showed
decreased expression and defective binding to telomere DNA (Fig. 1D and 1E and Fig.
S1A and S1B). The other mutations disrupted POT1 protein stability by altering the
reading frame or altering splicing (Fig. 1D and Fig. S1C and S1D). These data support

the hypothesis that POT71 haploinsufficiency is associated with long telomere length.
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NEOPLASMS IN POT1 MUTATION CARRIERS WITH LONG TELOMERES

We found a spectrum of neoplasms involving solid and hematopoietic tissues that ranged
from benign to malignant (Fig. 2). The spectrum of melanocyte neoplasms, for example,
ranged from eye melanosis and dysplastic nevi to invasive and metastatic melanoma.
Delayed hair graying was reported in all six participants 70 to 83 years of age who were
queried (or whose relatives were queried, for those who were deceased), a finding consistent
with a melanocyte spectrum phenotype (Table S2). Goiter and papillary thyroid cancer were
also documented, with benign thyroid disease being more common than malignant disease
(Fig. 2A and 2C). Mesenchymal neoplasms ranged from uterine fibroids to soft-tissue
sarcomas and mesenteric desmoid tumors (Fig. 2A and 2F). Epithelial-derived cancers
included renal cell, urothelial, and colorectal carcinoma (Fig. 2D and 2F). The most life-
threatening neoplasm was malignant glioma, which affected two PO71 mutation carriers
(12%) (Fig. 2A, 2E, and 2F). B-cell neoplasms included B-cell lymphocytosis of uncertain
significance, pediatric acute lymphocytic leukemia, and adult small lymphocytic lymphoma
(Fig. 2F). T-cell neoplasms included cutaneous T-cell lymphoma and large T-cell lymphoma
(Fig. 2F), and two persons had both B-cell and T-cell neoplasms in addition to one or

two solid tumors (Fig. 2A). One of the participants with metastatic melanoma was treated
with an immune-checkpoint inhibitor; a large T-cell lymphoma subsequently developed and
proved fatal (Fig. 3A). In another participant who received alkylating therapy for glioma,
fatal acute myeloid leukemia developed 8 years later, and one participant had an evolving
myeloproliferative neoplasm (Fig. 2A).

LYMPHOID CLONALITY

The occurrence of both lymphoid and myeloid neoplasms in the carriers of PO71 mutations,
together with an apparent absence of cellular hypersensitivity to DNA damage (Fig. S1E),
support the hypothesis that long telomere length provides a selective advantage that sustains
clonal evolution. To test this hypothesis, we assessed the diversity of peripheral T cells by
sequencing TCRB (specifically, complementarity-determining region 3 of the T-cell receptor
B-chain variable region) from 12 POT1 mutation carriers and found that 3 had productive
clonality scores near the 99th percentile of scores of healthy age-matched controls?* (Fig.
3B), and the 10 most prevalent clones among these participants were overrepresented in

the repertoire (Fig. S2A). In a second group of unrelated PO71 mutation carriers, 2 of

6 persons had a clonality score near the age-adjusted 99th percentile?* (Fig. 3B and Fig.
S2B). Cytomegalovirus (CMV) exposure is the primary driver of T-cell clonality with
aging,24 but the increased clonality was evident irrespective of whether we compared the
clonality of peripheral T cells from POT1 mutation carriers with those from CMV-positive
or CMV-negative controls (Fig. 3B and Fig. S2C and S2D). In total, 5 of 18 PO71 mutation
carriers (28%) had evidence of increased clonality (>90th percentile) (probability by chance
alone, 2.8%), including 4 persons with no history of hematologic cancer. Assessment by
flow cytometry confirmed the presence of atypical or clonal T-cell populations in 4 of 5 of
these persons, and all 5 were also incidentally identified as having clonal B-cell populations
(Fig. S2E).
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ASSESSMENT OF CLONAL HEMATOPOIESIS MUTATIONS

We next examined the prevalence of clonal variants, adopting standard clinical criteria for
defining CHIP (i.e., mutations with a variant-allele frequency of =2%).25 Of the 12 POT1
mutation carriers included in this analysis, 8 (67%) had CHIP; in contrast, of 21 of their
noncarrier relatives, 2 had CHIP (odds ratio, 10.1; 95% confidence interval [CI], 2.6 to 84.2;
P = 0.001 by Fisher’s exact test) (Fig. 3C). The size of the clones was relatively large (of the
14 variants occurring in the 8 affected persons, 5 had a variant-allele frequency of >10%) as
compared with those in noncarriers, in whom the clonal variants were small (variant-allele
frequency, <5%), with two of three occurring in noncanonical CHIP genes (Table S3). In
the clones in the carriers, DNMT3A was the most commonly mutated gene, followed by
JAK?Z (in which the p.V617F hotspot variant occurred). A second group of 3 POT1 mutation
carriers older than 65 years of age from the validation cohort had CHIP (Fig. S3C and S3D),
which supported a high penetrance among older carriers even relative to an older group of
controls (in total [original cohort plus validation cohort], 8 of 8 POT1 mutation carriers >65
years of age [median age, 69.5 years] vs. 13 of 30 controls >70 years of age [median age,
74.5 years]) (Table S4) and despite a lower depth of coverage in the former group (600x

for POT1 mutation carriers vs. 1300x for older controls) (see the Supplementary Methods
section).

Ultradeep sequencing showed that 7 of 12 PO71 mutation carriers as compared with 1 of
23 related noncarriers had JAKZ2V617F clones (odds ratio, 12.8; 95% Cl, 2.8 to 148.9)
(Fig. 3E). Genomewide association studies have identified an intronic GGCC haplotype
within JAKZ2that increases the risk of JAK2-associated disease by a factor of 4,26:27 and
in two of the families, GGCC heterozygous or homozygous haplotypes were present (Fig.
3C). However, the GGCC genotype alone did not explain the difference in JAKZ variant
clonal hematopoiesis between carriers and noncarriers; the GGCC genotype was similarly
distributed among carriers and noncarriers (83% and 71%, respectively, had at least one
GGCC allele) (Fig. 3C), but POT1 mutation carriers were more likely to have JAKZ
V617F (6 of 10 GGCC-positive POT1 mutation carriers had JAK2V617F vs. 0 of 15
GGCC-positive noncarriers; odds ratio, 18.0; 95% Cl, 2.1 to 956.8) (Fig. S4A).

PHYLOGENETIC STUDIES

We queried the lineage of JAKZV617F in leukocyte fractions and confirmed that they

were myeloid-derived and that they expanded longitudinally with age (Fig. S4B and

S4C). However, in some cases, DNMT3A mutations were shared across myeloid and
lymphoid lineages, which supports their having arisen in a primitive progenitor (Fig. S4B).
Phylogenetic inference of colonies derived from single-cell hematopoietic progenitors (with
the use of whole-genome sequencing) in two related PO71 mutation carriers yielded results
consistent with driver CHIP mutations arising early in life (e.g., before 4 years of age in one
74-year-old carrier), supporting our hypothesis that driver-carrying lineages are long-lived
in POTI mutation carriers (Fig. SSA-S5C). Moreover, progenitors from PO71 mutation
carriers had higher somatic-mutation burdens than a related noncarrier (Fig. 4 and Fig. S5D),
and the topologies of phylogenetic trees also showed evidence of oligoclonality relative

to chronologic age. For example, the phylogenetic tree of a 48-year-old carrier showed

two independent JAKZV617F clonal events and phylogenetic evidence of oligoclonality

N Engl J Med. Author manuscript; available in PMC 2023 December 29.
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that was greater than that in a relative who was 18 years older (Fig. 4) and similar to

that in controls in their eighth decade of life.28 The other PO7 mutation carrier carried
five identifiable DNMT3A somatic mutations (biallelic mutations defining a large clade,

as well as three other mutations, including one identified by bulk sequencing) (Fig. 4 and
Fig. S6). A dominance of C—T transitions among the single-base substitution signatures
and clocklike, age-associated patterns are consistent with an extended replicative history for
these clones (Fig. $7).2°

MECHANISMS UNDERLYING CLONAL PREDISPOSITION

We asked whether the clonal predisposition was due to the long telomere length or a
telomerelengthening advantage and found evidence supporting both mechanisms. A role

for long telomere length was suggested by the appearance of genetic anticipation, wherein
offspring of POT1 mutation carriers who carried the same germline mutation had cancer
that developed several decades earlier than that in their parents (and in some cases,

larger somatic clones developed at younger ages) (Fig. 5A). We propose that this genetic
anticipation is due to inheritance of long telomeres, as has been documented for the short
telomere syndromes,3 although we did not detect a difference in telomere length across
consecutive generations in the families we studied here. The apparent genetic anticipation
led us to hypothesize that PO71 mutations promote telomere lengthening with age, so we
measured telomere length 2 years after study enrollment. Our data support a slower rate

of shortening among POT1 mutation carriers than among controls, whereas their noncarrier
relatives had a rate of shortening similar to that among controls (Fig. 5B and 5C). Telomeres
of lymphocytes and granulocytes in PO71 mutation carriers showed an absolute gain in
length as compared with that of their noncarrier children and siblings (mean change, 0.17 kb
vs. —0.47 kb in lymphocytes and 0.22 kb vs. —=0.41 kb in granulocytes) (Fig. 5D).

To understand the mechanism that underlies the high incidence of CHIP among POT1
mutation carriers with aging, we simulated the effect of the inherited capacity to lengthen
telomeres (such as with POT1 mutation carriers) and long telomere length (99th percentile)
(such as with POT1 mutation carriers), both independently and together, on the clone size
of a single somatic driver mutation (such as the JAK2 V617F hotspot variant) that arose in
a hematopoietic progenitor at birth over a 90-year lifespan. We also simulated the effects
of intermediate and short telomere length, at the 50th and 1st percentiles, respectively;
percentiles were previously defined in clinically validated nomograms.?! On the basis of
10,000 replicate simulations per group, PO71 mutation carriers with long telomere length
had the largest clone sizes (Fig. 5E; confidence intervals are shown in Fig. S8). In this
simulation, long telomere length also supported clonal longevity with age, although to a
lesser extent (Fig. 5E). By contrast, simulated clones with short telomeres initially expanded
but then vanished because of dropout at the threshold of telomere-induced senescence (Fig.
5E and Fig. S9). These data support a model in which the proportion of persons with CHIP
was the highest among POT1 mutation carriers with long telomere length, followed by
persons with long telomere length alone (Fig. S10).
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DISCUSSION

The risk of clonal hematopoiesis increases with age, but the germline drivers underlying its
variable penetrance are not fully known. Here we found that excessively long telomeres,
along with the inherited capacity to lengthen telomeres as a result of POT1 dysfunction,
conferred a predisposition to lymphoid and myeloid clonal hematopoiesis in an autosomal
dominant manner that showed increasing penetrance with age. The genetic data support
the hypothesis that haploinsufficiency for POT1 facilitates telomerase-dependent telomere
elongation, although the precise mechanisms by which telomerase repeat addition is
enhanced in this context remains unclear. We determined that somatic driver mutations arise
during the early decades of life and that their long-lived lineages sustain a high mutation
burden, which shows clocklike signatures that are a hallmark of an extended replicative
history. The loss of the tumor-suppressor mechanism of telomere shortening supports the
expansion of clonal populations, which may explain the elevated risk of cancer. JAK2
driver mutations have been inferred to occur during the perinatal period or in the first

or second decade of life in older patients with overt myeloproliferative neoplasms.3031
Our data support the hypothesis that long telomere length provides an advantage for the
“survival” of these variant clones into adulthood. They also support a model wherein
telomere-independent germline factors, such as the GGCC haplotype, determine the risk
of JAKZ mutagenesis, and replicative competence is necessary for sustaining the longevity
of JAKZvariant clones. POT1 mutations were recently identified in 1% of patients with
myeloproliferative neoplasms.32 Multiple genes regulate telomere length, and therefore
variants in genes other than POT1 may account for the familial clustering of these disorders
and their association with the risk of lymphoid neoplasms and solid tumors.33

An increased incidence of clonal hematopoiesis has also been documented among persons
with mendelian short telomere syndromes, but the spectrum of mutations is distinct, with
somatic-reversion mutations that offset the inherited defect being most common.18:34 These
observations, together with our findings, suggest that the germline genetic background
influences the spectrum of mutations under clonal selection in hematopoietic compartments.
Moreover, our study provides a mendelian context for understanding the biology that
underlies population-based observations linking common variants near TERT, the gene
encoding telomerase reverse-transcriptase, which are associated with long telomere length,
with the risk of CHIP and nearly all solid tumors.35-37

The neoplastic predisposition we describe presents a paradox at the intersection of aging
and cancer biology. Long telomere length (obtained, in part, through an invulnerability

to telomere shortening) and increasing telomere length with age manifests as delayed
replicative senescence. Simultaneously, it sustains clonality, which is typically associated
with older age. The paradox is evident in the observations that both short and long extremes
of telomere length appear to mediate two distinct age-associated disease phenotypes. Their
contrast is illustrated in the predisposition to B-cell and T-cell lymphoproliferative and
myeloproliferative disease in FO71 mutation carriers and the predisposition to B-cell and
T-cell immunodeficiency and aplastic anemia in persons with short telomere syndromes (see
Fig. 5F, which depicts our hypothesis that the syndromes are diametric).

N Engl J Med. Author manuscript; available in PMC 2023 December 29.
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The syndrome we report is an archetype for a cellular pronearia (from the Greek “near6s,”
meaning “youth”). Its phenotype would appear to affect several organ systems. We speculate
that the relatively high burden of somatic variants in hematopoietic lineages may be similar
to that of other tissues. We observed benign neoplasias, including cutaneous nevi, goiters,
and uterine fibroids, in POT1 mutation carriers. The risk of these conditions has been

linked to loci encompassing telomere genes3%; perhaps longer telomere length confers a

risk of these neoplasms in addition to clonal hematopoiesis. Overall, our data uncover an
inherited cancer-predisposition mechanism that is distinct from that of mutations affecting
tumor-suppressor proteins and oncoproteins: an extended cellular lifespan that supports
clonal evolution with aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 (facing page). Telomere Length and Pedigrees of POT1 Mutation Carriers.
Panel A shows telomere lengths measured by flow cytometry and fluorescence in situ

hybridization in 13 living POT1 mutation carriers and their noncarrier relatives. Data are
plotted relative to a clinically validated nomogram derived from healthy controls.?! Some
data points differ in size in order to make overlapping data points visible. Panel B shows
pedigrees of POT1 mutation carriers. Probands are indicated with arrows. Bold identifiers
indicate persons for whom data on the POT1 genotype were available. Circles denote female
family members, and squares male family members; a line through a symbols indicates that
the person is deceased. Panel C shows POT1 with mutations annotated relative to conserved
domains. HIRL denotes holiday junction resolvase-like, and OB oligonucleotide-binding.
Panel D shows an immunoblot of endogenous POT1 levels in lymphoblastoid cell lines

with levels quantified below in arbitrary units relative to tubulin (replicate data in Fig.
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S1A). Panel E shows an electrophoretic mobility-shift assay (EMSA) for POT1 missense
mutations. The AOB mutant is truncated for amino acids 127 through 635. POT1R273L, a
variant reported in familial melanoma,12 was included as a positive control. DNA binding is
quantified below as a proportion relative to wild type, and results were replicated twice. IVT
denotes in vitro translated, and oligo oligonucleotide.
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Figure 2. Benign and Malignant Neoplastic Manifestations among POT1 Mutation Carriers.
Panel A shows the diagnoses among 17 POT1 mutation carriers and the ages at last

assessment. Age at death is indicated by “d.” The clonal hematopoiesis in all persons

shown here met the threshold for clonal hematopoiesis of indeterminate potential (CHIP;
i.e., variant-allele frequency of =2%); for four deceased persons and one person who was
recruited at the end of the study, clonal hematopoiesis and T-cell clonality were not assessed.
M denotes male and F female. Panel B shows a representative image of benign melanosis
(arrow). Panel C shows a computed tomography (CT)-captured goiter (arrow). Panel D
shows an axial CT image of a left kidney mass diagnosed as clear-cell carcinoma (arrow).
Panel E shows a representative magnetic resonance image of pediatric-onset glioblastoma
multiforme. Panel F shows the range of benign to malignant diagnoses grouped according to
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the affected tissue among 17 POT1 mutation carriers, with the number of affected persons in
Panel A shown in parentheses.
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Figure 3 (facing page). Lymphoid and Myeloid Clonality among POT1 Mutation Carriers.
Panel A shows images (hematoxylin and eosin staining) of small bowel from an autopsy

examination of a POT1 mutation carrier in whom large T-cell lymphoma developed after
receipt of immune-checkpoint inhibitor therapy for metastatic melanoma. Lymphocyte
infiltrates involving the lamina propria were positive for CD3. Panel B shows productive
clonality scores plotted against age (calculated from T-cell receptor VB CDR3 sequencing
as 1 minus the normalized Shannon’s entropy for all productive rearrangements). Scores
range from 0 to 1, where 0 represents polyclonality and 1 indicates one rearrangement
dominating the entire repertoire. The 18 PO71 mutation carriers are from seven unrelated
families. Percentile lines are derived from 258 healthy bone marrow donors (controls) who
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were seropositive for cytomegalovirus, as derived from Emerson et al.24 One person with

a history of cutaneous T-cell lymphoma but no known systemic disease is indicated with

a dagger. Panel C shows a CHIP co-mutation plot including APOT1 mutation carriers and
their noncarrier relatives sorted according to increasing age with the germline mutations
indicated below. JAK2 GGCC haplotype status is also color-coded in the key. The three
persons indicated with an asterisk had additional DANMT73A mutations with variant-allele
frequencies of 1% or higher, one of whom had two ODNMT3A mutations with variant-allele
frequencies of 2% or higher; all these mutations are shown in Panel D. Panel D shows
DNMT3A mutations identified in PO71 mutation carriers and in one related noncarrier
relative to the conserved domains of the protein and their allele frequency. Filled circles
denote nonsynonymous mutations and the unfilled circle a splicing variant. Panel E shows
JAKZ2V61T7F variant-allele frequencies identified by targeted ultradeep sequencing in POT1
mutation carriers and their noncarrier relatives, shown in relation to lymphocyte telomere
length.
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Figure 4. Phylogenies of Hematopoietic Colonies.
Panels A, B, and C show phylogenies of single cell-derived hematopoietic colonies on a

somatic variant scale (single-nucleotide variants and short insertions—deletions). The POT1
genotype, the person’s age, and the telomere length (TL) percentile are shown above

each tree. In Panel B, two de novo JAKZ mutations are resolved in the tree, and the two
cooccurring DNMT3A mutations in Panel C were found to be biallelic in phasing studies.
The tree topology in the two POTI mutation carriers shows the tips, which represent
contemporary hematopoietic colonies that are descended from fewer ancestral progenitor
lineages (internal branches), in contrast to the tree of the related noncarrier shown in Panel
A. The number of somatic variants in PO71 mutation carriers was also higher than in the
noncarrier, even in clades without detectable driver mutations.
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Figure5 (facing page). Genetic Anticipation and Longitudinal Changein Telomere Length
among POT1 Mutation Carriers.

Panel A shows the age at assessment and cancer diagnosis in three pedigrees. Mutation
carriers (shaded) carry PO7T1 p.R273Q in Pedigrees 1 and 3 and carry p.178T in Pedigree

2. One mutation carrier in Pedigree 1 had three separate melanoma diagnoses. Panels B and
C show differences in lymphocyte and granulocyte telomere lengths relative to the median
for age at study enrollment and at 2 years. Data are shown for PO71 mutation carriers

and their siblings and children who are noncarriers. Panel D shows the mean absolute
change in telomere length over a 2-year period in POT1 mutation carriers (red) and their
noncarrier relatives (blue). Error bars indicate the standard error. Panel E shows the mean
variant-allele frequency for a somatic heterozygous driver mutation acquired at birth over

N Engl J Med. Author manuscript; available in PMC 2023 December 29.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

DeBoy et al.

Page 20

a lifetime in telomere length groups calculated from 10,000 simulations for each group.
The dashed line indicates the 2% variant-allele frequency threshold defining CHIP. Panel F
shows contrasting hematopoietic and immune phenotypes associated with PO71 mutations
(long telomere length) and short telomere syndromes. Each dot represents a hypothetical
person with a germline telomere maintenance defect plotted relative to the normal telomere
length distribution in the human population. This panel was adapted from Armanios.38
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