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Appropriate repair of damaged DNA and the suppression of DNA damage
responses at telomeres are essential to preserve genome stability. DNA

damage response (DDR) signaling consists of cascades of kinase-driven
phosphorylation events, fine-tuned by proteolytic and regulatory ubiquitina-
tion. It is not fully understood how crosstalk between these two major classes
of post-translational modifications impact DNA repair at deprotected telo-
meres. Hence, we performed a functional genetic screen to search for ubi-
quitin system factors that promote KAP1**** phosphorylation, a robust DDR
marker at deprotected telomeres. We identified that the OTU family deubi-
quitinase (DUB) OTUD5 promotes KAP1%¥?* phosphorylation by facilitating
ATM activation, through stabilization of the ubiquitin ligase UBRS5 that is
required for DNA damage-induced ATM activity. Loss of OTUDS impairs

KAP1%¥2* phosphorylation, which suppresses end-joining mediated DNA repair
at deprotected telomeres and at DNA breaks in heterochromatin. Moreover,
we identified an unexpected role for the heterochromatin factor KAP1 in

suppressing DNA repair at telomeres. Altogether our work reveals an impor-
tant role for OTUDS and KAP1 in relaying DDR-dependent kinase signaling to

the control of DNA repair at telomeres and heterochromatin.

Under constant exposure to both environmental and endogenous
sources of DNA damage, efficient repair of DNA lesions is essential to
the maintenance of genome integrity'. Paradoxically, in particular
genomic contexts, such as telomeres, activation of DNA repair
mechanisms instead leads to chromosomal aberrations and genomic
instability’. Telomeres are specialized nucleoprotein structures loca-
ted at the natural ends of chromosomes. They consist of kilobases of
TTAGGG DNA repeats and serve to counteract the gradual erosion of
chromosomal ends upon each cycle of DNA replication®*. Telomeres
are bound and protected by shelterin, a six-unit protein complex that
prevents misrecognition of telomeres as DNA double-strand breaks
(DSBs) and unwanted activation of DNA repair pathways®. Shelterin
blocks DDR signaling and DNA repair in large part through promoting
the formation of a telomere-loop (t-loop) and inhibiting the

accessibility of telomeric DNA to components of the DDR machinery’.
In the absence of shelterin function, deprotected telomeric DNA ends
trigger DDR signaling that induces both cellular senescence and DNA
repair reactions that result in chromosome end-to-end fusions®"°. Such
fusions are a major threat to chromosomal stability, particularly in cells
escaping from senescence.

The signaling pathways involved in the DDR at dysfunctional tel-
omeres share significant similarities with that of DNA DSBs. The DDR is
initiated by the recognition of DSBs or deprotected telomeres by the
MRE11-RAD50-NBS1 (MRN) complex, followed by the activation of ATM,
the primary kinase responsible for DDR signaling in DSB repair™2. While
the precise mechanisms underlying ATM activation are still not fully
understood, activated ATM phosphorylates several downstream tar-
gets, including p53, CHK2, H2A.X, and KAP1 (also known as TRIM28 or
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TIF1B)“ . These phosphorylation events lead to cell cycle arrest, local
chromatin remodeling, and recruitment of essential repair factors,
ultimately enabling the repair process. In particular, phosphorylation of
KAP1 has been shown to be functionally indispensable for the repair of
DSBs, specifically at heterochromatin'*%, KAPL, in its native, SUMOy-
lated state, serves as a critical heterochromatin scaffolding factor that
promotes transcriptional repression and chromatin condensation via its
interaction with various chromatin remodelers. In the presence of DSBs,
the normally SUMOylated KAP1 is phosphorylated by ATM in a manner
facilitated by 53BP1, RNF8 and MDCI1, and exhibiting a pan-nuclear
phosphorylation pattern®, Phosphorylation of KAP1 triggers temporary
decompaction of heterochromatin in a CHD3-dependent manner, and
facilitates DNA repair in an otherwise restrictive environment®.

While the DDR signaling cascade is primarily dictated by the flow
of signals in the form of protein phosphorylation, post-translational
modifications by ubiquitination streamlines DDR signaling by orches-
trating protein turnover, chromatin remodeling, and recruitment of
repair factors?®?. Accordingly, key roles in the DDR have been
assigned to multiple ubiquitin-system factors. However, the full com-
plexity of how the phosphorylation and ubiquitination systems toge-
ther orchestrate the DDR, and especially at telomeres, is still unknown.
Here we addressed this by performing a functional genetic screen
targeted at identifying ubiquitin system factors that promote DDR
activation at deprotected telomeres, using ATM-dependent phos-
phorylation of KAP1 at its Ser-824 residue (KAP1°*?*) as the readout.

Through this screen, we identified the OTU-family deubiquitinase
(DUB) OTUDS as a promoter of DDR activation at deprotected telo-
meres. OTUDS is a phospho-activated DUB that preferentially cleaves
K48- and K63-linked poly- and di-ubiquitin chains in vitro**. Together
with the ubiquitin ligase UBRS5, OTUDS has been linked to the process
of transcriptional suppression at damaged chromatin but has so far
not been directly implicated in the regulation of DDR signaling and
DNA repair at telomeres™.

We find that OTUDS5 promotes ATM-mediated phosphorylation of
KAP1%?* in response to telomere deprotection, as well as in response to
genome-wide, ionizing radiation (IR)-induced DNA damage. This is
dependent on the ability of OTUDS to stabilize UBRS, previously impli-
cated in ATM activation by alleviating ATMIN-dependent inhibition on
ATM in response to DSBs¥. In addition to its role in promoting the
signaling axis of the DDR, we found that OTUDS promotes the efficiency
of DNA repair exclusively at telomeres and heterochromatin, but not in
general, non-specific chromatin contexts. Such facilitation is indepen-
dent of ATM-driven recruitment of 53BP1 and RIF1, as the localization of
these NHEJ factors to deprotected telomeres is either unaffected or only
marginally compromised upon loss of OTUDS. Instead, we reveal that
defective KAP1%** phosphorylation is the crucial underpinning step that
hinders DNA repair at telomeres in cells lacking OTUDS, as ectopic
expression of phosphomimic KAP1¥** is sufficient to restore telomeric
NHEJ in OTUD5-depleted cells. This shows that the residual ATM activity
in OTUDS-deficient cells is inadequate to support sufficient phosphor-
ylation of KAPI***, a key step in DNA repair in KAP1-rich genomic
environments such as the telomeres and heterochromatin, thereby
translating into a repair defect specifically in these regions. Moreover, by
genetic inactivation of KAP1, we identify an unanticipated role for KAP1
in telomere protection by restricting NHEJ at deprotected telomeres.

Altogether, our work identifies OTUDS as a key contributor to
DDR signaling and DNA repair at deprotected telomeres and hetero-
chromatin and points at KAP1 as a critical determinant of end-joining
mediated repair efficiency at dysfunctional telomeres.

Results

A functional genetic screen identifies ubiquitin system factors
that promote DDR activation at deprotected telomeres

In mammalian cells, loss of function of TRF2, a core component of the
shelterin complex, causes telomere deprotection, triggering DDR

signaling at telomeres. A well-characterized experimental system for
studying DDR activities at telomeres is a Trf27";p53”" mouse embryonic
fibroblast (MEF) cell line that expresses the temperature-sensitive
TRF2%%%A mutant (TRF2ts)”. At the permissive temperature (32°C),
TRF2ts functionally complements the loss of endogenous TRF2 and
keeps telomeres in a protected state. However, at non-permissive
temperatures (37-39°C) TRF2ts is inactivated, causing rapid and
synchronous telomere deprotection and telomere-specific DDR acti-
vation (Fig. 1a). We exploited this system to gain understanding on the
requirements of ubiquitin system factors for efficient DDR activation
at deprotected telomeres. We designed a fluorescence-activated cell
sorting (FACS)-based functional genetic screen in TRF2ts MEFs that
allows identification of factors with a critical role in the activation of
DDR signaling at deprotected telomers, so-called activators of the
telomere damage response (ATD). To circumvent complications to
DDR dynamics from cells being in different cell cycle phases, we used
TRF2ts MEFs modified with the Fluorescent Ubiquitination-based Cell
Cycle Indicator (FUCCI) system” to isolate Gl cells for detection of
DDR activation.

DDR signaling at TRF2-deprotected telomeres is by at large an
ATM kinase-dependent process’. Amongst ATM substrates, pKAP1%82*
is strongly induced by telomere deprotection in TRF2ts MEFs*"%’, This
induction is also readily detectable by FACS, where a significant upshift
in pKAP1%%2* intensity could be detected after incubating TRF2ts MEFs
at 39°C for 3h (Fig. 1b). To validate the specificity of pKAP1%*
detection by FACS, we pretreated TRF2ts MEFs with an ATM inhibitor
or short hairpin RNA (shRNA) against ATM, before subjecting the cells
to telomere deprotection (Fig. Ic, d). Indeed, ablation of ATM activity
abolishes induction of pKAP1%?* by telomere deprotection. This rein-
forces that our FACS detection strategy specifically detects ATM-
dependent KAP1%%* phosphorylation at deprotected telomeres.

To conduct the screen, we infected TRF2ts-FUCCI MEFs in tripli-
cate with a lentiviral library of 609 shRNAs (pLKO.1-Puro) that target
123 ubiquitin system factors in mouse (Fig. 1e). By FACS, we selected
the top 5% G1 cells with lowest pKAP1%*** signal after telomere depro-
tection for 3h at 39 °C (Fig. le, Supplementary Fig. 1a). From this
population displaying impaired pKAP1%*** induction we extracted
genomic DNA, recovered shRNA sequences by PCR, and determined
the enrichment of shRNAs in this population, relative to the untreated
control cell population, by next generation sequencing and MaGECK-
RRA analysis®. Significantly enriched shRNA targets point at gene
candidates that are required for DDR activation following telomere
deprotection.

The ATD screen identified UBE2D3, UBE2M and OTUDS as the top
three ubiquitin system factors that promote KAP1%2* phosphorylation
at deprotected telomeres (Fig. 1f). UBE2D3 is a ubiquitin-conjugating
E2 enzyme of the UBE2D enzyme family that we recently found to
affect KAP1°%** phosphorylation in an independent study®, and hence
represents an internal positive control. UBE2M is an E2 enzyme of both
the ubiquitination and neddylation system, while OTUDS3, also known
as DUBA, is a DUB of the OTU (ovarian tumor) deubiquitinase family.

For validation, we individually depleted UBE2D3, UBE2M or
OTUDS in TRF2ts MEFs with multiple independent shRNAs that were
included in the screen and subjected them to telomere deprotection.
Indeed, depletion of all three targets significantly impaired KAP1%%%
phosphorylation upon telomere deprotection (Fig. 1g, h, Supplemen-
tary Fig. 1b, c). Due to the heavy involvement of UBE2M in the ned-
dylation pathway (being one of only two described E2 enzymes of the
neddylation system)®?, this study’s focus on ubiquitination system
factors, and given that E2 enzymes in general have more cellular tar-
gets than DUBs, we chose to further investigate the role of OTUDS.

OTUDS promotes ATM-dependent DDR signaling
For more specific and robust depletion of OTUDS in mechanistic stu-
dies we continued using CRISPR/Cas9-mediated gene knockout
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Fig. 1| ATD screen reveals ubiquitin system factors that promote KAP1%***
phosphorylation upon telomere deprotection. a Schematic illustration of
temperature-dependent telomere deprotection and telomeric DDR activation in
TRF2ts MEFs. Created with BioRender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license (b) Assessment of
pKAPI%%* in TRF2ts MEFs with (39 °C, 3 h) or without (32 °C) telomere deprotection
by immunofluorescent staining of pKAP1%** detected by FACS. ¢ Assessment of
pKAPT%%* in TRF2ts MEFs pretreated with DMSO or ATM inhibitor (ATMi), with
(39 °C, 3 h) or without (32 °C) telomere deprotection. For ATM inhibition, cells were
pretreated with 10 pM KU-55933 30 min before telomere deprotection. d. Assess-
ment of pKAP1%%* in ATM-depleted TRF2ts MEFs (shATM) and control (shScr), with
(39 °C, 3 h) or without (32 °C) telomere deprotection. e Workflow of the ATD
screen. Created with BioRender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license. f Graphical repre-
sentation of gene ranking of the ATD screen generated by MAGeCK-RRA analysis. A
full list of hits and corresponding p-values is included in Supplementary Data 1.

g Immunoblot analysis of pKAP1%** in OTUD5-depleted TRF2ts MEFs (shOTUDS
#55/#56/#58) and control (shScramble), untreated or treated with telomere

Cells with lowest pKAP1 signal

deprotection (TD; 39 °C, 3 h). Actin serves as loading control. Representative blot
from three independent experiments. h Quantification of pKAPI%*** intensities in
(g). Relative pKAP1 intensities were obtained by first correcting pKAP1%%** inten-
sities to the respective total KAP1 levels, followed by a normalization to the cor-
rected pKAP1%?* intensity in control (shScramble). Bars represent means + SEM.
Each dot represents one of three independent experiments. Statistical analysis was
performed according to one-way ANOVA with Dunnett’s multiple comparisons test.
i Immunoblot analysis of pKAP1%%2* in OTUD5-depleted TRF2ts MEFs (sgOTUDS g1/
g1B) and control (sgNT1), untreated or treated with telomere deprotection (TD;
37°C, 3 h). Actin serves as loading control. Representative blot from three inde-
pendent experiments. j Quantification of pKAP1%%?* intensities in (i). Relative pKAP1
intensities were obtained by first correcting pKAP1*** intensities to the respective
total KAP1 levels, followed by a normalization to the corrected pKAP1%%** intensity in
control (sgNT1). Bars represent means + SEM. Each dot represents one of three
independent experiments. Statistical analysis was performed according to one-way
ANOVA with Dunnett’s multiple comparisons test. Source data are provided as a
Source Data file.

approaches®. Depletion of OTUDS in TRF2ts MEFs with 2 independent
sgRNAs (g1, glIB) recapitulated the pKAP1%%* defect observed with
shRNA-mediated knockdown of OTUDS (Fig. 1i, j). To address whether
contribution of OTUDS5 to DDR activation extends beyond a telomeric
context, we challenged OTUDS-depleted human U20S cells with
ionizing radiation (IR) to induce genome-wide DSBs. Similar to its role
in the response to deprotected telomeres, we found that OTUDS is also
required for robust KAP1%%?* phosphorylation in response to genome-
wide DNA damage, as IR-induced KAP1%%* phosphorylation was sig-
nificantly reduced in OTUDS5-depleted cells (Fig. 2a, b).

We then investigated the mechanism underpinning the require-
ment of OTUDS for robust KAP1%** phosphorylation. We observed that
in addition to pKAP1°**, phosphorylation of other ATM kinase

substrates, including pCHK2"™® and yH2A.X, were also reduced upon
loss of OTUDS (Fig. 2¢), suggesting that ATM activity is compromised
in absence of OTUDS. In line with this, autophosphorylation of ATM on
Ser-1981 (pATM®®®), indicative of active ATM kinase, was significantly
reduced in OTUD5-depleted U20S cells and TRF2ts MEFs, while total
ATM levels remained unaltered (Fig. 2c, d, Supplementary Fig. 2a). This
suggests that OTUDS5 promotes ATM activation, and thereby supports
phosphorylation of its downstream targets, including KAP1, in the DDR
signaling cascade.

The Ser-177 and Cys-224 residues of OTUDS are critical to its
phospho-activation and catalytic activity, respectively*. To assess the
importance of these functional aspects of OTUDS in promoting KAP1%%*
phosphorylation, we performed complementation experiments with
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ectopic expression of OTUDS"', OTUD5A or OTUDS5“**, While
expression of sgRNA-resistant, codon-optimized OTUD5"T cDNA
restored KAPI*** phosphorylation in OTUDS-depleted cells, both
OTUD57A and OTUDS5?* expression failed to do so (Fig. 2e, f, Sup-
plementary Fig. 2b). Thus, both the DUB activity and the phospho-
activation of OTUDS are required for ATM-dependent DDR signaling.

OTUDS promotes end-joining mediated fusion of dysfunctional
telomeres

Loss of shelterin factor TRF2 results in processing of the deprotected
telomeres by ligase IV- and Ku-dependent classical non-homologous
end-joining (NHEJ), giving rise to chromosome-type telomere fusions
(abbreviated here as chromosome fusions)***. These fusions are
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Fig. 2 | OTUD5 promotes KAP1*** phosphorylation by enhancing ATM activa-
tion. a Immunoblot analysis of pKAP1%% levels in OTUD5-depleted U20S (sgO-
TUDS KO1/K03) and control (sgNT1), untreated or treated with ionizing radiation
(IR; 3 Gy, 30 min recovery at 37 °C). Actin serves as loading control. Representative
blot from three independent experiments. b Quantification of pKAP1%%2* intensity in
(a). Relative pKAP1 intensities were obtained by first correcting pKAP1%%?* intensities
to the respective total KAP1 levels, followed by a normalization to the corrected
pKAPI®®** intensity in control (sgNT1). Bars represent means + SEM. Each dot
represents one of three independent experiments. Statistical analysis was per-
formed according to one-way ANOVA with Dunnett’s multiple comparisons test
between samples. ¢ Immunoblot analysis of pATM*®! and downstream phospho-
substrates of ATM in OTUDS5-depleted U20S (sgOTUDS KO1/KO3) and control
(sgNT1), untreated or treated with ionizing radiation (IR; 3 Gy, 30 min recovery at
37°C). Actin and HSP90 serve as loading controls. Representative blot from three
independent experiments. d Quantification of pATM®®® intensity in (c). Relative
pATMS™®! intensities were obtained by first correcting pATM®® intensities to the
respective total ATM levels, followed by a normalization to the corrected pATMS"*%!

intensity in control (sgNT1). Bars represent means + SEM. Each dot represents one
of three independent experiments. Statistical analysis was performed according to
one-way ANOVA with Dunnett’s multiple comparisons test between samples.

e Immunoblot analysis of pKAP1%** levels in control (sgNT1) and OTUDS-depleted
(sgOTUDS KO3) U20S complemented with either empty-vector, wild-type OTUDS
(WT), phospho-dead mutant OTUDS%"7* (SA) or catalytic-dead mutant OTUDS?*
(CS) delivered with pCDH-Puro expression vector. Cells were untreated or treated
with ionizing radiation (IR; 3 Gy, 30 min recovery at 37 °C) as indicated. Actin serves
as loading control. Representative blot from three independent experiments.

f Quantification of pKAP1%** intensity in (e). Relative pKAP1%* intensities were
obtained by first correcting pKAP1%%?* intensities to the respective total KAP1 levels,
followed by a normalization to the corrected pKAP1%%?* intensity in control (sgNT1,
IR-treated). Bars represent means + SEM. Each dot represents one of three inde-
pendent experiments. Statistical analysis was performed according to one-way
ANOVA with Dunnett’s multiple comparisons test between samples. Source data
are provided as a Source Data file.

generated primarily in G1 phase and appear in metaphase spreads as
end-to-end fusions of both sister chromatids of one chromosome to
the sister chromatids of another chromosome. As OTUDS is required
for robust DDR activation at deprotected telomeres, we assessed
whether telomeric NHEJ also requires OTUDS. Indeed, depletion of
OTUDS significantly reduced the frequency of NHEJ-mediated chro-
mosome end-to-end fusions upon telomere deprotection in TRF2ts
MEFs, albeit to a lesser extent than direct inhibition of ATM with an
ATM inhibitor (KU-55963) (Fig. 3a, b). This indicates that OTUDS is
required for efficient NHEJ at telomeres. To address whether OTUDS is
required for NHEJ at deprotected telomeres similarly in human cells,
we depleted OTUDS in Hela cells harboring a doxycycline-inducible
shRNA against TRF2, where telomere deprotection can be induced by
doxycycline treatment®. Consistent with our results in TRF2ts MEFs,
ablation of OTUDS in these Hela cells significantly reduced both
telomere fusions and KAP1%2* phosphorylation upon doxycycline-
induced TRF2 loss (Fig. 3¢, Supplementary Fig. 3a, b). Furthermore, the
defect in telomeric NHEJ observed in OTUDS5-depleted cells is
not attributable to aberrant cell cycle progression, as OTUDS
depletion did not significantly perturb cell cycle distribution under
unchallenged or telomere deprotection conditions (Supplementary
Figs. 3c and 4a).

Besides via classical NHEJ, deprotected telomeres can also be
fused by microhomology mediated end-joining (MMEJ). This is
apparent in the absence of the core NHEJ factor Ku70 and, in parti-
cular, when not only the function of TRF2 is lost but also that of TRF1°,
To assess the impact of OTUDS on telomeric MMEJ, we depleted
OTUDS in TrfI”"Trf27;Ku70” ;p53" ;Cre-ER™ MEFs, and induced telo-
mere deprotection by Cre-mediated deletion of TRF1 and TRF2.
Although to a lesser extent than NHEJ-mediated fusions, also MMEJ-
mediated chromosome fusions were significantly reduced in OTUDS5-
deficient cells (Fig. 3d, e, Supplementary Fig. 3d, e). Taken together, we
conclude that OTUDS is required both for efficient NHEJ and for effi-
cient MMEJ at deprotected telomeres.

Having established that OTUDS promotes DNA repair by NHEJ and
MMEJ at telomeres, we assessed if the role of OTUDS in DNA repair
extends beyond a telomeric context, especially since we found OTUDS
to promote both telomere-specific and genome-wide DDR activation
in mouse and human cells. To determine the requirement of OTUDS5
for end-joining mediated DNA repair in a genome-wide context, we
assessed its impact on the NHEJ-dependent integration of a linearized
plasmid, randomly into the genome of U20S cells®”. Unlike loss of
MAD2L2, a well-established factor that promotes NHEJ both at telo-
meres and genome-wide”, loss of OTUDS did not significantly com-
promise NHEJ in this assay (Fig. 3f, g). In addition, we assessed the
contribution of OTUDS5 to NHEJ outside of a telomeric context in
HEK293T cells harboring a NHEJ-HR dual reporter system, in which the

efficiency of NHEJ can be measured by FACS*. Again, loss of OTUDS
did not significantly reduce NHE]J efficiency, in agreement with the
results of the random plasmid integration assay (Fig. 3h, Supplemen-
tary Figs. 3f and 4b). Altogether, this indicates that OTUDS is not
required for NHEJ in a general, nonspecific chromatin context, but
promotes end-joining mediated DNA repair pathways (both NHEJ and
MMEJ), in a context-specific manner, at telomeres.

OTUDS promotes ATM-dependent DDR activation by regulating
the UBR5-ATMIN axis

After establishing a role for OTUDS in promoting ATM-dependent DDR
and DNA repair at deprotected telomeres, we sought to further
understand the underlying regulatory circuit. OTUDS was previously
reported to play a role in transcriptional repression at damaged
chromatin by stabilizing the E3 ubiquitin ligase UBR5%. Independently,
UBRS has been reported to promote ATM activation by inhibiting
ATMIN, a negative regulator of DSB-induced ATM activity, through
non-degradative ubiquitination®. These previously established links
prompted us to hypothesize that OTUD5 promotes ATM-dependent
DDR and telomeric DNA repair in a UBR5S and ATMIN-dependent
manner. To test our hypothesis, we first assessed whether there is any
detectable interaction between OTUDS, UBRS5, ATMIN and ATM. We
ectopically expressed GFP-tagged OTUDS in HEK293T cells and per-
formed co-immunoprecipitation. Despite our expectation that OTUDS
interacts directly only with UBRS and interacts transiently and indir-
ectly with ATMIN and/or ATM, thereby posing a challenge for detec-
tion, we readily detected an interaction of OTUDS with all three
endogenous proteins (UBRS, ATMIN and ATM) (Fig. 4a).

Next, we assessed the potential functional involvement of UBRS in
OTUD5-promoted KAP1%** phosphorylation, by depleting OTUDS,
UBRS, or both in U20S cells. In line with previous findings in the
context of transcriptional repression, depletion of OTUDS5 led to
reduced levels of endogenous UBRS5 protein, both in the absence and
presence of IR (Fig. 4b). Upon IR, U20S cells lacking either OTUDS or
UBRS displayed reduced pKAP1** (Fig. 4b), revealing that not only
OTUDS, but also UBRS is important for efficient KAP1%** phosphor-
ylation upon DNA damage. Furthermore, depletion of OTUDS in UBRS-
deficient cells did not further aggravate the pKAP1%%** defect of these
cells, indicating that OTUDS and UBRS5 act in an epistatic manner to
promote KAP1%82* phosphorylation, by OTUD5 acting upstream of
UBRS to stabilize it. In further support of this, depletion of UBRS5 with
independent sgRNAs in TRF2ts MEFs recapitulated the KAP1%%?* phos-
phorylation defect displayed by OTUDS-depleted TRF2ts MEFs
(Fig. 4c). Moreover, loss of UBRS also significantly reduced telomere
fusions upon telomere deprotection (Fig. 4d, e, Supplementary
Fig. 5a). Of note, we observed that protein abundance of OTUDS is
elevated in UBRS-deficient cells (Fig. 4b, c). This could indicate some
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form of internal homeostasis in ubiquitination-mediated regulation of
protein stability between OTUD5 and UBRS.

UBRS is known to promote DSB-induced DDR by counteracting
ATMIN-mediated inhibition on ATM*. If OTUDS5 indeed promotes
ATM-dependent DDR and telomeric DNA repair through the UBR5-
ATMIN axis, ablation of ATMIN is expected to reverse the DDR defects

exhibited by OTUDS-depleted cells. To test this, we inhibited ATMIN
expression in OTUDS5-depleted TRF2ts MEFs by using 3 independent
shRNAs (#5, #24, #84) (Supplementary Fig. 5b). In line with our
hypothesis, depletion of ATMIN strongly and significantly rescued
both the KAP1%®?* phosphorylation defect and the telomere fusion
defect of OTUDS-depleted cells (Fig. 4f, g, Supplementary Fig. 5c).
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Fig. 3 | OTUDS promotes NHEJ and MME] preferentially at telomeres.

a Quantification of chromosome end-to-end fusions in control (sgNT1) and OTUDS-
depleted (sgOTUDS g1/g1B) TRF2ts MEFs with (37 °C, 36 h) or without (32 °C) tel-
omere deprotection. For ATM inhibition (ATMi), cells were pretreated with 10 uM
KU-55933 1 h before telomere deprotection. Bars represent means + SEM. Each dot
represents one of three independent experiments. Statistical analysis: one-way
ANOVA with Dunnett’s multiple comparisons test. b Representative images from
one of three independent replicates in (a). Scale bar represents 10 pm.

¢ Quantification of chromosome fusions in control (sgNT1) and OTUD5-depleted
(sgOTUDS KO1/KO3) HeLa doxycycline-inducible shTRF2 cells with (6 days dox-
ycycline, 2 ug/mL) or without (no doxycycline) telomere deprotection. For ATM
inhibition (ATMi), cells were pretreated with 10 pM KU-55933 1 h before telomere
deprotection. Bars represent means + SEM. Each dot represents one of three
independent experiments. Statistical analysis was performed according to one-way
ANOVA with Dunnett’s multiple comparisons test between samples. d Assessment
of chromosome fusions upon Cre-mediated TRF1 and TRF2 loss in OTUD5-depleted
(sgOTUDS gl/glB) Trfl ”;Trf2/;Ku707";Cre-ERT2 MEFs treated with 0.5 uM
4-hydroxytamoxifen (4-OHT) for 108 h. For PARP inhibition (PARPi), cells were
treated with 0.5 uM Olaparib 60 h before harvesting. The % fused chromosomes in

each sample is normalized to control (sgNT1). Bars represent means + SEM. Each
dot represents one of three independent experiments. Statistical analysis: one-way
ANOVA with Dunnett’s multiple comparisons test. e Immunoblot analysis of OTUDS
and UBRS in Trf1;Trf2//;Ku70™";Cre-ERT2 MEFs used in (d). Actin and HSP90 serve
as loading controls for OTUDS and UBRS respectively. Representative blot from
three independent experiments. f Assessment of NHEJ efficiency by random plas-
mid integration in control (sgNT1), OTUDS5-depleted (sgOTUDS5 KO1/KO3) and
MAD2L2-depleted (shMAD2L2) U20S cells. NHEJ scores in each sample are nor-
malized to control (sgNT1). Bars represent means + SEM. Each dot represents one of
three independent experiments. Statistical analysis: one-way ANOVA with Dun-
nett’s multiple comparisons test. g Immunoblot analysis for OTUDS and MAD2L2 in
U20S cells used in (f). Actin serves as loading control. Representative blot from
three independent experiments. h Assessment of NHE] efficiency (% BFP) in control
(sgNT1), OTUDS-depleted (sgOTUDS KO3), DNAPKi-treated (10 pM KU-57788) and
ATMi-treated (10 pM KU-55933) DSB-Spectrum_V1 reporter HEK293T cells. Bars
represent means + SEM. Each dot represents one of three independent experi-
ments. Statistical analysis: one-way ANOVA with Dunnett’'s multiple comparisons
test. Source data are provided as a Source Data file.

Furthermore, depletion of OTUDS did not further aggravate the telo-
mere fusion defect of ATM inhibitor-treated cells (Fig. 4h, Supple-
mentary Fig. 5d). Taken together, these results indicate that the
functional role of OTUDS in DDR activation and end-joining at dys-
functional telomeres relies on its control of the UBR5-ATMIN-ATM
regulatory axis.

OTUDS5 promotes telomeric end-joining by promoting KAP1%%*
phosphorylation

To further investigate the mechanism underlying the control of end-
joining mediated repair by OTUDS, we first considered the possibility
that OTUDS (in part) facilitates telomeric NHEJ by promoting the sta-
bility of the core NHEJ factor Ku80. This, since it has been reported that
OTUDS counteracts proteasomal degradation of Ku80 in certain cell
lines®. To address this, we assessed the protein levels of Ku80 in
OTUDS-depleted TRF2ts MEFs and U20S cells. However, contrary to
the previously reported finding in different cell lines, loss of OTUD5
did not lead to a reduction in Ku80 protein levels in MEFs or U20S
cells, regardless of DNA damage induction by IR or telomere depro-
tection (Supplementary Fig. 6a, b). Thus, OTUDS5 does not appear as a
critical regulator of Ku stability in the cell types of our study, in line
with that multiple E3s and DUBs have been implicated in controlling Ku
stability®**°. Moreover, destabilization of Ku80 is also unlikely to
explain the telomere end-joining defects in OTUDS5-depleted cells, as
OTUDS-depleted cells also display reduced telomere MMEJ in cells
deficient for TRF1, TRF2 and Ku70, where Ku80 is both dispensable
and absent. Additionally, destabilization of a pivotal NHEJ factor such
as Ku80 would impair global NHE] significantly, regardless of genomic
context, which is not what we observed for OTUDS-deficient cells.
Hence, we conclude that the impact of OTUDS on telomeric end-
joining in the cells and conditions of our assays, is not mediated via
changes in the level of Ku70/80.

At deprotected telomeres, ATM-dependent recruitment of
53BP1 is a critical determinant of NHEJ efficiency*. As OTUDS-
depleted cells display impaired ATM activation and ATM-dependent
DDR, it reasonably follows that 53BP1 recruitment could be com-
promised in these cells, giving rise to defective telomere NHEJ. To
address this, we measured co-localization of 53BP1 foci with telo-
meres by IF-FISH upon TRF2 inactivation in TRF2ts cells. While
treatment with an ATM inhibitor completely abolished the appear-
ance of 53BP1 telomere dysfunction induced foci (TIFs), OTUDS
depletion did not hinder 53BP1 accumulation at deprotected telo-
meres (Fig. 5a, Supplementary Fig. 6d). This indicates that the resi-
dual ATM activity in OTUD5-depleted cells is sufficient to support
efficient 53BP1 recruitment to dysfunctional telomeres, and that the

telomere end-joining defect in OTUDS5-depleted cells is not caused by
failed 53BP1 recruitment.

We next assessed the recruitment of RIF1 in response to telomere
deprotectionin OTUD5-depleted cells, by immunofluorescence. RIF1 is
akey NHEJ factor that is recruited to DSBs and dysfunctional telomeres
in an ATM and 53BP1-dependent manner and promotes end-joining by
restricting DNA end resection**™*. In line with previous findings, ATM
inhibitor treatment fully abolished RIF1 foci formation upon telomere
deprotection. On the other hand, RIF1 foci formation was only mildly
impaired in OTUDS-depleted cells, reaching statistical significance for
only one of the two sgRNAs (sgOTUDS gIB) used (Fig. 5b, Supple-
mentary Fig. 6e), thereby recapitulating only a fraction of the effect of
ATM inhibitor treatment. Similar to RIF1 foci, formation of yH2A.X foci
upon telomere deprotection was marginally compromised in cells
treated with sgOTUDS5 g1B and not significantly changed with the other
sgRNA (Supplementary Fig. 6c, f).

Despite that ATM activity was not compromised to an extent that
abolishes 53BP1 and RIF1 recruitment, the impairment in ATM-
dependent DDR signaling, especially that of KAP1** phosphoryla-
tion, is substantial. Hence, we next considered the possibility that
KAP1, the central factor of our screening approach, is itself of
key importance for how OTUDS5 promotes efficient DNA repair
activity at telomeres. KAP1 is known to be a heterochromatin scaffold
protein that orchestrates the formation and maintenance of
heterochromatin*®*’. At heterochromatic DSBs, KAP1 imposes a strong
hindrance on DNA repair by maintenance of a compact, non-
permissive chromatin state that deters DNA repair factors”%5,
ATM-dependent phosphorylation of KAPI1 is essential to potentiate
local chromatin decompaction to enable DNA repair, and ectopic
overexpression of a KAP1%¥#P phosphomimic mutant is able to fully
restore DNA repair efficiency at heterochromatic DSBs that is crippled
by ATM dysfunction. Although telomeres are not entirely hetero-
chromatic by consent***°, they are enriched in heterochromatin-
binding factors KAP1 and HP1 in both mouse and human cells™*?, and
telomere deprotection strongly triggers KAP1¥# phosphorylation.

To address the significance of KAP1 in telomere NHEJ, we first
individually, or in combination, depleted KAP1 and OTUDS in TRF2ts
MEFs and assessed telomere fusions upon telomere deprotection.
Strikingly, not only did depletion of KAP1 drastically enhance telomere
fusions, but it also completely abolished the telomere fusion defect of
OTUDS-deficient cells, indicating that OTUDS facilitates telomeric
NHEJ in a KAP1-dependent manner (Fig. 5c, d, Supplementary Fig. 7a).
To address the functional significance of KAP1%?* phosphorylation at
deprotected telomeres, we ectopically expressed the phosphomimic
KAP1%¥2*> mutant and assessed if this rescues the telomeric NHE] defect
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of OTUDS-depleted cells. Indeed, overexpression of KAP1¥*P restored
telomere fusion efficiency in OTUDS-depleted cells, while ectopic
expression of wild-type (KAP1"") failed to do so (Fig. 5e, f, Supple-
mentary Fig. 7b, c). From this, we conclude that KAP1 and KAP1%%**
phosphorylation play a prominent role in telomere NHEJ, and that
OTUDS facilitates telomere NHEJ by promoting ATM-dependent

KAP1¥** phosphorylation. Moreover, ectopic expression of phospho-
mimic KAP1®#*" also rescued the telomere MME] defect in OTUDS-
depleted TrfI”";Trf2"":Ku707 ;p537;Cre-ER™ MEFs (Fig. 5g, Supple-
mentary Fig. 7d, e). Together, these results indicate that the phos-
phorylation status of KAP1%?* is an important functional determinant
for end-joining efficiency (both NHEJ and MMEJ) at dysfunctional
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Fig. 4 | OTUDS-dependent promotion of KAP1*** phosphorylation and telo-
mere NHE] are epistatic with the UBR5-ATMIN axis. a Immunoblot analysis of
ATM, ATMIN, and UBRS levels upon immunoprecipitation of GFP-OTUDS in
HEK293T cells. Tubulin serves as loading control. Representative blot from three
independent experiments. b Immunoblot analysis of pKAP15%* [evels in OTUDS-
depleted (sgOTUDS KOL1), UBRS-depleted (sgUBRS KO1), OTUDS/UBRS double-
depleted and control (sgNT1) U20S cells, untreated or treated with ionizing
radiation (IR; 3 Gy, 30 min recovery at 37 °C). Actin serves as loading control for
KAP1 and OTUDS. HSP9O serves as loading control for UBRS. Representative blots
from three independent experiments. ¢ Immunoblot analysis of pKAP1%%?* levels in
UBRS5-depleted (sgUBRS gl/g2) and control (sgNT1) TRF2ts MEFs with (37 °C, 3 h) or
without (32 °C) telomere deprotection. GAPDH serves as loading control. Repre-
sentative blots from three independent experiments. d Quantification of chromo-
some fusions in control (shScramble) and UBRS-depleted (shUBRS) TRF2ts MEFs,
with (37 °C, 36 h) telomere deprotection. Bars represent means + SEM. Each dot
represents one of three independent experiments. Statistical analysis was per-
formed according to unpaired two-tailed Student’s t-test between samples as
indicated. e Immunoblot validation of UBRS depletion (shUBRS) in TRF2ts MEFs

used in (d). Tubulin serves as loading control. Representative blot from three
independent experiments. f Imnmunoblot analysis of pKAP1***, KAP1 and OTUDS in
control TRF2ts MEFs (sgNT1) and OTUDS5-depleted TRF2ts MEFs (sgOTUDS glb)
with or without ATMIN depletion (shATMIN #5/#24/#84) and subjected to telo-
mere deprotection. GAPDH serves as loading control. Representative blots from
three independent experiments. g Quantification of chromosome fusions in con-
trol (sgNT1) and OTUDS5-depleted (sgOTUDS glb) TRF2ts MEFs with or without
ATMIN depletion (shATMIN #5/#84) and subjected to telomere deprotection

(37 °C, 36 h). Bars represent means + SEM. Each dot represents one of three inde-
pendent experiments. Statistical analysis: one-way ANOVA with Dunnett’s multiple
comparisons test. h Quantification of chromosome fusions in control (sgNT1),
OTUDS-depleted (sgOTUDS glb) TRF2ts MEFs with (37 °C, 36 h) or without (32 °C)
telomere deprotection. For ATM inhibition, cells were pretreated with 10 pM KU-
55933 30 min before telomere deprotection. Bars represent means + SEM. Each dot
represents one of three independent experiments. Statistical analysis: one-way
ANOVA with Dunnett’s multiple comparisons test. Source data are provided as a
Source Data file.

telomeres and is the critical node through which OTUDS facilitates
telomeric DNA repair.

It has been reported that at DSBs in heterochromatic regions,
where KAP1 is enriched, the phosphorylation of KAP1 promotes DNA
repair by facilitating the displacement of the nucleosome remodeler
CHD3, thereby triggering transient chromatin decompaction®. To test
whether KAP1 phosphorylation promotes telomeric DNA repair in a
similar manner as it does at DSBs in heterochromatin, we quantified
telomere fusions at deprotected telomeres in TRF2ts MEFs depleted of
CHD3. However, unlike ablation of KAP1, we did not observe an
increase in telomere fusions in the absence of CHD3 (Supplementary
Fig. 8a, b). Besides indicating that CHD?3 is irrelevant to NHEJ of TRF2-
deprotected telomeres, this suggests either that KAP1 functions via a
different, potentially redundant, chromatin remodeler at telomeres, or
that the phosphorylation of KAP1 promotes NHE] at telomeres through
a mechanism independent of CHD3 or chromatin decompaction.

OTUDS is required for the efficient repair of IR-induced DNA
damage in heterochromatin

Given the role of OTUDS in DNA repair at dysfunctional telomeres by
promoting ATM-dependent KAP1%%?* phosphorylation, and the estab-
lished importance of KAP1%%* phosphorylation for repair of hetero-
chromatic DSBs"*¢, we investigated whether OTUDS also facilitates
DSB repair at heterochromatin. Hereto we tracked the rate of resolu-
tion of IR-induced yH2A.X foci associated with heterochromatic
chromocenters in NIH3T3 cells”. After induction of DSBs by IR, over
90% of induced yH2A.X foci associated with chromocenters were
resolved within 24 h (Fig. 6a-d, Supplementary Fig. 8c). In contrast,
and as demonstrated before”, cells pre-treated with ATM inhibitor
were inefficient in resolving heterochromatin-associated yH2A.X foci,
retaining 70% of induced foci after 24 h of recovery. OTUD5-depleted
cells also showed reduced resolution of YH2A.X foci, with ~40% of
heterochromatin-associated foci remaining unresolved at 24 h after IR,
indicating inefficient repair of DSBs at heterochromatic regions. Thus,
in addition to telomeres, OTUDS also plays a role in facilitating DNA
repair at heterochromatic regions, in line with the here uncovered role
of OTUDS in regulating KAPL.

Discussion

Ubiquitin system factors play a major role in orchestrating responses
to DNA damage®. The DUB OTUDS was previously shown to suppress
transcription at DNA breaks®. Using a novel screening approach, we
now revealed OTUDS as a prominent promotor of ATM activation and
ATM-dependent KAP1 phosphorylation, in response to both telomere
deprotection and genome-wide DSBs. Moreover, we found that
OTUDS5 promotes DNA repair at deprotected telomeres and at

heterochromatin. The role of OTUDS in transcriptional suppression
has been ascribed to its ability to stabilize UBRS. Indeed, we confirm
destabilization of UBRS upon loss of OTUDS. As independently, UBRS
was found to inhibit the interaction between ATM and ATMIN, a
negative regulator of canonical DSB-induced ATM activation®®, we
hypothesized that OTUDS5 may promote ATM-dependent DDR signal-
ing via stabilization of UBRS. Indeed, we found OTUDS to promote
ATM-dependent DDR signaling in a manner that is epistatic with UBRS,
dependent on its catalytic activity and involving ATMIN, supporting
that OTUDS acts via UBRS.

Early biochemical studies performed on OTUDS suggested that
phosphorylation at residue Ser-177 is vital for its DUB activity in vitro*.
Consistent with this, we showed that the phospho-activation of OTUDS
is indispensable to its function in promoting DDR signaling, as
phospho-dead OTUD5%7* failed to restore the pKAP1%* |evel in
OTUDS-depleted cells. This demonstrates the biological significance of
phospho-regulation to the functions of OTUDS in vivo. To date, little is
known about the kinases that phosphorylate OTUDS5, apart from
recent in vivo evidence that mTOR kinase promotes OTUDS stability
and activity via direct phosphorylation of multiple sites on OTUDS.
This in turns activates mTORCI1/2, thereby constituting positive feed-
back signaling®. It is conceivable that also in the DDR, an upstream
kinase phosphorylates OTUD5 to amplify DDR signaling through a
similar positive feedback mechanism. Of note, OTUDS contains mul-
tiple conserved SQ sites (S425, S497, S549) roughly within an SCD
domain (=3 S/TQ sites within 100 amino acids), which are features of
ATM/ATR kinase substrates®®”. This suggests the possibility that
OTUDS is directly phosphorylated by ATM to function as an amplifier
of ATM-dependent DDR signaling in a potential positive-feedback
circuit, resembling its role in mTOR signaling.

In the context of DNA repair, OTUDS has been suggested to pro-
mote NHEJ by counteracting the degradation of Ku80, a core NHEJ
factor, in certain cell lines*. Contrary to that work, we find in MEFs and
U20S cells that Ku80 stability is not compromised in the absence of
OTUDS. This indicates that in these cells OTUDS is not a critical reg-
ulator of Ku stability and that other DUBs, such as potentially UCHL3,
are dominantly responsible for stabilizing Ku*. In line with this, we did
not observe a significant defect in genome-wide NHEJ in OTUDS-
depleted cells, which would be expected from Ku70/80-deficient cells.
Instead, we propose that OTUDS facilitates DNA repair exclusively in
genomic regions that are particularly sensitive to ATM activity, such as
telomeres and heterochromatin®’, by promoting full DDR-induced
ATM activity via the UBRS-ATMIN axis.

Despite impaired ATM activation, recruitment of 53BP1 (and most
of RIF1) to deprotected telomeres, an ATM-dependent process’, is
unaffected in OTUDS5-depleted cells. We reason that the loss of OTUDS
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is insufficient to abolish all aspects of ATM function, and that the
residual ATM activity is sufficient to support 53BP1 (and RIF1)
recruitment. This indicates also that the cause of the end-joining defect
in OTUDS-deficient cells lies downstream of the end-joining promoting
activity of 53BP1. We demonstrate here that this is at the level of KAP1.
We show that pKAP1****, amongst other ATM targets, is an especially

sensitive and functionally important substrate that dictates NHEJ effi-
ciency at telomeres. The sensitivity of KAP1 phosphorylation to dis-
turbance in ATM activity is in line with previous observations stating
that KAP1 phosphorylation requires localized, concentrated ATM
activity'®, which may not be achieved in OTUD5-deficient cells. This
localized, concentrated ATM activity has been ascribed to hyper-
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Fig. 5 | OTUDS promotes end-joining at deprotected telomeres in a KAP1 and
pKAPI%*?*-dependent manner. Quantification of average 53BP1 (a) or RIF1 (b)
telomere dysfunction-induced foci (TIFs) per cell in OTUDS5-depleted TRF2ts MEFs
(sgOTUDS g1/g1B), untreated or treated with telomere deprotection (37 °C, 3 h),
compared to control (sgNT1) and ATM inhibitor (10 pM KU-55933)-treated cells. For
ATM inhibition, cells were pretreated with 10 uM KU-55933 30 min before telomere
deprotection. Statistical analysis was performed according to one-way ANOVA with
Dunnett’s multiple comparisons test. Each dot represents a data point from three
independent experiments. Assessment of telomere fusions in OTUD5-depleted
TRF2ts MEFs (sgOTUDS g1B) with or without KAP1 depletion. ¢ Immunoblot vali-
dation of KAP1 and OTUDS depletion in TRF2ts MEFs used in (d). Actin serves as
loading control. Representative blots from three independent experiments.

d Quantification of chromosome fusions in control (sgNT1), OTUD5-depleted,
KAP1-depleted, and OTUDS-KAP1 double depleted TRF2ts MEFs upon telomere
deprotection at 37 °C for 36 h. Bars represent means + SEM. Each dot represents
one of three independent experiments. Statistical analysis was performed
according to unpaired two-tailed Student’s t-test between paired samples as indi-
cated. e, f Assessment of telomere fusions in OTUDS-depleted TRF2ts MEFs

(sgOTUDS glB) with or without complementation of pLX304-V5-KAP1 (wildtype
(WT) or S824D). e Immunoblot validation of OTUDS depletion and V5-KAP1 (wild-
type (WT) or S824D) overexpression in TRF2ts MEFs used in (f). Actin serves as
loading control. Representative blots from three independent experiments.

f Quantification of chromosome fusions in control (sgNT1), OTUD5-depleted
(sgOTUDS glb) TRF2ts MEFs with or without complementary expression of V5-KAP1
(wildtype (WT) or S824D (SD)) upon telomere deprotection at 37 °C for 36 h. Bars
represent means + SEM. Each dot represents one of three independent experi-
ments. Statistical analysis was performed according to one-way ANOVA with
Dunnett’s multiple comparisons test. g Quantification of chromosome fusions in
control (sgNT1), OTUD5-depleted (sgOTUDS glb) Trfl 7;Trf2";Ku70™";Cre-ERT2
MEFs with or without complementary expression of V5-KAP1 (wildtype (WT) or
S824D (SD)) upon telomere deprotection by treatment with 0.5 pM 4-OHT for
108 h. Bars represent means + SEM. Each dot represents one of three independent
experiments. Statistical analysis was performed according to one-way ANOVA with
Dunnett’s multiple comparisons test between samples. Source data are provided as
a Source Data file.

accumulation of the MRN complex, mediated via the C-terminal BRCT-
domain of 53BP1'®, Although 53BP1 recruitment seemed unperturbed,
the reduced RIF1 foci in one of the OTUD5 KO cell lines suggest
incomplete phosphorylation of the 53BP1 N-terminus. It remains pos-
sible that incomplete ATM-dependent 53BP1 phosphorylation con-
tributes to the reduced KAP1 phosphorylation in OTUDS deficient cells.
Furthermore, telomere deprotection via TRF2 loss/inactivation strictly
triggers ATM activation as ATR activation remains inhibited via shel-
terin factor POTL’. This precludes phosphorylation of ATM substrates
via the ATR kinase, which has been shown to compensate for loss of
ATM in global NHEJ®®. This lack of compensatory KAP1 phosphoryla-
tion via ATR adds to the exquisite sensitivity of telomeric NHEJ to
disturbances in ATM activation. The need for robust KAP1 phosphor-
ylation at deprotected telomeres is evident in the impaired end-joining
observed in OTUDS5-deficient cells, where KAP1 phosphorylation is
lacking and end-joining at deprotected telomeres is restored upon
ectopic overexpression of phosphomimic KAP1.

The significance of KAP1¥** phosphorylation in telomeric DNA
repair shares similarities with its previously reported function in DNA
repair at heterochromatin'®”. Different from euchromatin, a sub-
stantial challenge for DNA repair at heterochromatin is its compact,
sterically non-permissive conformation. Without chromatin relaxa-
tion, it is difficult to repair DNA lesions at heterochromatin, as access
of DNA repair factors is restricted. Among ATM substrates, KAP1 is
central to heterochromatic DNA repair as KAP1°*** phosphorylation is
necessary for the eviction of CHD3 and other heterochromatin factors
from heterochromatin to achieve a relaxed conformation that is ben-
eficial to DNA repair®. Ablation of KAP1 or CHD3, or complementation
with a phosphomimic KAP1%%*?, is sufficient to bypass the requirement
of ATM, demonstrating a pivotal function for KAP1¥** phosphorylation
in facilitating heterochromatic DNA repair, by promoting local chro-
matin decompaction. Our data here reveal that DNA repair at telo-
meres phenotypically resembles that of heterochromatin prima facie,
in the sense that KAP1%%?* phosphorylation is required for efficient DNA
repair in both genomic contexts. However, intriguingly, it has been
reported that deprotected telomeres do not require, nor undergo,
chromatin decompaction for DNA repair to take place™*°, suggesting
that KAP1%%?* phosphorylation is unlikely to promote telomere end-
joining through decompaction of telomeric chromatin. In line with this
notion, contrary to KAP1 depletion, loss of CHD3 did not elevate tel-
omere fusion. This indicates that despite the mutual requirement of
ample KAP1 phosphorylation for DNA repair at heterochromatin and
deprotected telomeres, the underlying mechanism is likely different
for the two genomic contexts. Thus, the mechanism underlying the
requirement of KAP1 phosphorylation at deprotected telomeres, is not
immediately clear and requires further exploration in future studies.

One interesting possibility to investigate relates to the ability of
both KAPI1 and shelterin components TRF1 and TRF2 to interact with
nuclear lamina components®°*, The interaction of KAP1 with nuclear
lamina components has been postulated to contribute to the tran-
scriptional silencing of KAP1-associated heterochromatin, by tethering
heterochromatin to the nuclear lamina®>®. In a similar fashion, KAP1
may tether telomeric DNA to the nuclear lamina, in a way, involving
transcriptional control or not, that negatively impacts telomeric DNA
repair and is modulated by KAP1%?* phosphorylation. In addition, the
role of KAP1 in transcriptional silencing may also independently from
nuclear lamina interactions affect DNA repair, given the increasing
implications of RNA in DNA repair®. Alternatively, it is possible that
KAP1 phosphorylation serves to promote mobility of the damaged
ends, as both deprotected telomeres and heterochromatic DSBs have
been shown to have an increased mobility within the nucleus. This
increased mobility has been proposed to increase the chance of two
free DNA ends reconnecting*-*’.

In addition to the facilitation of telomeric DNA repair by KAP1%%*
phosphorylation, our data also indicates an unexpected protective
role of KAP1 at dysfunctional telomeres by inhibiting NHEJ, as direct
ablation of KAP1 considerably increased the frequency of telomere
fusion in the absence of TRF2 function. KAP1 and HP1 are hetero-
chromatin scaffold proteins that are enriched at heterochromatic
regions and serve as a recruitment hub for histone methyl-
transferases, deacetylases, and chromatin remodelers that act in
orchestration to promote the formation and maintenance of het-
erochromatic chromatin state. Despite the knowledge that KAP1 and
HP1 are enriched in the telomeric proteome in both human and
mouse cells™*, little is known about their functional roles at telo-
meres. Intriguingly, human telomeres were reported to not be enri-
ched in heterochromatic histone signatures like H3K9me3 or
H3K27me3*. Thus, it is enigmatic why these heterochromatin factors
are present despite that there is no heterochromatin to maintain. Our
data on KAP1 implies the involvement of heterochromatin factors in
the maintenance and protection of telomeres against unwarranted
DNA repair. This provides a plausible functional explanation for the
presence of heterochromatin factors at telomeres. It is worth
exploring through what mechanisms KAP1, and potentially HP1,
inhibit telomeric DNA repair, especially since KAP1 is frequently
upregulated in cancers, with correlation to enhanced invasiveness
and poor survival in patients®®’°. Further understanding on the link
between KAP1 and telomeres may potentiate advancement of our
understanding on telomere biology in cancers.

Altogether, our work identifies an important role for OTUDS in
promoting DDR and particularly KAP1%%* phosphorylation through an
OTUDS-UBRS-ATMIN-ATM axis. Loss of OTUDS confers a DNA repair
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Fig. 6 | OTUDS5 promotes DNA repair at heterochromatin. a Inmunoblot vali-
dation of OTUDS depletion (sgOTUDS g1/g1B) in NIH3T3 cells used in (b-d). Actin
serves as loading control. b-d Assessment of rates of resolution of IR-induced
YH2A X foci (total/chromocenter-associated) in OTUD5-depleted NIH3T3.

b Quantification of total yH2A.X foci in control (sgNT1), OTUDS5-depleted (sgO-
TUDS gl1/g1B) and ATM inhibitor-treated (ATMi, KU-55933, 10 pM, treated 30 min
before IR) cells at O (untreated), 0.5, 2, 24 h after IR (2 Gy). Bars represent

means + SEM. Each dot represents one of three independent experiments.

¢ Quantification of chromocenter-associated yH2A.X foci in control (sgNT1),
OTUDS-depleted (sgOTUDS g1/g1B) and ATM inhibitor-treated (ATMi; 10 pM KU-

55933) cells at O (untreated), 0.5, 2, 24 h after IR (2 Gy). Bars represent means + SEM.
Each dot represents one of three independent experiments. Statistical analysis was
performed according to two-way ANOVA with Dunnett’s multiple comparisons test.
d Quantification of the percentage of chromocenter-associated YH2A.X foci
remaining in control (sgNT1), OTUDS5-depleted (sgOTUDS g1/g1B) and ATM
inhibitor-treated (ATMi; 10 pM KU-55933) cells at 0.5, 2, 24 h after IR (2 Gy), indi-
vidually normalized to the respective amount of chromocenter-associated yH2A.X
foci at 0.5 h after IR (2 Gy). Bars represent means + SEM. Statistical analysis was
performed according to two-way ANOVA with Dunnett’s multiple comparisons test.
Source data are provided as a Source Data file.

defect most prevalent in regions enriched in KAP1, both at deprotected
telomeres and heterochromatic DSBs. In addition, our work points at
an unanticipated role of KAP1 in suppressing toxic end-joining activity
at dysfunctional telomeres, the mechanistic basis of which is inter-
esting to explore in future studies.

Methods

Cell Culture

HEK293T, U20S and NIH3T3 cells were obtained from ATCC. Trf2”;
p537;TRF2ts MEFs (TRF2ts MEFs) were generated from Trf2";p537
MEFs as previously described”. Trf2",;pS3”~ MEFs and TrfI”";Trf27;
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Ku707,;p537;Cre-ER? MEFs were obtained from T. de Lange'.
HEK293T cells harboring the DSB-Spectrum_V1 reporter system were a
gift from H. van Attikum®®. Hela cells with doxycycline-inducible
shTRF2 were a gift from J. Lingner®. All cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS, Sigma), 100 U mI™ penicillin, 100 pg mlI™ strep-
tomycin, and 2 mM -Glutamine (Gibco, Life Technologies), at 37 °C in
a humidified atmosphere with 5% CO,, except for TRF2ts MEFs, which
were cultured at 32°C. All cell lines were routinely tested for myco-
plasma contamination and scored negatively.

FACS-based detection of pKAP1%**

TRF2ts MEFs were trypsinized and resuspended in ice cold PBS/10%
FCS, centrifuged at 268 x g for 5min at 4 °C. Cells pellets were resus-
pended in 0.5ml ice-cold PBS and fixed while vortexing, by adding
dropwise 4.5 ml of ice-cold 100% methanol. Cells were then incubated
overnight at —20 °C before starting the staining. After adding 5 ml of
PBS, fixed cells were centrifuged for 5 min at 420 x g. Cell pellets were
resuspended in 500 ul PBS/0.5% BSA (PBA) and cells were permeabi-
lized with 0.1% Triton X-100/PBA on ice for 15 min, followed by 3
washes with PBA and incubation with anti-pKAP15%** antibody (1:250;
Bethyl A300-767A) for 3 h at room temperature. After 3 washes with
PBA cells were incubated with anti-rabbit Alexa 647 (1:5000, Invitrogen
A21246) for 1 h at room temperature. Cells were washed 3 times in PBA
and finally resuspended in PBA. FACS was performed with the
LSRFortessa Cell Analyzer (BD). FACS data were analyzed by FlowJo
10.4.2 software.

ATD screen

For the ATD screen, a tailored lentiviral shRNA library targeting 123
ubiquitin system factors was assembled from the Mission shRNA
library (Sigma). A full list of shRNAs is included in Supplementary
Data 2. Infected cells were selected by puromycin, split into triplicates
that were each cultured at 39 °C for 3 h and stained for pKAP1%%* as
described above. The total G1 cell population was FACS-sorted for the
5% cells with the lowest pKAP1 signal, from which the shRNA enrich-
ment was determined relative to the untreated control cell population.
Genomic DNA (gDNA) was extracted from the sorted cells using the
DNeasy Blood & Tissue Kit (Qiagen). A 2-step PCR recovery of shRNA
sequences from gDNA was performed using the Phusion polymerase
kit (NEB):

PCR 1:

Thermocycling conditions: (1) 98 °C for 30 s; (2) 20 cycles of 98 °C
for 30s, 60°C for 30s, 72°C for 1min; (3) 72°C for 5min; (4)
hold at 4 °C.

Using PCR products from PCR 1 as template for PCR 2:

(1) 98°C for 30s; (2) 15 cycles of 98°C for 30, 60 °C for 305,
72 °C for 1 min; (3) 72 °C for 5 min; (4) hold at 4 °C.

For primers used in PCR 1 and 2, see Supplementary Data 3.

PCR products from PCR 2 were purified using the Wizard® SV Gel
and PCR Clean-Up System (Promega). Purified PCR products were
subsequently sequenced using Illumina Hiseq 2500.

shRNA enrichment and gene ranking were done using MAGeCK-
RRA analysis™.

Lentiviral expression constructs and lentiviral packaging

Expression constructs of OTUDS5 and KAP1 were used for com-
plementation/rescue experiments. For OTUDS, full-length ¢cDNA of
human OTUDS, codon-optimized, was cloned into pCDH-Puro lenti-
viral expression vector by Nhel-EcoRlI restriction cloning. Sequence of
the codon-optimized cDNA of OTUDS is included in Supplementary
Fig. 5. For KAP1, the expression construct in pLX304-BLAST vector was
obtained from the CCSB-Broad Lentiviral Expression Library”. Lenti-
viral particles were packaged as described previously”®, by co-
transfecting HEK293T cell with the lentiviral transfer constructs and

lentivirus packaging vectors pRRE, pRSV-Rev, pMD2.G. Medium was
refreshed once at 16 h post transfection. Lentivirus-containing super-
natant was collected at 24-36 h after medium was refreshed.

Site-directed mutagenesis

Mutants of OTUDS (S177A and C224S) and KAP1 (S824D) were genet-
ated by site-directed mutagenesis reactions on pCDH-OTUDS and
pLX304-KAP1 respectively, using the QuikChange Il XL directed
mutagenesis kit (200521, Agilent) according to manufacturer’s
instructions. Primers containing the desired mutations were designed
using the web based QuikChange Primer Design Program (www.
agilent.com/genomics/qcpd). PCR’s cycling parameters were as fol-
lows: (1) 95°C for 1 min; (2) 18 cycles of 95 °C for 50's, 62 °C for 505,
68 °C for 12 min; (3) 68 °C for 7 min; (4) hold at 4 °C. The PCR product
was treated with 20 U of Dpnl enzyme for 2 h at 37 °C to digest the
parental/template DNA. The Dpnl-treated PCR mix was transformed
into Stbl3 Escherichia coli (C737303, Thermo Fisher Scientific) follow-
ing manufacturer’s instructions. Transformed cultures were incubated
overnight at 37 °C. Mutations were confirmed by Sanger sequencing.

CRISPR/Cas9 gene editing

For CRISPR/Cas9-mediated gene knockout, sgRNA sequences against
OTUDS, UBRS, and KAP1 were designed using the Broad Institute’s
GPP sgRNA Designer (https://portals.broadinstitute.org/gpp/public/
analysis-tools/sgrna-design). sgRNA sequences were cloned into a
LentiCRISPRv2 plasmid according to standard protocols®. Lentiviral
particles are packaged as described above”. The sgRNA sequences
used are included in Supplementary Data 4. LentiCRISPRv2 was a gift
from Feng Zhang (Addgene plasmid #52961)"%

RNA interference

For RNA interference by shRNAs, TRF2ts MEFs were transduced with
pLKO.1-puro shRNA lentiviruses from Mission library clones (Sigma).
shRNA sequences used for the knockdown of UBE2D3, UBE2M and
OTUDS, and their respective Mission library numbers, are included in
Supplementary Data 4.

Metaphase chromosome analysis for telomere fusions

Cell collection, preparation of metaphase spreads and telomere FISH
with a FITC-0O0-(CCCTAA); peptide nucleic acid custom probe (Bio-
synthesis) or Alexa488-labeled C-rich Telomere Probe (Eurogentec) for
metaphase chromosome analysis was done as described”. Digital
images of metaphases were captured using the Metafer4/MSearch
automated metaphase finder system (MetaSystems) equipped with an
Axiolmager Z2 microscope (Carl Zeiss). After scanning metaphase
preparations at x10 magnification, high-resolution images of meta-
phases were acquired using a ‘Plan-Apochromat’ x63/1.40 oil objective.
Chromosome fusions were quantified from >1500 chromosomes per
experimental condition.

Co-Immunoprecipitation
HEK293T cells were transfected with 10 ug of pLVU-GFP-OTUDS using
polyethylenimine. At 16 h post transfection, medium was refreshed. At
48 h post transfection HEK293T cells were lysed in 500 uL of Co-IP
Lysis Buffer: 20 mM Tris-HCI pH 7.5,100 mM NaCl, 1% Nonidet P-40, 5%
glycerol, 1mM EDTA, protease inhibitors (Roche). To complete lysis,
cells were incubated for 30 min at4 °Cin a rotating wheel. Lysates were
centrifuged for 10 min at 13,523 x g and supernatants were collected.
Protein concentration was quantified using Pierce BCA assay
(Thermo Fisher Scientific) and lysate containing 2 mg of protein was
incubated with 15uL of washed GFP-Trap® magnetic agarose beads
(ChromoTek) overnight at 4 °C in a rotating wheel. Next, beads were
washed 3x for 5min with lysis buffer. For western blot, protein was
eluted from beads with 40 L of 2x SDS sample buffer and incubating
at 95°C for 5min.
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Immunoblotting

Immunoblotting was done according to standard protocols and as
described before®. Briefly, cells were washed with PBS and collected
by scraping in 2x SDS sample buffer followed by boiling at 95 °C. The
lysates obtained were sonicated at 30% amplitude for 10s. Protein
concentrations were measured using Pierce BCA Protein Assay
(Thermo Fisher Scientific) and equal amounts of protein were loaded
onto precast 4-12% Bis-Tris gels (Invitrogen). After protein transfer at
100V for 60 min onto 0.45um nitrocellulose membranes (Amer-
sham), membranes were incubated in blocking buffer and subse-
quently primary antibodies O/N at 4°C. Primary antibodies and
respective working concentrations are included in Supplementary
Data 5. Membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Invitrogen), for detection
using enhanced chemiluminescence (SuperSignal West Pico PLUS,
Thermo Fisher Scientific) on a Syngene G:BOX, or with IRDye8OOCW-
and IRDye680-labeled secondary antibodies (Li-COR) for detection on
the Odyssey CLx Infrared imager (LI-COR). Blots were analyzed using
either the GeneSys software (version 1.6.9.0) or the Image Studio Lite
LI-COR software (version 5.2.5).

Immunofluorescence

For immunofluorescence, cells were seeded on 15 mm ¢ coverslips in
12-well plates and treated as indicated in the individual experiments.
Cells were washed with PBS, fixed for 10 min with 2% paraformalde-
hyde followed by 10 min permeabilization in 0.5% Triton/PBS. After 1h
of blocking (0.02% Triton, 5% NGS, 5% FCS in PBS), cells were incubated
with primary antibody diluted with blocking solution overnight at 4 °C
in a humid chamber. Primary antibodies and respective concentrations
used are included in Supplementary Data 5. Next, cells were washed
three times with 0.02% Triton/PBS and incubated with Alexa Fluor 488,
568 or 647 goat anti-mouse or anti-rabbit IgG secondary antibodies
(Invitrogen) in blocking solution for 1h at room temperature in the
dark. After washing three times with 0.02% Triton/PBS, slides were
mounted using ProLong Gold Antifade Mountant with DAPI (Invitro-
gen). Slides were imaged using a LSM 980 confocal with
Airyscan2 system with x63 oil objective and ZEN software. Image
analysis for foci co-localization was performed with the publicly
available Foci Analyzer 1.3 macro (https://github.com/Biolmaging-NKI/
Foci-analyzer) on ImageJ software. Briefly, maximum intensity projec-
tions were first produced from Z-stack images. Nuclei were auto-
matically defined using the “Stardist nuclei segmentation”. The two
channels where the foci were captured were selected for co-
localization analysis. Specifically, for the yH2AX-chromocenter co-
localization experiment (Fig. 6), the DAPI channel was selected as one
of the two channels for co-localization analysis, “Foci size” was set to
“large”, to enable the detection of chromocenters as foci.

Random plasmid integration assay

For random plasmid integration assays, 500,000 U20S cells were
seeded in 6 cm dishes 24 h before transfection. With the use of Lipo-
fectamine 2000 (Thermo Fisher Scientific) cells were transfected with
3 pg of EcoRl/BamHI-linearized peGFP-Cl1 plasmid that confers G418
resistance upon successful integration. Transfected cells were trypsi-
nized the following day and seeded in 10 cm dishes at 1000 cells per
dish for -G418 controls and 20,000 cells per dish for treatment with
G418. Simultaneously, 20,000 cells per sample were seeded separately
for assessment of transfection efficiency by the % GFP-positive cells
using FACS. Selection was initiated the following day with G418/
Geneticin at 500 ug/ml. At 10-14 days after seeding, cells were fixed
with 4% paraformaldehyde and stained with 0.1% crystal violet. Dishes
were scanned and colony counting was performed using Image)
(1.52p). NHEJ scores were calculated by normalizing the number of
colonies in +G418 dishes to the plating efficiency (-G418) and trans-
fection efficiency (% GFP).

DSB-Spectrum_V1 reporter

The DSB-Spectrum_V1 reporter system was used to assess the NHEJ-HR
balance as described®. Briefly, DSB-Spectrum_V1 reporter
HEK293T cells were seeded at 300,000 cells/well in 12-well plates. The
next day, cells were transfected wit pX459-Cas9-sgRNA-mCherry using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
protocol. At 48 h post transfection, cells were trypsinized and analyzed
by FACS for the % BFP (NHEJ) and % GFP (HR) of transfected (mCherry
+) cells using an LSRFortessa Cell Analyzer (BD).

Statistical analysis and reproducibility

Statistical analyses were performed using GraphPad Prism (9.2.0) and
Microsoft Excel 2016 (16.0.5356.1000). Details on data representation,
statistical tests and number of replicate experiments are indicated in
the respective figure legends. Exact p-values are indicated in the figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
article and its supplementary information files and are available from
the corresponding author upon request. Source data are provided with
this paper.
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