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Active telomere elongation by a subclass
of cancer-associated POT1 mutations

Annika Martin,"® Johannes Schabort,"® Rebecca Bartke-Croughan,'® Stella Tran,! Atul Preetham,’
Robert Lu,! Richard Ho,' Jianpu Gao," Shirin Jenkins,' John Boyle,! George E. Ghanim,” Milind Jagota,?

Yun S. Song,>* Hanqin Li,"* and Dirk Hockemeyer'®

'Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, California 94720, USA;

2MRC Laboratory of Molecular Biology; Cambridge CB2 0QH, United Kingdom; *Computer Science Division, University of
California, Berkeley, Berkeley, California 94720, USA; “Department of Statistics, University of California, Berkeley, Berkeley,
California 94720, USA; °Innovative Genomics Institute, University of California, Berkeley, Berkeley, California 94720, USA

Mutations in the shelterin protein POT1 are associated with diverse cancers and thought to drive carcinogenesis by
impairing POT1’s suppression of aberrant telomere elongation. To classify clinical variants of uncertain significance
(VUSs) and identify cancer-driving loss-of-function mutations, we developed a locally haploid human stem cell
system to evaluate >1900 POT1 mutations, including >600 VUSs. Unexpectedly, many validated familial cancer-
associated POT1 (caPOT1) mutations are haplosufficient for cellular viability, indicating that some pathogenic al-
leles do not act through a loss-of-function mechanism. Instead, POT1’s DNA damage response suppression and
telomere length control are genetically separable. ATR inhibition enables isolation of frameshift mutants, demon-
strating that the only essential function of POT1 is to repress ATR. Furthermore, comparison of caPOT1 and
frameshift alleles reveals a class of caPOT1 mutations that elongate telomeres more rapidly than full loss-of-func-
tion alleles. This telomere length-promoting activity is independent from POT1’s role in overhang sequestration and

fill-in synthesis.
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Mutations in POT1 have been identified in multiple cancer
types, with an overall prevalence of up to 3% (Calvete et al.
2017; Shen et al. 2020; Wu et al. 2020; DeBoy et al. 2023).
These cancer-associated POT1 (caPOT1) mutations are
missense, splicing, or nonsense mutations that can be
found throughout the POT1 gene and are almost exclusive-
ly heterozygous. Although a small subset of these POT1
mutations has been linked to familial cancer predisposition
syndromes (Robles-Espinoza et al. 2014; Shi et al. 2014;
Bainbridge et al. 2015; Chubb et al. 2016; Speedy et al.
2016; Wilson et al. 2017; McMaster et al. 2018; Li et al.
2022; Goldstein et al. 2023), the vast majority, >900 muta-
tions on ClinVar, are found in sporadic cancers and have
been annotated as variants of uncertain significance
(VUSs). Therefore, a key challenge in understanding
POT1’s role in carcinogenesis is delineating which muta-
tions are pathogenic and by which mechanism these muta-
tions drive the disease. This challenge is complex,
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especially because POT1 plays key roles in multiple telo-
meric processes: protecting the telomeric overhang from
aberrant DNA damage response (DDR) activation (Denchi
and de Lange 2007), controlling telomere overhang genera-
tion and length (Hockemeyer et al. 2005, 2006; Palm et al.
2009; Glousker et al. 2020), limiting access of telomerase to
the telomere (Loayza et al. 2004; Ye et al. 2004), and main-
taining the C-rich telomeric strand through interaction
with the CST complex (Takai et al. 2016; Cai et al. 2024).

POT1 VUS characterization is further complicated by
the distribution of caPOT1 mutations throughout the
gene rather than clustering into functionally defined re-
gions. POT1 contains three oligonucleotide binding (OB)
folds and a Holliday junction resolvase-like (HJRL) domain
(de Lange 2018). While OBl and OB2 mediate POT1’s
overhang binding, the split OB3 and HJRL domain are im-
portant for TPP1 heterodimerization (Fig. 1A). The occur-
rence of familial pathogenic truncating mutations in each
of these POT1 domains, as well as variants that disrupt
the starting methionine, indicates that caPOT1 mutations
generate loss-of-function alleles and that POT1 may

©2025 Martin et al. This article, published in Genes & Development, is
available under a Creative Commons License (Attribution-NonCommer-
cial 4.0 International), as described at http://creativecommons.org/licens-
es/by-nc/4.0/.
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Figure 1. Deep scanning mutagenesis of POT1 reveals essential amino acids for cellular viability. (A) Schematic of POT1 protein domains.
(B) Schematic of POT1 loHAP generation and screen timeline. Homology-directed repair (HDR)-mediated CRISPR/Cas9 mutagenesis of the
remaining POT1 allele results in a spectrum of mutations with a direct genotype to phenotype correlation. Over 3 weeks of culture, the most
deleterious alleles are depleted from the population. (C) Mean fold change in allele frequency across three biological replicates per allele be-
tween week 3 and week 1, stratified by mutation type: unedited, silent mutations, alanine substitutions, other substitutions (including clin-
ical variants), precise single-codon deletions, other in-frame nonhomologous end-joining (NHE]) events, and frameshift NHE]J events. (D)
Summary dot plot of the week 3 log, fold change for all silent mutations, substitutions, and single-codon deletions generated within the
screen. Large dots indicate mean values at a given amino acid position, and smaller dots show individual biological replicates. The silent
mutation mean for a given position is represented by the mean of all silent alleles carrying a codon change at that position, as silent alleles
may contain codon changes at multiple positions. Below the dot plot is a domain map showing the location of the Holliday junction resol-
vase-like (HJRL) domain and OB folds. Below the domain map, persistence/depletion scores (see “Data Analysis—Allele Classification” in
the Materials and Methods) for single-codon deletions (Del) and substitutions (Subs) are shown for each amino acid position. Blue (3,0) and
taupe (0,3) indicate that all three biological replicates showed more allele depletion than synonymous mutations occurring at similar frequen-
cies or less allele depletion than frameshift mutations, respectively. Purple (3,3) indicates hypomorphic alleles that persisted relative to frame-
shift mutations but were depleted relative to synonymous mutations. Gradations between these colors indicate differential behavior of
biological replicates. White (0,0) indicates that the allele was not generated or that the allele could not be classified using these metrics.
As multiple substitutions may occur at a single amino acid position, multiple squares at a given substitution position indicate unique amino
acid substitutions. All screen results are shown in Supplemental Table S1.
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function as a haploinsufficient tumor suppressor gene
(Ramsay et al. 2013; Robles-Espinoza et al. 2014; Bainbridge
et al. 2015; Calvete et al. 2015; Chubb et al. 2016). To effi-
ciently annotate loss-of-function and hypomorphic POT1
variants, we performed deep scanning mutagenesis and de-
tailed functional analysis to evaluate the effects of single
amino acid deletions, alanine substitutions, and >600
POT1 VUSs. As caPOT1 mutations can be inherited or oc-
cur early in tumor progression prior to DNA damage check-
point inactivation (Ramsay et al. 2013; Calvete et al. 2015),
the functional annotation of POT1 variants requires a
primary cell system with intact DDR and telomere mainte-
nance pathways. Therefore, to mimic this primary, un-
transformed cell state while enabling direct genotype to
phenotype characterization, we used a recently described
system of locally haploid (loHAP) human embryonic stem
cells (hESCs) to perform our mutagenesis screen and fol-
low-up experiments (Li et al. 2024). The isolation and char-
acterization of key dissociation-of-function mutations,
along with a comparison with frameshift clones, identify
a class of cancer-associated POT1 mutations that actively
promote telomere elongation compared with full loss-of-
function mutations.

Results

Deep scanning mutagenesis of POT1

POT1 1oHAP cells were generated from diploid hESCs via
1.6 Mb excision of one allele, including upstream regulato-
ry regions, using CRISPR/Cas9 (Fig. 1B). Successful loHAP
generation was determined via junction sequencing, and
clonality was confirmed by next-generation sequencing
(NGS) of a single nucleotide polymorphism (SNP) on the re-
maining allele (Supplemental Fig. S1A). Mutations were in-
troduced and allele frequency changes were evaluated as
previously described for the BRCA2 locus (Fig. 1B; Li
et al. 2024). As expected for an essential gene, frameshift
mutations were strongly depleted in loHAPs within 3
weeks of editing compared with the diploid parental cells,
whereas the allele frequency of unedited and synonymous
alleles proportionally increased (Supplemental Fig. S1B,C).

Using single-stranded oligonucleotide pools as homolo-
gy-directed repair (HDR) templates (Supplemental Fig.
SI1D,E), we evaluated mutations at 535 of 634 amino
acid positions within POT1 (84.4%), including 385 ala-
nine substitutions (63.0%; POT1 naturally contains 23 al-
anine residues), 364 single-codon deletions (57.4%), and
624 ClinVar VUSs and familial cancer mutations (Ro-
bles-Espinoza et al. 2014; Shi et al. 2014; Bainbridge
et al. 2015; Chubb et al. 2016; Speedy et al. 2016; Calvete
et al. 2017; Wilson et al. 2017; McMaster et al. 2018; Shen
et al. 2020; Li et al. 2022) at 367 unique positions, with
synonymous mutations at 492 unique positions (79.8%;
18 residues have no possible synonymous mutations) to
act as controls. Allele depletion was evaluated by the
log, fold change of three independent biological replicates
from week 1 to week 3 compared with synonymous and
frameshift alleles (Fig. 1D; Supplemental Table S1). To
aid in visualization, alleles were also assigned a persis-
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tence/depletion score based on the behavior of individual
biological replicates relative to synonymous and frame-
shift mutations (see the Materials and Methods; Supple-
mental Fig. S1F). In general, alanine substitutions were
more tolerated than single-codon deletions, though
among all mutations surveyed, allele depletion was stron-
gest at the N terminus of OB1 (amino acids 1-85) and the
C terminus of OB3 (amino acids 538-634) (Fig. 1D; Supple-
mental Table S1).

Many pathogenic caPOT1 mutations are
haplosufficient for cellular viability

Alanine and deletion scanning—coupled with existing
structures of POT1 and its interactions with TPP1 and
telomeric DNA—allowed us to generate a detailed map
of residues essential to POT1 function and/or structural
stability (Lei et al. 2004; Rice et al. 2017; Jumper et al.
2021; Aramburu et al. 2022; Tesmer et al. 2023). Although
depleted alanine substitutions are comparatively dis-
persed (Supplemental Fig. S2A), depleted deletions tend
to cluster into contiguous stretches that correspond to
secondary structural elements (Supplemental Fig. S2B).
Overall, 54% of single deletions within a helices and
82% of deletions within B strands show significant deple-
tion, compared with 34% of deletions in unstructured re-
gions (based on JPRED4 structural classification from
Drozdetskiy et al. 2015 using a minimum confidence
threshold of 3). Among the residues that were depleted,
our screen demonstrates that C382 and C385 are essential
(Fig. 2A). As these cysteines are proposed to coordinate a
zinc ion (Lei et al. 2004; Rice et al. 2017; Aramburu
et al. 2022), mutations at these residues may cause mis-
folding of POT1’s HJRL domain and OB3. Likewise, ala-
nine substitutions of large hydrophobic amino acids in
the core of OB1 and OB2 were strongly selected against,
suggesting that alanine substitution abrogates essential
hydrophobic interactions within the OB cores, likely com-
promising protein stability (Fig. 2B).

In contrast, several mutations of POT1 residues that
directly interact with single-stranded telomeric DNA
(Lei et al. 2004; Tesmer et al. 2023) are well tolerated
(Fig. 2C). Alanine substitutions at ssDNA-interacting res-
idues of OB, including F62 (which directly stacks against
base T1 of the telomeric repeat sequence) and K33 (which
interacts with the phosphate backbone of the ssDNA) (Lei
et al. 2004), do show robust depletion. However, substitu-
tion at Y36, a residue that also contacts the ssDNA back-
bone, is not depleted. Alanine substitutions of key amino
acids in OB2 also do not significantly impair cell viability
over the course of 3 weeks, including H245, H266, Y271,
and R273, which make numerous interactions with sin-
gle-stranded telomeric DNA (Fig. 2C; Supplemental Fig.
S3A; Lei et al. 2004). Mutations in the recently described
POT-hole (Tesmer et al. 2023) also persist (Supplemental
Fig. S3B-D), including residues R80, H82, and R83, which
form a positively charged pocket contacting the ssDNA~
dsDNA junction (Tesmer et al. 2023). Although previous
in vitro experiments showed that alanine substitutions
at these positions reduce POT1 binding to the ssDNA~
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A Figure 2. Many pathogenic caPOT1 muta-
Cs[;:|eﬁ0n tions do not compromise cellular viability or
C506 abrogate essential POT1 functions. (A) Close
/ ) o view of zinc coordination by cysteines 382,
385, 503, and 506, colored by the week 3 logy
€2 Xos0s fold change in allele frequency of single-codon
deletions (top) or alanine substitutions (bot-
Aarne tom). The model was derived from PDB:
385 5UNT7 (Rice et al. 2017). (B) POT1 (gray) inter-
-~ 0% action with telomeric DNA (magenta). The in-
C ) zn set windows show hydrophobic residues at the
%332 | center of OB1 (left) and OB2 (right) colored by
‘ 503 log, fold change in allele frequency of alanine
~ e petoeees e substitutions. The model was derived from
-10  ENot tested 10 -2 lNO(leS(&‘d-Z -2 lND(\SS(Sd-Z PDB: SSHI (Tesmer et al. 2023). (C) Closer
view of the POT1-ssDNA interactions in B
D  Behavior of Missense Alleles E MIAL - L 20 with the highlighteq POT1 residues colored
0 M1 B g‘ by log, fold change in allele frequency of ala-
- - P35L- REE BEE- 2 nine substitutions. The model was derived
= Y36H- * g 10 from PDB: 1X]JV (Lei et al. 2004). (D) Relative
5 Depleted Yl_z?x‘ L2 " g quantification of the proportion of alleles that
'§ 06 = Ka5N - EEE 3 Q@ are classified as persistent, hypomorphic, or
& Hypomorph K9OE - W x5 » g depleted based on Wilcoxon rank sum compar-
2 Y161D- H B EEE &; 00 a ison versus synonymous and frameshift muta-
= Persistent tgg‘g‘g- L[] ...<> 3 E tions occurring at similar week 1 allele
02 H265Y n T @  frequencies (see “Data Analysis—Allele Classi-
G268C- o -0 fication” in the Materials and Methods). Al-
— | : R273L- %9 leles are categorized as likely familial/likely
Fa"L‘:IIZI,; nd ”"f;;;?‘" é;:eign L343F - g I pathogenic (based on ClinVar characterization,
Pathogenic ®) C591W- L e T C W, familial inheritance pattern, or disruption of
e ABC ABC ABC the starting methionine), uncertain, or likely

Weekl Week2 Week3

benign (based on ClinVar characterization).
(E) Heat map showing log, fold change of al-

leles classified as “likely pathogenic” in D, with three biological replicates shown across 3 weeks of allele sampling. (*) Germline familial
cancer predisposition mutations, ({)) a variant identified in familial idiopathic pulmonary fibrosis (Kelich et al. 2022).

dsDNA junction (Tesmer et al. 2023), this interaction
does not appear to be essential in our stem cell system. In-
terestingly, a small solvent-exposed acidic patch adjacent
to the POT-hole formed by Y11 and D129 does show
strong depletion, though its potential function is yet un-
defined (Supplemental Fig. S3D).

A similarly complex pattern arises with VUSs that im-
pact POT1’s interactions with TPP1. Alanine substitu-
tions at residues F542, L574, and D577, which contact
residues of TPP1’s a helix 2 (Rice et al. 2017), are depleted
over the course of 3 weeks (Supplemental Fig. S4A, left).
However, interactions with TPP1’s a helix 1, including
W424 and L453, do not show a strong effect on viability
(Supplemental Fig. S4A, right). A broader survey of amino
acids contacting TPP1 confirms that only a small subset of
mutations at the POT1-TPP1 interface impacts cellular
viability (Supplemental Fig. S4B). In summary, only a frac-
tion of caPOT1 mutations, including mutations in essen-
tial POT1 interaction domains, impaired cellular viability
in our lIoHAP system over the course of 3 weeks. In fact, a
substantial fraction of mutations that are likely pathogen-
ic (based on ClinVar classification) or associated with
familial cancer predisposition with a dominant inheri-
tance pattern (Y36H, T41A, K90E, and R273L) did not
impact cellular proliferation (Fig. 2D,E). One well-charac-
terized familial mutation that falls into this class of muta-

448 GENES & DEVELOPMENT

tions is R273L, which has been proposed to abrogate
POT1’s electrostatic binding with ssDNA by disrupting
interaction with the telomeric dT7 nucleotide (Lei et al.
2004; Robles-Espinoza et al. 2014; Aramburu et al. 2022;
Sekne et al. 2022). However, in our screen, both R273A
and R273L were tolerated (Fig. 2C,E). Together, these find-
ings demonstrate that cellular viability of hemizygous
POT1 mutations does not faithfully predict pathogenicity
or cancer predisposition.

Telomere elongation in caPOT1 alleles is uncoupled from
telomere protection and DNA damage response signaling

Because validated, familial caPOT1 mutations include
truncations, frameshift alleles, and mutations affecting
the starting methionine (Ramsay et al. 2013; Robles-Espi-
noza et al. 2014; Bainbridge et al. 2015; Calvete et al. 2015;
Chubb et al. 2016), caPOT1 mutations were considered
loss-of-function alleles. We have previously demonstrated
that heterozygous Y223C and Q623H caPOT1 mutations
lead to telomere elongation without inducing a telomeric
DDR (Kim et al. 2021). Conversely, overexpression of
these alleles drives genomic instability (Chen et al.
2017; Guetal. 2017). This has been interpreted as the abil-
ity of a wild-type POT1 allele to compensate for the
caPOT1 allele in telomere end protection but
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haploinsufficiency in telomere length regulation. Our
finding that viability is not a reliable indicator of carcino-
genic potential even in our hemizygous loHAP system
complicates this interpretation and instead implies two
additional possibilities: Telomere elongation may be
directly linked to the degree of telomere deprotection,
but telomeres elongate to pathogenic levels at a lower
threshold of overhang exposure than would impair cellu-
lar viability. Alternatively, end protection and length reg-
ulation may Dbe genetically independent, with
hemizygously viable but pathogenic caPOT1 alleles pro-
moting telomere elongation without affecting telomere
protection.

To correlate DNA deprotection with telomere length,
we first established the kinetics and frequency of telomere
deprotection mutations by monitoring yH2AX telomere
dysfunction-induced foci (TIFs) (Takai et al. 2003) follow-
ing CRISPR/Cas9 mutagenesis. TIF burden surprisingly
remained high for 3 weeks after mutagenesis despite the
depletion of frameshift alleles (Supplemental Fig. S5A,B).
In fact, a subset of TIF-positive cells (conservatively de-
fined as a minimum of 10 TIFs per cell) was detectable
in mutagenesis pools generated for every exon of POT1 be-
yond 3 weeks in culture (Supplemental Fig. S5C). Using a
high-throughput genotyping and imaging analysis pipe-
line to directly annotate TIF-causing mutations by sub-
populational sampling and Bayesian linear regression
(Supplemental Fig. S5D,E), we estimate that >5% of all
missense mutations present at week 3 in our mutagenesis
pools generate TIFs.

Because TIF accumulation indicates overhang deprotec-
tion and increased accessibility of telomere ends, we pre-
dicted that persistent TIF-inducing alleles would result in
telomere elongation. We therefore isolated clones from
TIF-positive cell populations, including an allelic series
of mutations surrounding the R273 familial cancer muta-
tion; mutations around S322, which mediates POT1’s in-
teraction with CTC1 (Takai et al. 2016); and a clone with a
single amino acid deletion of C349 proximal to POT1’s in-
teraction domain with TPP1. These clones show a broad
range of persistent TIF phenotypes, demonstrating that
the cells are surprisingly tolerant of partial overhang
deprotection (Fig. 3A,B; Supplemental Fig. S5F-I). The
ATR dependance of these persistent TIFs (Denchi and de
Lange 2007) was confirmed via an intergenic knockout
screen targeting DDR genes in T269A and C349A clones,
in which ATR, RPA2, and TOPBP1 knockouts consistent-
ly lead to the greatest reduction in TIFs (Supplemental Fig.
S5J,K). Knockout of RAD51 and RAD51AP1 also de-
creased TIFs, indicating a potential role of HDR machin-
ery at the telomeres leading to checkpoint activation.

To establish that this persistent TIF phenotype reflects
a graded response to partial telomere deprotection rather
than artificial selection for clones incapable of responding
to ATR signaling, we re-edited POT1 mutant clones at a
secondary locus within the same POT1 allele (Fig. 3C). Al-
though TIF-inducing mutations are well tolerated in
loHAP cells or other TIF-negative cell lines, the same mu-
tations show strong depletion in cells that already carry a
TIF-inducing POT1 mutation (Fig. 3D; Supplemental Fig.

A novel class of cancer-associated POT1 mutations

S6A,B). This intragenic synthetic lethality indicates that
additional POT1 mutations have compound effects on
cellular viability and that distinct domains of POT1 sim-
ilarly activate the ATR-mediated DDR, providing experi-
mental evidence for previous predictions that POT1-
TPP1 functions as a relay, adopting continuous conforma-
tions that differentially expose the telomeric overhang
(Aramburu et al. 2022). It also suggests that there may
be a cell-intrinsic threshold of tolerable ATR signaling
that only triggers cell lethality if exceeded.

Surprisingly, TIF burden does not fully correlate with
either telomere elongation or allele depletion in our
screen. Any clones with a persistent DNA damage re-
sponse at telomeres also have excessively elongated telo-
meres compared with clones harboring synonymous
mutations (Fig. 3E; Supplemental Fig. S6C). Consistent
with previous results (Takai et al. 2016; Cai et al.
2024), mutations affecting S322 also result in an over-
hang defect despite telomere elongation (Supplemental
Fig. S6C). Similarly, many of the strongest TIF responses,
including T269A and Y271A, result in moderate allele
depletion (Fig. 3F). However, other DDR-activating mu-
tations, including R273A, are completely neutral toward
cell survival.

Furthermore, a small subset of POT1 mutations, includ-
ing G268A (Fig. 3B,E) and M144A (Supplemental Fig. S6D,
E), does not show a significant TIF phenotype and has no
effect on cellular viability while still triggering dramatic
telomere elongation. These separation-of-function mu-
tants indicate that POT1’s telomere length control is un-
coupled from its essential role in telomere end protection,
challenging the hypothesis that the only mechanism by
which POTI1 regulates telomerase activity is through
steric hindrance and overhang sequestration. Either telo-
mere extension occurs at a lower threshold of deprotec-
tion than can be detected by traditional TIF staining or
POT]1 plays a secondary, independent role in telomerase
regulation that is yet undefined.

The only essential function of POT1 in hESCs
is to repress ATR signaling

Because end protection and telomere length control can
be genetically separated, the DDR and telomere elonga-
tion phenotypes in caPOT1 mutant cells may be co-occur-
ring but independent effects of POTI mutagenesis.
Testing whether caPOT1 mutations elongate telomeres
solely due to overhang deprotection or whether these al-
leles independently promote telomere extension requires
direct comparison between caPOT1 alleles and full loss-
of-function alleles. We hypothesized that dampening
ATR signaling may allow deleterious alleles to persist in
culture without reaching the DDR signaling threshold
that triggers cellular lethality (Fig. 3G). Indeed, only
ATR inhibition (ATRi) and not ATM inhibition (ATMi)
increased the persistence of frameshift alleles (Fig. 3H)
and enabled clonal isolation of frameshift mutants from
all assayed POT1 protein domains, encompassing five dif-
ferent exons and spanning all three POT1 OB folds (Sup-
plemental Table S2). These clones are stable in culture
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Figure 3. ATR inhibition stabilizes POT1 loss-of-function mutations. (A) Representative images for cells exhibiting the highest yH2AX
TIF burdens in isolated T269A and C349A POT1 clones, characterized by the colocalization of TRFI (green) and yH2AX (red) immunos-
taining signals. Scale bar, 2.5 ym. (B) Quantification of yH2AX TTFs per cell of clonally isolated POT1 mutants compared with unedited
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(D) Results of retargeting experiment using sgRNA 73 and associated HDR templates. The heat map shows the mean log, fold change of
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each indicated mutation. Alleles are grouped by mutation types. (G) Schematic of ATR/ATM inhibition screen. ATM inhibition (ATMi) or
ATR inhibition (ATRi) was added immediately following sgRNA delivery. (H) Relative quantification of CRISPR/Cas9-mediated insertion
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ing the standard error of the mean. (I) Quantification of cell survival 4 days after ATRi withdrawal (—) compared with continued mainte-
nance on ATRi (+) for four frameshift clones (pink) and four synonymous mutant clones (gray). Error bars show the standard error of the
mean.
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for >6 months provided ATRi is maintained. However,
withdrawal of ATRi results in an ~100-fold reduction in
cell viability within 4 days (Fig. 31), indicating that persis-
tence of POT1 loss-of-function clones under ATRi is not a
result of clonal adaptation or ATR pathway silencing.
Therefore, the only role of POT1 that is essential for cell
survival is the suppression of ATR signaling.

Characterization of the DDR at telomeres in frameshift
clones 48 h after ATRi withdrawal revealed that overall
TTF burden significantly increased and EdU incorporation
at telomeres can be detected outside of S phase (Fig. 4A,B;
Supplemental Fig. S7A,B). These EdU foci correlate with a
reduction in the number of telomere foci detected by
TRF1 staining but an overall higher spot intensity (Fig.
4C,D), as well as accumulation of other DDR proteins in-
cluding FANCD2 and RPA2 (pS33) (Fig. 4E-H; Supple-
mental Fig. S7TA-K), consistent with previous reports
that POT1 depletion activates HDR machinery at telo-
meres (Glousker et al. 2020). However, none of these phe-
notypes was detected under ATRi despite the fact that our
ATRi is incomplete, as indicated by the presence of
yH2AX and 53BP1 TIFs in frameshift clones under ATRi.

Conversely, telomeres do not incorporate EdU outside
of S phase or recruit FANCD2 or RPA2 (pS33) in the
T269A and C349A clones in standard media, whereas addi-
tion of ATRi abrogates the yH2AX TIF phenotype to back-
ground levels (Fig. 4A,B; Supplemental Fig. S7A-H).
Therefore, TIFs in frameshift clones are both qualitatively
and quantitatively different from those observed in cells
harboring point mutations. This suggests that these
clones represent a subactivated state of ATR signaling in
which telomeres accumulate YH2AX and 53BP1 but fail
to fully activate the downstream effectors of the ATR sig-
naling cascade that would drive telomere recombination
and cell lethality. It remains undetermined to what extent
this lethality is due to direct ATR-dependent checkpoint
signaling or the aberrant ATR-driven activation of HDR
at the telomere (Buisson et al. 2017; Kim et al. 2018;
Glousker et al. 2020). However, cell death occurs without
the accumulation of overt telomeric defects, as detected
by metaphase spreads (Supplemental Fig. S7L; Supple-
mental Table S3). We note that the frequency of meta-
phases detected in the frameshift clones after ATRi
withdrawal was notably reduced, indicating that these
cells may arrest or die prior to mitosis.

A novel class of caPOT1 mutations induces more rapid
telomere elongation than POT1 frameshift mutations

Despite the ability of ATRi to repress DDR phenotypes in
cells with point mutations, ATRi does not prevent telo-
mere elongation. Derivation of R273L or C349A clones
with or without ATRi consistently results in robust telo-
mere elongation despite TIF frequency being reduced to
near-background levels under ATRi (Fig. 5A,B; Supple-
mental Fig. S7M). Previous overexpression studies in can-
cer cells have implicated ATR in telomerase recruitment
and telomere extension (Lee et al. 2015; Tong et al. 2015;
Laprade et al. 2020). However, at the level of inhibition
that we achieved in our cell system, we did not see any ef-

A novel class of cancer-associated POT1 mutations

fect of ATRi on the degree of telomere hyperelongation in
caPOT]1 clones.

Surprisingly, simultaneously derived frameshift mu-
tants at the same locus exhibit shorter telomeres than
caPOT1 mutants 6 weeks after editing (Fig. 5B). This crit-
ically establishes that a subset of caPOT1 mutations has a
stronger telomeric phenotype than full loss-of-function al-
leles, indicating that they must retain or gain a telomere
length-promoting role. If both telomere elongation and
DDR signaling were simply a function of overhang depro-
tection or if caPOT1 mutations merely compromised pro-
tein stability, then frameshift mutations should show the
strongest degree of both telomeric phenotypes: deprotec-
tion and elongation. The rapid telomere elongation in
the caPOT1 mutants compared with the frameshift mu-
tants could be explained by three possibilities: First,
POT1 frameshifts may compromise essential telomere
maintenance or replication functions that are preserved
in caPOT1 clones, thereby compromising total telomere
elongation. Second, telomere elongation may be actively
counteracted in frameshift clones, perhaps through nucle-
olytic degradation of unprotected telomeres. Third,
caPOT1 alleles actively stimulate telomere elongation.

Loss of POT1 does not impair telomere replication
or maintenance under ATRi

The simplest explanation for decreased telomere elonga-
tion in frameshift clones is that loss-of-function mu-
tations result in an inability to properly replicate
telomeres, because POT1 is thought to limit excessive 5’
resection and recruit the CST complex for fill-in synthesis
of the lagging strand (Tesmer et al. 2023; Cai et al. 2024;
Takai et al. 2024). CTC1 loss was previously shown to
cause decreased cell viability as a function of gradual telo-
mere loss and accumulation of single-stranded telomeric
DNA (Feng et al. 2017). To confirm this phenotype in
our hESCs, we engineered conditional CTC1¥* and
CTC1%~ hESC lines such that induction of Cre recombi-
nation results in either CTC1™/* heterozygous or
CTC17/~ null cells (Supplemental Fig. S8A). As expected,
the loss of CTC1 led to a rapid increase in TIFs and an
eventual loss of cell viability at ~24 days after loop-out
of the conditional allele, concurrent with telomere short-
ening and overhang extension (Supplemental Fig. SSB-E).

Unlike the CTC1~/~ null phenotype, POT1 frameshift
clones under ATRi continuously elongate their telomeres
over the course of several months (Fig. 5C). However, even
after 13 weeks in culture, they do not recapitulate the uni-
form elongation and narrow window of telomere lengths
of caPOT1 mutations at the same locus but instead
show much more heterogeneous telomeres. This long-
term telomere elongation in frameshift mutants is consis-
tent across six independently derived clones compared
with time-matched synonymous mutants (Fig. 5C; Sup-
plemental Fig. S9A, B). Telomeres in POT1 frameshift mu-
tants also do not show an overt overhang phenotype
despite extended culture under ATRi, indicating that nei-
ther fill-in synthesis nor nucleolytic degradation likely
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Figure 4. POT1 frameshift clones exhibit quantitatively and qualitatively different ATR-mediated TIFs than caPOT1 point mutation
clones. (A) Quantification of yH2AX TIFs per cell under ATRi and 48 h after ATRi withdrawal for synonymous and frameshift clones
(Ieft of the dashed line) and with (+) or without (=) ATRi addition for 48 h for caPOT1 mutants (right of the dashed line). Red error bars
indicate median +interquartile range. Fisher’s exact test with FDR correction for multiple comparisons of nuclei with >10 TIFs was
done between conditions with (+) and without (—) ATRi for each cell line. (*) P value <0.05, (****) P value <0.0001. (B) Quantification
of yH2AX TTFs that colocalize with sites of EAU incorporation outside of S phase under ATRi and 48 h after ATRi withdrawal for synon-
ymous and frameshift clones (left of the dashed line) and with (+) or without (—) ATRi addition for 48 h for caPOT1 mutants (right of the
dashed line). Red error bars indicate median + interquartile range. Fisher’s exact test with FDR correction for multiple comparisons of nu-
clei with >10 EdU-positive TIFs was done between frameshift (FS) and synonymous (Syn) cells and between mutant and POT1 loHAP
cells. (*) P value <0.05, (****) P value <0.0001. (C) TRF1 spot number and spot intensity plots. Data are representative of four synonymous
(Syn-12 through Syn-15) and four frameshift (FS-1 through FS-4) clones with (+) and without (=) ATRi. One-way ANOVA using
Bonferroni’s multiple comparison test was used to indicate significance. () P-value < 0.05, (##x) P-value < 0.001. Red error bars indicate
means + SD. (D) Representative images of EQU incorporation outside of S phase and yH2AX TIF colocalization outside of S phase in POT1
frameshift cells with (+) and without (—) ATRi. Scale bar, 2.5 um. (E) Frequency plots for sites of EdU-positive yH2AX TIFs (X-axis) versus
total YH2AX TTFs per cell (Y-axis). The top panel shows the frequency of distribution in loHAP, C349A, and T269A POT1 mutant cells, and
the bottom panel shows frameshift (FS-1 and FS-2 combined) and synonymous mutations (Syn-12 and Syn-13 combined) with and without
ATRI. (F) Frequency plots as in E for the colocalization of EdU-positive 53BP1 TIFs versus total 53BP1 TIFs per cell. (G) Frequency plots as
in E for the colocalization of EdU-positive FANCD2 TIFs versus total FANCD2 TIFs per cell. (H) Frequency plots as in E for the colocal-
ization of EdU-positive RPA2 (pS33) TIFs versus total RPA2 (pS33) TIFs per cell.

explains the slower telomere elongation phenotype (Fig. mental Fig. S9C). However, telomeres remain remarkably
5D). Following 72 h of ATRi withdrawal in frameshift stable throughout the ATRi withdrawal, with no cata-
clones, overhang signal significantly increases (Supple- strophic telomere shortening or overt telomeric defects
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Figure 5. Telomere elongation driven by caPOT1 mutations is uncoupled from DDR signaling at telomeres, and POT1 is dispensable for
telomere replication and maintenance under ATRi. (A) Quantification of yH2AX TIFs for mutants derived under ATRi. Withdrawal of
ATRi is indicated below the X-axis. Red error bars indicate median + interquartile range. Fisher’s exact test with FDR correction for mul-
tiple comparisons of nuclei with >10 TIFs was done relative to Syn cells without ATRi. (**) P value <0.01, (****) P value <0.0001. (B) Telo-
mere length analysis of R273L, synonymous (Syn), and frameshift (FS) clones derived either under ATRi or without ATRi at 41 days after
editing. Duplicate R273L genotypes indicate independently derived clones, whereas Syn and FS clones are labeled according to Supple-
mental Table S2. (C) Time-course telomere length analysis of two synonymous (Syn-7 and Syn-8) and two frameshift (FS-5 and FS-7)
clones spanning days 41-98 after nucleofection. (D) Telomere length and overhang analysis of four synonymous (Syn-1 through Syn-4)
and four frameshift (FS-1 through FS-4) clones 13 weeks after editing under ATRi and 72 h after ATRi withdrawal. Both native (top)
and denaturing (bottom) conditions are shown. The telomere probe used was (CCCTAA);. Relative telomere overhang intensity (native
intensity/denatured intensity) is quantified at the bottom of each lane in the native condition. Note that because intensity scales with
telomere length as well as copy number, quantitative conclusions cannot be drawn between cell lines with differing telomere lengths.
(E) CTC1 and SHLD1 targeting experiment in POT1 Syn-1 and POT1 FS-1 cells. POT1 Syn-1 and FS-1 cells were nucleofected as described
in the Materials and Methods, and individual clones were genotyped at 12 and 26 days after nucleofection. “CTC1 FS” and “SHLD1 FS”
refer to clones that carry homozygous or compound heterozygous frameshift mutations in CTC1 and SHLD1, respectively. “Other” refers
to any clone that carries at least one unedited or in-frame-edited allele. Significance was determined by Fisher’s exact test.
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detectable prior to cell death (Supplemental Fig. S9B; Sup-
plemental Table S3). Because recent in vitro studies show
that priming for lagging strand DNA synthesis cannot oc-
cur at the telomeric overhang and requires CST to coun-
teract lagging strand shortening (Takai et al. 2024),
extension of the 3’ overhang via telomerase is insufficient
to rescue shortening of the double-stranded portion of the
telomere and prevent cell death. Therefore, fill-in synthe-
sis must still be accomplished in our frameshift clones un-
der ATRi despite loss of POT1, indicating that POT1 is not
required for C-strand fill-in synthesis.

CTC]1, however, remains essential in POT1 frameshift
cells, as CTCI1 knockouts in both POT1 frameshift and
synonymous clones are viable at day 12 but show signifi-
cantly reduced colony survival after 26 days in culture
(Fig. 5E; Supplemental Fig. S9D), even though FS-1 cells
start with much longer telomeres at the time of editing
than our conditional CTC1 cell lines (Supplemental
Figs. S8B, S9B). Because CST is also involved in DNA re-
pair and because POT1 frameshift clones show DDR sig-
naling at telomeres even under ATRi, we hypothesized
that in POT1 frameshift clones, CST was recruited to telo-
meres via the DDR pathway instead of Shelterin-mediated
telomere replication. To test this, we knocked out Shiel-
din complex subunit 1 (SHLDI1), the Shieldin member
that directly contacts both ssDNA and CTC1 (Boersma
et al. 2015; Xu et al. 2015; Gupta et al. 2018; Mirman
et al. 2018; Noordermeer et al. 2018). In contrast to
CTCl1, SHLDLI is dispensable for long-term proliferation
in POT1 frameshift clones under ATRi (Fig. 5E). There-
fore, CST-mediated C-strand fill-in synthesis is accom-
plished at telomeres independently of both POT1- and
SHLD1-mediated recruitment.

We cannot entirely exclude the role of DDR factors in
CST recruitment, as recent evidence suggests that CST
may be recruited to dysfunctional telomeres independent-
ly of SHLD1 (Mirman et al. 2022). However, long-term
maintenance of a normal telomeric overhang in the ab-
sence of POT1 indicates that the precise coordination of
telomere end processing remains largely intact—an un-
likely outcome of DNA repair pathways aberrantly acting
at telomere ends. CTC1 can also interact with TPP1, and
disruption of this interface results in telomere elongation
(Wang et al. 2023). However, this TPP1-CST association
appears to be mutually exclusive with TPP1-TIN2 tether-
ing (Cai et al. 2024), and a precise method for CST recruit-
ment and overhang maintenance in POT1-null cells
remains to be resolved.

Discussion

The central findings of our deep scanning mutagenesis
and variant characterization in POT1 are twofold: First, al-
lele depletion of haploid caPOT1 mutations is not a reli-
able predictor of carcinogenic potential. Although we
did identify many loss-of-function alleles that are not hap-
losufficient and would likely contribute to telomere elon-
gation in a diploid setting, nearly half of the validated
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pathogenic mutations that we assayed show no significant
depletion relative to synonymous alleles.

Second, because of our multiparallel analysis of >600
caPOT1 VUSs coupled with appropriate phenotypic
characterization, we were able to identify a subclass of
separation-of-function caPOT]1 alleles that outperforms
frameshift alleles in rapid telomere elongation. This es-
tablishes either that these alleles gain a de novo telome-
rase-activating function or that endogenous POT1 has a
telomere length-promoting role that is lost in the frame-
shift mutants but preserved in the caPOT1 variants.

Because C-strand synthesis and telomere replication ap-
pear to be largely unchanged when cells without POT1 are
cultured in ATRI, the extensive caPOT1-mediated elonga-
tion likely involves either protection of telomeric DNA
from nucleolytic degradation or promotion of G-strand ex-
tension by telomerase. Both 5" and 3’ nucleolytic degrada-
tion of telomere ends would result in telomeric overhang
defects that were not detected in our clones despite long-
term culture. Similarly, analysis of metaphase spreads in-
dicates only a very slight increase in fragile telomeres and
sister chromatid fusions, with very few signal-free ends. It
also remains possible that POT1-CST interactions modu-
late the frequency or activity of C-strand synthesis
because POT1 mutations at S322 in both this and previous
studies show impaired fill-in synthesis (Takai et al. 2016;
Cai et al. 2024). Therefore, inefficient or improper CST re-
cruitment may cause a mild degree of overhang dysfunc-
tion that is not readily detected by native TRF and is
sporadically corrected by association of CST with the telo-
mere through other means. However, such a mild pheno-
type cannot explain the robust differences between
caPOT1 and POT1 frameshift telomere elongation.

The overall lack of telomeric dysfunction in POT1
frameshift clones under ATRi leads us to favor another
model: caPOT1 mutations may directly stimulate telome-
rase activity. This could either be through a true gain-of-
function mechanism in which these caPOT1 alleles ac-
quire de novo stimulatory effects or indicate that even
wild-type POT1 plays an activating role in telomere elon-
gation. Under this hypothesis, POT1’s positive and nega-
tive effects on telomere length are carefully balanced in
wild-type cells, whereas caPOT1 mutations represent a
partial loss of function that relieves the inhibitory effects
of POT1 while preserving its stimulatory capacity. The
POT1-TPP1 heterodimer has been shown to increase tel-
omerase repeat addition in vitro (Wang et al. 2007; Xin
et al. 2007; Latrick and Cech 2010). Although the TPP1-
TERT interaction is well characterized, the recently
solved structure of telomerase bound to shelterin also sug-
gests that POT1 directly contacts the TERT TEN domain
(Ghanim et al. 2021; Sekne et al. 2022). Although this in-
teraction has only been identified structurally, it high-
lights a key need for further genetic characterization of
shelterin interactions with telomerase.

Alternatively, POT1’s interaction with TPP1 may be
required to properly recruit telomerase to the shortest
telomeres. Although POT1 frameshift mutations under
ATRI result in gradual telomere elongation, telomeres
remain heterogeneous. At early time points, a subset of
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telomeres appears to shorten, even relative to synony-
mous controls. Under normal telomere homeostasis, tel-
omerase preferentially extends the shortest telomeres
(Hemann et al. 2001; Teixeira et al. 2004). The persis-
tence of short telomeres despite bulk elongation may
therefore imply that loss of POT1 causes an overall in-
crease in accessibility of telomere ends to telomerase
but impairs targeted recruitment, perhaps by displacing
or otherwise impacting TPP1. Thus, POT1 may also
function as a telomerase-dependent positive regulator
of telomere length, though the precise mechanisms re-
main unclear.

This suggests a model in which wild-type POT1 regu-
lates telomere length homeostasis by controlling access
of telomerase to the telomere end and repressing ATR-me-
diated DDR signaling (Fig. 6, top left). Loss of POT1 caused
by frameshift mutations results in catastrophic DDR sig-
naling, culminating in cell death. If ATR signaling is re-
duced to nonlethal levels via inhibition, telomerase has
greater access to the 3’ telomeric overhang, resulting in
telomere elongation. For this elongation, fill-in synthesis
must still occur, though it remains possible that this pro-
cess is mildly dysregulated without POT1 (Fig. 6, top right).
However, some caPOT1 mutations reduce the ability of
POT1 to repress telomerase activity and may in fact stim-
ulate telomere elongation through an unknown mecha-
nism while retaining the ability to regulate fill-in
synthesis and maintain ATR-mediated DNA damage re-
sponse signaling beneath a cellular threshold that would
trigger telomeric recombination or cell death. Together,
this results in rapid and dramatic telomere elongation rela-
tive to full loss-of-function alleles (Fig. 6, bottom).
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Beyond the specific roles of POT1 mutations in telo-
mere length regulation, the results of our deep scanning
mutagenesis provide a cautionary note for the annotation
of clinical variants of unknown significance. As tools for
precise genome engineering continue to improve, parallel
evaluation of thousands of disease-relevant single-nucleo-
tide variants is becoming not only feasible but common
practice (Li et al. 2024; Huang et al. 2025; Sahu et al.
2025). However, the persistence of carcinogenic variants
within our POT1 screen emphatically demonstrates that
variant annotation does not stop at dropout, even with
cellularly essential genes. For many diseases, proper vari-
ant annotation will require looking beyond cellular
survival.

Materials and methods

Human embryonic stem cell culture

Pluripotent stem cell research was approved under 2012-
12-024 by the Stem Cell Research Oversight Committee
at the University of California, Berkeley. WIBR3 hESCs
(National Institutes of Health stem cell registry #0079)
(Lengner et al. 2010) were cultured on 4.1x 10° cm™ of
irradiated mouse embryonic fibroblasts (MEFs) in hPSC
medium (Dulbecco’s modified Eagle medium/nutrient
mixture F-12 [DMEM/F12], 20% knockout serum re-
placement, 1x nonessential amino acids [NEAA], 1 mM
glutamine, 1x penicillin/streptomycin, 0.1 mM B-mercap-
toethanol, 4 ng/mL heat-stable basic fibroblast growth
factor). The media was changed daily, and cells were pas-
saged weekly with 1 mg/mL collagenase IV.

POT1 Frame-Shift

Telomere Elongation
« Dysregulated (Under ATR Inhibition)

Fill-in DNA Damage Response;
Synthesis? Recombination;

Cell Lethality }

caPOT1 Mutation

’ Telomerase

I) Extreme
Telomere Elongation

t Mild DNA
Damage Response

Figure 6. Model of POT1 interactions and telomere end homeostasis in a POT1 haploid setting. (Top Ieft) Under wild-type conditions,
POT]1 represses ATR-mediated DDR, and telomere length homeostasis is maintained. (Top right) In POT1 frameshift mutations, ATR
signaling is highly activated and results in cell death unless inhibited by ATRj; fill-in synthesis occurs but may be dysregulated, and telo-
meres elongate. (Bottom) In the case of caPOT1 mutations, ATR signaling may be partially activated, but DNA damage responses are
mild; POT1 repression of telomerase activity is diminished, and fill-in synthesis is unaffected. A subclass of caPOT1 mutants retains
or gains telomere length-promoting activity so telomeres elongate more dramatically and rapidly than frameshift alleles.
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During screening, cells were cultured feeder-free using
Matrigel-coated culture dishes and MEF-conditioned
hSPC media (DMEM/F12, 20% knockout serum replace-
ment, 1x (NEAA, 1 mM glutamine, 1x penicillin/strepto-
mycin, 0.1 mM B-mercaptoethanol plated onto 4.1 x 10°
cm~? of irradiated MEFs for 24 h; harvested; and supple-
mented with 10 ng/mL heat-stable basic fibroblast growth
factor). The media was changed every other day. Cells
were single-cell-passaged weekly using Trypsin 0.25%
EDTA, which was inactivated using 5% fetal bovine se-
rum (FBS) added to the hPSC medium. The day before
and the day after passage, the medium was supplemented
with 10 pM Y27632 to increase cell survival.

Nucleofection of hESCs

hESCs cultured on MEFs were detached from feeder cells
by treatment with 1 mg/mL collagenase IV for 20-30 min.
Colonies were then suspended using hSPC wash media
(DMEM/F12, 5% FBS, 1x penicillin/streptomycin) and
then sedimented twice for 5 min at room temperature to
remove MEF carryover. Following aspiration of the wash
media and wash with phosphate-buffered saline (PBS),
cells were dissociated to single cells by incubation with
Accutase for 5 min at 37°C. Dissociated cells were washed
with 10x volume of wash media, pelleted, resuspended in
PBS, and counted.

Nucleofection was performed as described by Li et al.
(2024). Briefly, 0.5 million—1 million hESCs were pelleted
and resuspended in 20 uL of Lonza P3 nucleofection re-
agent, mixed with preassembled Cas9/sgRNA RNP with
or without 100 pmol ssDNA oligo pool HDR donor tem-
plates, and nucleofected using program CA137 on Lonza
nucleofector 4D.

Gene KO experiments were performed using multi-
guide gene knockout kit v2 (Synthego) targeting the spe-
cific genes of interest. Nucleofections were performed as
described above. Cells were assayed for TIFs 7 days after
nucleofection.

LoHAP generation

POT1 1oHAPs were generated as described by Li et al.
(2024). Briefly, sgRNAs were chosen based on specificity
scores (Hsu et al. 2013; Haeussler et al. 2016) and location
between 50 and 300 bp downstream from the transcrip-
tional end sites of POT1 and GRMS. After nucleofection,
cells are seeded onto 96 well plates at 1000 cells/well or
100 cells/well. After 12 days of outgrowth, cells were rep-
lica-plated, and the remaining cells were added to an equal
volume of 2x PCR-compatible lysis buffer (100 mM KCI,
4 mM MgCl,, 0.9% NP-40, 0.9% Tween-20, 500 pg/mL
proteinase K, in 20 mM Tris at pH 8). The cell lysate
was incubated overnight at 50°C and then heated for
10 min at 95°C to inactivate proteinase K. Cell clones
were genotyped using Sanger sequencing of a junction-
spanning PCR (PCR primers outside of the intended dele-
tion) and NGS of a SNP located intronically between ex-
ons 15 and 16 (HG38 chromosome 7: 124837128 A/G).
Primer sequences are listed in Supplemental Table S4.
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PCR was performed using either Titan or PrimeStarGXL
polymerase using 2 pL of the lysate. Wells of interest
with a single nucleotide remaining at a SNP were then fur-
ther subcloned by low-density seeding or manual picking
to ensure clonality.

Deep scanning mutagenesis

Mutagenesis was performed as described by Li et al.
(2024), with minor adjustments. Targeted designer muta-
tions were introduced with pools of 150-200 nt single-
stranded oligonucleotide HDR templates centered at the
CRISPR/Cas9 cut site. Oligo pools were purchased from
Integrated DNA Technologies (IDT). HDR templates
were designed with synonymous CRISPR/Cas9 blocking
mutations to increase integration efficiency; when syn-
onymous PAM-ablating mutations were not feasible,
sgRNA-blocking mutations were introduced proximal to
the cut site. All HDR templates contained a >2 nt change
relative to the wild-type sequence to distinguish designer
mutations from sequencing error.

Mutagenesis was performed by nucleofection into
1 million IoHAP cells as described above, with the inclu-
sion of 100 pmol of ssDNA oligo pool HDR donor tem-
plates. Immediately following nucleofection, cells were
pooled based on sgRNA cut site location into pools that
could be interrogated by a single sequencing amplicon
(141 total sgRNAs divided into 16 pools) and then divided
into three biological replicates derived from the same
nucleofection event. Each biological replicate was cul-
tured as described above and single-cell-passaged weekly
at a ratio of 1:20. The remaining cells were split between
two frozen cell stocks and two lysis tubes as described
above in “LoHAP Generation.”

Sequencing was performed by PCR amplification using
Takara GXL polymerase, and the cell lysis equivalent of
between 10,000 and 20,000 genomes were added per tech-
nical replicate. Between eight and 24 technical replicates
were performed per biological replicate until the number
of unique alleles detected was saturated. Amplicons
were purified using SPRI bead purification at the Univer-
sity of California, Berkeley, DNA Sequencing Facility,
i5/i7-barcoded, pooled, and run on 150 PE iSEQ for quality
control before NextSeq or NovaSeq X deeper sequencing
at the Center for Advanced Technology at University of
California, San Francisco. All sequencing primers, HDR
oligo templates, and sgRNA sequences are listed in Sup-
plemental Tables 4-6, respectively.

Frameshift analysis

For single-sgRNA experiments, NGS fastq files were ana-
lyzed with CRISPResso2 (Clement et al. 2019) to merge
reads, quality-filter, and separate alleles. Frameshift_ana-
lysis.txt outputs from CRISPResso2 were visualized into
bar plots using the Python library Matplotlib.

Data analysis—allele classification

For pooled sgRNA mutagenesis experiments, demulti-
plexed NGS fastq files from each technical replicate
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were initially analyzed using CRISPResso2 (Clement et al.
2019) to merge reads, quality-filter, and separate alleles
per technical replicates. Allele frequency tables were
then read into a custom Python script for further allele
classification. First, alleles that showed full HDR (defined
by complete integration of the HDR template) or partial
HDR (defined by integration of the HDR template to
one side of the predicted cut site) were identified. Next,
cut site positions for all sgRNAs in the amplicon were
used to define editing windows +2 nt from any cut site po-
sition. Lesions not extending from these cut site positions
were filtered out, and any single nucleotide substitutions
not at cut sites and not generated by HDR were deter-
mined to be PCR error and corrected to wild type. Any al-
leles showing only a single nucleotide change (insertion,
deletion, or substitution), alleles that were PCR-corrected
to wild type, alleles showing multiple editing events, and
alleles containing insertions were excluded from the anal-
ysis. The remaining alleles were translated in silico and
collapsed based on the proposed protein changes.

Following allele classification, technical replicates were
summed per amplicon, and only alleles with an overall al-
lele frequency of >1x107® were retained. Alleles were
then normalized to read depth to generate allele frequen-
cies and then their respective week 1 samples to calculate
fold change. To calculate log, fold change and enable visu-
alization of alleles that were completely depleted (and
thus had a fold change of 0), 0.001 was added to all fold
change values before applying the log,. Heat maps, dot
plots, and other visualizations were generated using Mat-
plotlib and Seaborn.

Alleles were then scored based on two metrics as
follows:

Persistence/depletion scoring: To account for in-
creased variance at lower allele frequencies, log, fold
change for each biological replicate was plotted against
week 1 allele frequency, and the 95th or 5th percentile
was calculated for frameshifts or synonymous mutants,
respectively (as shown in Supplemental Fig. S1F), using
a scanning window of 180 data points. Curves were fit
to these percentile graphs using the scipy optimize.cur-
ve_fit module. Alleles were then classified based on
these curves: For each biological replicate falling below
the curve defined by the synonymous mutations, a
depletion score of +1 was added, to a maximum of 3
(three biological replicates). Similarly, replicates above
the frameshift curve were awarded a persistence score
of +1, to a maximum of 3.

Statistical comparison: All alleles present in at least
two biological replicates were statistically compared
with the 180 synonymous and frameshift alleles closest
to the same week 1 allele frequency. As frameshift al-
leles did not show a normal distribution, Wilcoxon
rank sum was used to determine whether the allele fell
significantly above the frameshift distribution and sig-
nificantly below the synonymous distribution. Alleles
that were not significantly depleted compared with the
synonymous mutations were classified as persistent. Al-
leles that were not significantly enriched compared with
the frameshift alleles were classified as depleted. Alleles
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significantly different from both were classified as
hypomorphs.

Structural visualization

A Python script was used to map log, fold change in allele
frequency onto the PDB file B-factor column. Structural
predictions were performed using AlphaFold2 through a
local installation of Colabfold 1.2.0 (Mirdita et al. 2022),
running MMseqs2 (Mirdita et al. 2019) for homology
searches and AlphaFold2-Multimer (Evans et al. 2022)
for the prediction. Models were visualized in ChimeraX
(Goddard et al. 2018). PDB IDs are included in the figure
legends.

TIF staining

Cells were plated on Matrigel-coated (Corning) pheno-
plate-96 imaging plates (Revvity) at a seeding density of
~20,000 cells/well 24 h prior to fixation with 4% parafor-
maldehyde for 10 min at room temperature. Following a
wash in 1x PBS, cells were permeabilized in 0.1% Triton
X-100 for 15 min at room temperature before an additional
wash in 1x PBS and 15 min blocking in blocking buffer
(3% BSA +5% horse serum, 0.1% Tween-20 in PBS) at
room temperature. Primary antibody (anti-TRF1 at 1/
10,000, anti-TRE2 at 1/2000, anti-yH2AX at 1/2000,
anti-53BP1 at 1/2000, anti-RPA32 s33 at 1/2000, and
anti-FANCD?2 at 1/2000) and secondary antibody (Alexa
488 antimouse IgG at 1/2000 and Alexa 546 antirabbit
IgG at 1/1000) staining occurred consecutively for 1 h
each at room temperature. All antibodies were diluted in
blocking buffer as described above. Nuclei were stained
with 0.05 pg/mL DAPI (Sigma-Aldrich) in PBS for 15
min at room temperature. Cells were washed twice in
1x PBS with 0.1% Tween-20 after each step of staining:
primary, secondary, and DAPL

For non-S-phase EdU incorporation assays, cells were
treated with 10 uM R0-3306 (Sigma-Aldrich) 24 h prior
to fixation, and 10 uM EdU was added 2 h prior to fixation.
Staining was performed using the Click-iT Plus EdU
Alexa fluor 647 imaging kit (Thermo Fisher Scientific)
per the manufacturer’s instructions prior to the com-
mencement of additional immunofluorescent staining
as outlined above.

All immunofluorescent images were captured using an
Opera Phenix high-content imager with a 63x objective.
Analysis was done using Harmony software (Revvity).
Z-stacks were maximum image-projected, and TIFs were
called based on >50% overlap of telomere and DDR spots.

Metaphase spreads/FISH

Cells were treated with colcemid at 100 ng/mL for 1.5 h,
collected using trypsin, and incubated at 37°C in pre-
warmed 75 mM KCI. The cells were spun down, and the
KCl was removed. Under agitation, cells were slowly re-
suspended in a fixative of 3:1 methanol:acetic acid and
stored overnight at 4°C. Next, cells were spread dropwise
onto cold, wet microscope slides and washed twice with 1
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mL of 3:1 methanol:acetic acid solution. The slides were
then air-dried and aged overnight at room temperature.
Slides were washed with PBS and then dehydrated in an
ethanol series. Each slide received 100 uL of hybridization
mixture, was denatured for 5 min at 80°C, and then was
hybridized overnight with Cy3 Tel-C probes (PNA Bio)
and centromeric PNA probes (PNA Bio) at 4°C in a hybrid-
ization chamber. The next day, the slides were washed
twice with 70% formamide, 10 mM Tris-HCI (pH 7.2),
and 0.1% BSA solution and then twice with 0.1 M Tris-
HCI (pH 7.2), 0.15 M NaCl, and 0.08% Tween, with
DAPI (diluted 1:1000 from 5 mg/mL stock) added to the
second wash. Coverslips were mounted with ProLong
Gold antifade mountant (Thermo Fisher Scientific). All
metaphase spreads were imaged on a Nikon Eclipse
TE2000-E epifluorescent microscope equipped with an
Andor Zyla sCMOS camera.

Alkaline phosphatase staining

After media was removed from hESCs grown on feeders,
the plates were washed once in PBS and then treated
with cold 4% PFA for 10 min at room temperature. The
cells were then washed twice with PBS, and then 100
mM Tris-HCl (pH 9.5) was balanced in and left for
10 min at room temperature. One drop of each reagent
from the Vector red alkaline phosphatase substrate kit I
(Vector Laboratories) was added to 6 mL of 100 mM
Tris-HCl and then added to the cells. Cells were developed
in the dark for ~20 min at room temperature until the de-
sired staining intensity was reached. Cells were washed
once more and stored in PBS.

High-throughput imaging and a Bayesian
regression model

Stabilized POT1 mutant pools (14 days after editing) were
single-cell-dissociated and seeded onto 96 well plates us-
ing the Tecan Fluent liquid handler at a concentration of
30 cells/well based on an empirical 30% single-cell sur-
vival rate. The medium was changed every 3 days using
Biotek EL406. At day 14, cells in each well were single-
cell-dissociated and split evenly into three parts using
Tecan Fluent. Part 1 was replated onto new MEF plates
for maintenance, part 2 was mixed with 2x lysis buffer
to generate gDNA lysis and then NGS-genotyped as de-
scribed above, and part 3 was replated onto Matrigel-coat-
ed plates to generate the first batch of samples for imaging.
The maintenance plates were then split the same way on
day 21 to generate a second batch of samples for imaging.
Both imaging samples were fixed 3 days after plating,
immunostained for TIFs, and imaged as described above
to measure the number of TIFs per cell. The TIF data
from both imaging batches were combined, and the fre-
quency of TIF* cells per well was calculated using TIF* cri-
teria >10 TIF loci/cell. To reduce noise, wells that yielded
<20 cells in imaging or failed in NGS genotyping were re-
moved, and alleles that exhibited a frequency of <1% in all
wells were binned into one low-frequency entry. The pre-
processed allele frequency matrix and corresponding TIF*
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frequency array were then used as input for a Bayesian re-
gression model with a predefined assumption that the co-
efficients of all alleles followed a p distribution (a=1and b
=9) because the majority of alleles, including all synony-
mous mutations, did not lead to TIF*. Scripts for allele
classification and Bayesian regression are available on
GitHub.

Clonal isolation

Nucleofected cells were seeded onto 96 well plates at 10,
30, or 100 cells/well; alternatively, mutant pools were
seeded at one, three, or 10 cells/well in hPSC medium
with 10 pM Y27632. On day 12, plates were duplicated
to generate gDNA lysis and then NGS-genotyped as de-
scribed above. Wells that showed only one allele (>99 % al-
lele frequency) were expanded and genotype-confirmed to
establish clonal cultures. To isolate frameshift mutations,
the medium was supplemented with 1 M AZD6738
ATRI.

Intragenic synthetic lethality

Each clone as well as the parental loHAP cells and diploid
wild-type WIBR3 hESCs were nucleofected with a single
sgRNA and accompanying ssDNA HDR oligopool as de-
scribed above and then cultured and sampled according
to the deep scanning mutagenesis protocol. Allele classifi-
cation was performed as described previously.

ATM/ATR inhibition

POT1 loHAP cells were nucleofected as described above
and then immediately split into three biological replicates
per six conditions with hPSC media supplemented as fol-
lows: unsupplemented control, mock (0.1% DMSO), 1 uM
AZDO0156 ATMi, 1 uM AZD1390 ATMi, 10 uM VES821
ATR}, or 1 yM AZD6738 ATRI. Cells were cultured and
sampled as described for 2 weeks before frameshift analy-
sis was performed.

ATRi withdrawal

Synonymous and frameshift mutants maintained under
ATRi were single-cell-dissociated using Accutase and
seeded onto Matrigel-coated 96 well plates at 4000 cells/
well with triplicates in hPSC medium with or without
ATRI. Cells were fixed on day 5 using 4% PFA, stained
with DAPI, and then imaged and counted on Celigo
(Revvity).

Telomere length detection

Genomic DNA was prepared as described previously
(Hockemeyer et al. 2005). Briefly, genomic DNA was di-
gested with Mbol, Alul, and RNase A overnight at 37°C.
The resulting DNA was normalized, and 2 pg of digested
DNA was resolved by standard gel electrophoresis either
on a 0.75% agarose (Seakem ME agarose, Lonza) gel or
on a 1% pulse-field gel at 6 V/cm in 0.5x TBE for 12 h



with an initial switch time of 1 sec and a final switch time
of 6 sec using the CHEF DRIII pulse-field apparatus (Bio-
Rad). Subsequently, gels were stained with ethidium bro-
mide to confirm equal loading, dried under vacuum for 2 h
at 50°C, denatured in 0.5 M NaOH and 1.5 M NaCl for
30 min at 25°C with shaking, and neutralized with 1 M
Tris (pH 6.0) and 2.5 M NaCl twice for 15 min at 25°C
with shaking. Next, the gel was prehybridized in Church’s
buffer (1% bovine serum albumin [BSA], 1 mM EDTA,
0.5 M NaPo4 at pH 7.2, 7% SDS) for 1 h at 55°C before add-
ing a 3?P-end-labeled (CCCTAA); telomeric probe. The
gel was washed three times for 30 min in 4x SSC at
50°C and once for 30 min in 4x SSC+0.1% SDS at 25°C
and then exposed on a phosphorimager screen.

Conditional CTC1 Ioop-out

Conditional CTCI cell lines were generated in WIBR3
hESCs (National Institutes of Health stem cell registry
0079). Exon 5 deletion (Supplemental Fig. S8A, step 1)
was generated via electroporation of CTC1 guide RNAs
1 and 2, which were cloned into a pX330 vector backbone.
Cells were clonally isolated and genotyped to identify het-
erozygous CTC1%/* clones. The repair template, consist-
ing of a LoxP-flanked exon 5 alongside an FRT-flanked
PGK-PURO cassette, was inserted (Supplemental Fig.
S8A, step 2) by electroporation of CTC1 guide 3, which
targeted the junction on the A allele. After puromycin se-
lection and clonal genotyping of successful CTC14Pwo/*
clones, the PGK-PURO cassette was removed (Supplemen-
tal Fig. S8A, step 3) via transfection with Flp mRNA to gen-
erate CTC1%/* cells. Next, the remaining wild-type allele
was removed (Supplemental Fig. S8A, step 4) by retargeting
cells with CTC1 guide 1 and guide 2, generating CTC1%/~
cells. A CAGGS-ERT2-Cre-ERT?2 expression cassette was
then integrated at the AAVSI locus in both CTC1¥/* and
CTC1%/~ cells. To loop out the conditional CTC1 allele,
cells were treated with 2 uM 4-hydroxytamoxifen for 48 h.

CTC1 and SHLD]1 targeting in POT1 FS and Syn cells

POT1 frameshift and synonymous cells under ATRi were
targeted with two sgRNAs targeting exon 5 of CTC1 or
one sgRNA targeting exon 1 of SHLDI1. Nucleofection
and clonal isolation were performed as described in the re-
spective sections above. On day 19 after nucleofection,
the CTCI targeted plates duplicated on day 12 were fixed
and stained with hNA and DAPI as outlined above in “TIF
Staining.” Cells were imaged and analyzed with a Celigo
imager. A bulk-nucleofected population was kept in cul-
ture concurrent with the clonal plates and then seeded
at one, three, and 10 cells/well 14 days after nucleofection
to clonally isolate cells at a later time point. These later
time point clones were lysed and genotyped 26 days after
nucleofection.
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