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ABSTRACT

Human cells are constantly exposed to diverse factors causing DNA lesions,
which activate the DNA damage response (DDR). Depending on the severity of DNA
damage, DDR can promote temporary cell cycle arrest (checkpoint), permanent growth
arrest (senescence) or programmed cell death (apoptosis). DDR signalling is regulated by
a cascade of post-translational modifications, where key mediators are represented by
protein kinases ATM, ATR and DNA-PK. Wip1 phosphatase (encoded by PPM1D gene)
plays an important role in DDR termination by dephosphorylation of many targets of
these kinases.

In this thesis, we investigated checkpoint-independent functions of PPM1D in
cells and described several new substrates. We discovered, that PPM 1D interacts with the
shelterin complex and localizes at telomeres. PPM1D dephosphorylates the shelterin
component TRF2 at S410. TRF2 S410 phosphorylation enhanced TRF2 interaction with
TIN2, indirectly also increasing recruitment of TPP1 to telomeres. Importantly, cells over
expressing PPM1D showed increased number of telomeric fusions. These findings might
be very relevant for some cancer types, in particular those expressing high levels of
PPMI1D or carrying C-terminally truncated mutations in PPM1D.

To validate the published substrates and to detect possible new targets of PPM1D,
we developed a novel screen based on direct dephosphorylation of proteins in nuclear
extracts by purified PPM 1D phosphatase. In this way, we detected novel PPM1D targets
including BRCA1 S1524 and DBC1 T454. We also proposed a mechanism how PPM1D
inhibition stimulates p53 function by increasing its acetylation.

We also studied how PPM1D affects DNA damage repair and found that PPM1D
promotes homologous recombination. Importantly, we found that PPM1D inhibition
could have synergistic effect with PARP1i on eradicating p53 proficient cancer cells.
Overall, this thesis contributed to better understanding of the checkpoint-independent
functions of PPM 1D in human cells including its role in telomere maintenance and DNA

repair.
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ABSTRAKT

Lidské bunky jsou neustdle vystaveny riznym faktorim, které zplsobuji
poskozeni DNA a aktivuji odpovéd’ na poskozeni DNA (DDR). V zavislosti na zdvaznosti
poskozeni DNA muze DDR napomahat do¢asnému zastaveni cyklu bunék (kontrolni bod
bunécného cyklu, “checkpoint”), trvalému =zastaveni rlistu (senescence) nebo
programované bunéfné smrti (apoptoze). Signal DDR je regulovan kaskadou post-
transla¢nich modifikaci, kde klicovymi mediatory jsou fosfoproteinové kinazy ATM,
ATR a DNA-PK. Fosfatdza Wipl (kodovanid genem PPMI1D) hraje dulezitou roli v
ukonceni DDR fosforylaci mnoha cilt téchto kinéz.

V této praci jsme zkoumali funkce PPM1D nezavislé na kontrolnich bodech
bunécného cyklu v buiikach a popsali jsme nékolik novych substrath. Zjistili jsme, ze
PPMI1D interaguje se shelterinovym komplexem a nachazi se na telomerach. PPM1D
desfosforyluje shelterinovy protein TRF2 na S410. Fosforylace TRF2 na S410 zvysSovala
jeho interakci s TIN2, coz nepfimo zvySovalo mnozstvi TPP1 na telomerach. Buiky
s overexpresi PPM1D mély zvySeny pocet telomerickych fuzi. Tato zjiSténi mohou byt
velmi dilezitd pro nckteré typy rakoviny, zvlasté ty, které vykazuji vysoké hladiny
PPMI1D nebo obsahuji mutace v C-konci PPM1D. Pro ovéfeni publikovanych, a detekci
moznych novych, substrath PPM1D jsme vyvinuli novou metodu, vyuzivajici jadernych
extrakti a rekombinantni PPMI1D fosfatdzy. Touto metodou jsme ovéfili nékolik
znamych substrati a detekovali nové substraty PPM1D, véetné BRCA1 S1524 a DBCI1
T454. Navic jsme navrhli mechanismus, kterym PPM1D inhibice zvysuje acetylaci p53.
Studovali jsme také, jak PPMI1D ovliviiuje opravu poskozeni DNA a zjistili jsme, Ze
PPM1D podporuje homologni rekombinaci (HR). Navrhli jsme, Zze inhibice PPM1D by
mohla mit synergické ucinky v kombinaci s inhibici PARP pfi 1écbé rakovinnych bunék
s nezmutovanou p53. Celkové tato prace ptispéla k lepsimu pochopeni funkci PPMI1D,
nezavislych na kontrolnich bodech, v lidskych bunkéach, vcetné role PPMID pii

udrzovani telomer a opravé DNA.
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1 INTRODUCTION

1.1 DNA damage and mechanisms of DNA repair

Cells are constantly exposed to diverse factors, either exogenous (UV, IR, chemicals)
or endogenous (replication stress and cellular metabolism), causing DNA lesions. The
most deleterious type of DNA damage are double strand breaks (DSBs) which can lead
to chromosome rearrangements such as chromosome deletions and translocations. The
initiation of DNA repair depends on the activation of DNA damage response (DDR) [1].

To resolve the DSBs, cells activate a sophisticated signaling cascade called DNA
damage response (DDR) pathway, which can coordinate cell cycle progression and DNA
repair. To prevent duplication or segregation of damaged DNA, DDR pathways can
activate temporary cell cycle arrest (checkpoint), permanent growth arrest (senescence)
or programmed cell death (apoptosis). DDR is regulated by posttranslational
modifications, especially by phosphorylations. The main composition of DDR pathway
can be categorized into DNA damage sensors, transducers (phosphatidyl-inositol 3-
kinase-related kinase protein kinases: ATM/ATR), mediators, and effectors (Figure 1).
DSBs are detected by MRN (Mrell-Rad50-Nbsl) complex, which contributes to
recruitment and activation of Ataxia telangiecstasia mutated kinase (ATM). Single
stranded DNA is sensed by RPA which recruits (ATM and Rad3-related kinase (ATR)
kinase via ATR-interacting protein (ATRIP). ATM/ATR then propagate the signal
through many phosphorylations. ATM/ATR phosphorylate histone H2AX at S139, which
mediates recruitment of DNA damage mediators (BRCA1, 53BP1). Then with the help
of mediator proteins, phosphorylate and thus activate the effector kinases Chk1 and Chk2.
Those can induce a checkpoint arrest by targeting Cdc25 family of phosphatases [2].
ATR/ATM and Chk1/2 kinases also phosphorylate and thereby stabilize tumor suppressor
p53, which triggers expression of multiple target genes leading to either cell cycle arrest
to permit DNA repair or senescence or apoptosis, depending on the severity of the DNA
damage [1, 3, 4].

To orchestrate the DDR, there are three important phosphatidylinositol 3-kinase
related kinases (PIKK): ATM, ATR and DNA-dependent protein kinase (DNA-PK). ATR
is activated by ssDNA coated with RPA, which can occur at SSBs or at DSBs after
resection. ATM and DNA-PK can be activated by DSBs. Once activated, ATM
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phosphorylates hundreds of substrates and DNA-PK regulates smaller subgroup of
targets, which are involved in DSB ends ligation [1, 3, 4].
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Figure 1: Scheme depicting DNA damage response (DDR) pathway. On the left is signalling after
double-stranded breaks (DSBs), on the right after single stranded breaks (SSBs), more details are
described in the text above. Adapted from [5].

There are 4 distinct pathways that can repair DSBs: classical non-homologous end
joining (c-NHEJ), homologous recombination (HR), alternative end joining (alt-EJ) or

single strand annealing (SSA) (Figure 2) [6].
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Figure 2: Scheme of four ways to repair DNA double stranded breaks (DSBs).

In cells, where DNA end resection is blocked canonical non-homologous end-joining (c-NHEJ)
takes place. If resection occurs, three pathways can compete to repair the break (homologous
recombination-HR, single-strand annealing-SSA, alternative end joining Alt-EJ) leading to
different outcomes (loss of heterozygosity-LOH, insertions, deletions). Adapted from [6]

Of the four pathways available, two stand out as major pathways to repair DSBs:
classical non-homologous end joining (NHEJ) and homologous recombination (HR)[1].
HR and NHEJ compete which will repair the break, the choice is dependent on the local
nuclear environment, epigenetic landscape and phase of cell cycle [7, 8].

In mammalian cells, NHEJ is the predominant pathway to repair the two ended DSBs.
NHE]J can operate throughout the cell cycle and in principle it directly ligates the DNA
ends together, occasionally inducing minor modifications of DNA ends by excision or
synthesis prior to ligation if they cannot be ligated directly [9] (see Figure 3). NHE] starts
by recognition of the free DSBs by the Ku70-Ku80 heterodimer (also known as XRCC6-
XRCCS5). Ku70-Ku80 has strong affinity for DNA with blunt ends or short single-
stranded DNA overhangs [10, 11]. DNA bound Ku70-Ku80 recruits DNA-dependent
protein catalytic subunit (DNA-PKcs) generating DNA-PK complex or holoenzyme [12].
DNA-PK complex promotes DNA end tethering and enables further recruitment and
regulation of NHEJ core factors such as DNA ligase IV (LIG4), X-ray cross-
complementing protein 4 (XRCC4), XRCC4-like factor (XLF) and paralogue of XRCC4
and XLF (PAXX).[13, 14]

If needed, DNA-PK can also recruit the additional accessory proteins, including
endonuclease Artemis, which promotes DNA-end processing prior to ligation [15]. The

complex of XRCC4-LIG4 ligates the DNA ends [16]. XLF stimulates the activity of the
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XRCC4-LIG4 complex [17]. PAXX stabilizes the NHEJ machinery including DNA-
PKcs on damaged chromatin [18].

The second major pathway of DSBs repair is HR, which is restricted to S phase and
G2 phase of the cell cycle, since the DNA template for recombination usually comes from
the sister chromatids [19]. HR may happen either at DNA ends which have undergone
resection or at post-replicative ssDNA gaps [13]. The resection is initialized by the
MRE11-RADS50-NBS1 (MRN) complex which also serves as a scaffold for ATM
activation [20]. For efficient “short range” resection (approximately 300 nucleotides from
the nick), MRN needs to interact with CtBP-interacting protein (CtIP) [21]. This “short
range resection” probably displaces Ku70-Ku80 from DNA ends and enables recruitment
and activity of proteins needed for “long range resection”: exonuclease 1 (EXO1),
endonuclease DNA2 and Bloom syndrome helicase (BLM) generating long 3’ ssDNA
tail [22]. The emerging ssDNA is rapidly coated with RPA complex, which disables
possible pairing with other ssDNA and promotes formation of RADS51 nucleoprotein
filament. To proceed with HR, RPA must be exchanged for Rad51 recombinase. This
exchange is dependent on many recombination mediators such as BRCA2, BRCAI,
BARDI1 amd PALB2. BRCA2 probably competes with RPA for ssDNA binding and
thus displaces RPA [13].
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Figure 3: Depiction of the two major pathways (c-NHEJ and HR) for repair of double stranded
breaks (DSBs). For further details see the text above. Adapted from [13]

1.2 DNA damage response in the context of chromatin

In eukaryotes, the genomic DNA is packaged into very complex structure called
chromatin, which is organized into arrays of nucleosomes [23]. Nucleosomes, consist of
146-147 bp of DNA wrapped around histone octamer formed by two H2A, H2B dimers
and one (H3-H4): tetramer [24]. Histone H1 functions as a linker histone, binding
between nucleosomes and adjusting the chromatin compaction and folding [25]. DNA is
wrapped around histone proteins and associates with nonhistone components that

promote higher-order fiber folding [26, 27].
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The first model about impact of chromatin on DNA repair was ,,access-repair-
restore* model [28]. This model was later upgraded to ,,prime-repair-restore®, where
DNA compaction into chromatin is not anymore solely an obstacle to DNA repair, but
chromatin components are also helping to fine-tune the DDR [29].

The chromatin organization affects genome stability maintenance. Sequencing
has shown that mutation rates are different across the human genome. In multiple cancer
genomes mutations accumulates at much higher rate in compact, H3K9me3-rich
heterochromatin domains [30, 31]. Also, DNA repair is slower in heterochromatin [32]
and specifically at telomeres, DNA damage can often be irreparable, triggering persistent

DDR and cellular senescence [33].

1.3 DNA damage response at telomeres

In eukaryotic cells, telomeres help to distinguish the ends of linear chromosomes
from double-stranded breaks (DSBs). Mammalian telomeres consist of arrays of
TTAGGG repeats, with the complementary CCTAAA strand, ending with single stranded
G-rich overhang. The length of telomeres can vary from 5 kb in human cells to 100 kb in
mice. Mammalian telomeres are transcribed by RNA polymerase II into a long non-
coding telomeric repeat containing RNA (TERRA)[34]. Telomeres are protected against
aberrant DNA damage response by shelterin, a six-subunit protein complex (Figure 4)
[35]. TRF1 and TRF2 (telomere repeat binding factor 1/2, also known as TERF1/TERF2)
form homodimers, recognize the TTAGGG repeats and through their Myb-related DNA
binding motifs bind the duplex DNA at telomeres [36]. TRF1 and TRF2 homodimers are
bridged and stabilized on telomeres by TIN2 (TRF1-interacting nuclear factor 2) [37, 38].
TIN2 also binds TPP1 (alternatively called ACD) and therefore recruit the TPP1-POT1
(protection of telomere 1) heterodimer to telomeres [39]. POT1 coats the single stranded
part of telomeres through its oligonucleotide/oligosaccharide binding (OB) fold domains
[40]. Whereas most mammals (including humans) have a single POT1 gene, rodents
express two POT1 paralogues that are functionally distinct. POT1a represses the DNA
damage response, and POT1b controls 5’-end resection [41]. RAP1 (repressor activating
protein, also called TERF2IP telomeric repeat-binding factor 2-interacting protein 1) is
the most conserved shelterin component and is recruited to telomeres through interaction
with TRF2 [42, 43]. In human and mouse cells, 4 proteins (TRF2, TRF1, RAP1 and TIN2)

probably form the core shelterin, because they are about 10 times more abundant than
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POT1 and TPP1, which is probably just in fraction of shelterin complexes [44]. Still there
is about 10-fold excess of POT1, TPPI to all the ss TTAGGG binding sites and enough
core shelterin proteins to bind to all ds TTAGGG, suggesting that telomeres are mostly

associated with shelterin [45].

Figure 4: Scheme of shelterin complex at telomere ends

TRF2 and TRF1 homodimers bind the double stranded part of telomeres, whereas POT1 binds
the single stranded, TIN2 bridges TRF1, TRF2 with TPP1-POT1 heterodimer.

Adapted from [46]

Shelterin interacts with various proteins and protein complexes (shelterin accessory
factors), that contribute to its function [47]. An example of shelterin accessory factor is
Apollo (SNM1B nuclease), which interacts with TRFH domain of TRF2 and helps to
form the correct 3'- overhang at telomeres [48].

After every replication, telomeres have to regenerate the formation of G-rich 3'-
overhang (Figure 5), which is crucial for formation of telomeric loop (t-loop) and
protection of telomeres. Apollo is needed for the initial resection of the leading ends of
telomeres, because those ends are presumable blunt after replication. Further resection is
performed by Exol nuclease, which cannot cleave substrates with blunt ends. At lagging
strands, Apollo seems to be dispensable, probably because DNA replication leaves 5'-
recessed ends, so Exol can directly cleave there. Excessive resection by Apollo is blocked
by POT1b [49]. In the next step, both telomeric ends are resected by Exol. This resection
seems to be unregulated, therefore leading to generation of temporarily longer 3'-
overhangs in S/G2. Afterwards, the 3'-overhangs are shortened and their final length is
regulated by CST-mediated fill in by Pol a/primase. In mouse, CST complex is recruited
by POT1b [49].

The model for the formation of telomeric G-rich 3'-overhang was well described in
mice [49](see the text above), for humans it is supposedly conserved, however there are

still some uncertainties about POT1, TPP1 and their roles in CST recruitment [45].
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Figure 5: Telomeres have to regenerate the 3'- overhang at telomeres after every replication
(The model is based on studies from mouse, in humans it is supposed to be mostly conserved.
However, there might be some differences with CST which in humans in contrary to mouse binds
both TPP1 and POT1 and not just POT1b as in mouse)
a) Initial resection of leading end telomere by Apollo, to prepare for cleavage by Exol in
next step. In case of lagging end telomere Apollo is inhibited by POT1b in mouse.
b) Exol further resects both telomeric ends, resulting in long 3'-overhangs in S/G2
¢) Ctcl, Stnl, Tenl (CST) complex is recruited by POT1b and enables the Pol o/primase
fill-in of 3'-overhangs, therefore regulating the final length of the overhangs
d) The resulting telomere with the 3'- overhang in G1 phase of cell cycle
Adapted from [45]

1.3.1 The end replication problem and cancer: telomerase vs ALT

In normal somatic human cells, the length of the double-stranded telomeric 5'-
TTAGGG-3' repeat ranges from 3 to 15 kb, followed by a 30-400 nucleotide long single-
stranded G-rich strand, also known as a 3'-overhang. Every cell division leads to
shortening of telomeres because of incomplete replication of linear DNA by the
conventional DNA polymerases. This is called the end-replication problem, which can
gradually lead to critically short telomeres posing serious threats to genomic stability [50,

51]. Too short telomeres diminish the ability to load the shelterin complex. Absence of
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TREF2 leads to inability to form t-loops and the exposed ends become accessible to ATM
and non-homologous end-joining (NHEJ) can cause aberrant telomeric fusions. As
prevention, cells can evade from the cell cycle intro replicative senescence, which stops
cells from progressing into mitosis and fusion of telomeres [33, 52, 53].

Nevertheless, cells can overcome the antiproliferative checkpoints by
deregulation of p53 and retinoblastoma tumor suppression pathways (Figure 6). This
deregulation enhances proliferative activity, leading to further genome destabilization, by
shortening and eventual fusion of telomeres, resulting in replicative telomere crisis [54,
55]. Telomere crisis can cause many genomic alterations including translocations,
amplifications, deletions, polyploidization, chromothripsis, and kataegis [56].
Chromothripsis (chromosome shattering) is characterized by clusters of chromosome
rearrangements that occur in a single event [57]. Kataegis describes a phenomenon of
localized “hypermutation”, with many base pair mutations in clusters around several
hundred base pairs long [58]. To prevent the propagation of unstable genomes in the
telomere crisis, most cells undergo cell death by autophagy, because pieces of broken
telomeres in aberrant mitosis get into cytosol, where they activate the DNA recognizing
cGAS-STING pathway. This pathway activates, through macroautophagy, machinery
that systematically eradicates cells by autophagy [53, 59]. However, only small minority
of cells can go through neoplastic transformation and activate the telomere maintenance

mechanism (TMM) [53].
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Figure 6: Telomere maintenance during cancer evolution

In normal somatic cells, telomeres shorten every cell cycle due to incomplete replication of
telomeric DNA ends. Cells with too short telomeres should enter senescence at antiproliferative
checkpoints (T1), however some cells manage to overcome this checkpoint by deregulation of
p53 or retinoblastoma tumor suppression pathways (e.g., by p53 mutation). Critically short
telomeres then often trigger telomeric fusions, chromothripsis and polyploidization, resulting in
telomere crisis and autophagic cell death (T2). However, some cells manage to bypass the
autophagy by activation of telomere maintenance mechanism (TMM), mostly telomerase (T3) in
several cases alternative lengthening of telomeres (ALT)(T4).

Adapted from [53]

As telomere maintenance mechanism (TMM), most cells reactivate the reverse
transcriptase complex called telomerase [60]. Only two constituents of telomerase
complex are constitutively expressed: the noncoding telomerase template RNA (TERC)
and dyskerin (protein, which is stabilizing TERC) [53, 61]. TERT promotor mutations or
genomic rearrangements can elevate TERT mRNA expression and telomerase activity
[62-64]. When telomerase is activated, it uses reverse transcription of telomeres to
maintain the shortest telomeres, increasing the proliferation capacity and enabling the
immortalization of cells [53].

In some tumors, mostly derived from mesenchymal-adrenergic lineage, cells can
have permanently repressed TERT and therefore they need different mechanism to
maintain telomeres. In this case, cells may exploit DNA repair pathway of homologous
recombination (HR) to maintain telomeres by alternative telomere lengthening (ALT)
[65]. According to clinical studies, ALT is present in approximately 5-15% of cancers,
but this might be underestimated due to lack of direct clinical diagnosis for ALT [53].

ALT activity is defined as de novo synthesis of the telomeric DNA via other
mechanism than telomerase. ALT activity of cells is often recognized by several typical
molecular factors: ALT-associated PML bodies (APBs) [66], extrachromosomal
telomeric repeats (ECTR) species (mostly single stranded CCCTAA C-circles and ds
T-circles) [67, 68], intertelomeric tag copying [69], telomere sister chromatid exchange
(t-SCE) [70], telomere dysfunction induced foci (TIFs) [71] and heterogenous telomere
length [72].

ALT cells typically don’t express, or express inactive protein variants, of ATRX
(a-thalassemia/mental retardation syndrome X-linked) and DAXX (death-domain
associated protein) [73, 74]. DAXX is an H3.3 chaperone, which in collaboration with
ATRX deposits and remodels H3.3 containing nucleosomes at telomeres independently

of replication [75]. Reintroduction of ATRX into ALT cancer cell lines increased H3.3

20



deposition to telomeres and repressed the ALT phenotype observed by decrease in

telomere length, decreased APBs formation and C-circle levels [72].

1.3.2 The end protection problem

Due to its unprotected ends, the linear DNA in human cells could, trigger DNA
damage response and DNA repair. Since human chromosomes are also linear, they need
to have the ends protected. For this purpose, telomeres are protected by the shelterin
complex and formation of t-loops [76].

The shelterin complex uses different strategies to prevent distinct DNA damage

response pathways (Table 1) [45].

DDR pathway | Shelterin subunit(s) Mechanism General repressor
ATM kinase TRF2 ( ) t-loop None

ATR kinase POT1a (POT1b) RPA exclusion None

PARP1 TRF2, Branched-DNA binding, ? Ku70/80

c-NHEJ TRF2 t-loop (iDDR, Rap1) CYREN (5/G2)
alt-NHE)J TRF2 ( ,POT1a/b) t-loop, PARP1 repression, ? Ku70/80

HDR POT1a or POT1b + 2,7 Ku70/80
Hyper-resection | POT1a/b, TRF2 Repression of ATM/ATR 53BP1/Rif1/Rev7

Table 1: Table depicting which shelterin subunits are guarding the telomeres against 7 different
DDR pathways. Also, the mechanism of protection and general repressor are mentioned.
Adapted from [45]

1.3.2.1 T-loops (telomere loops)
Mammalian telomeres are supposed to hide the linear DNA ends of chromosomes

from DNA damage response by formation of t-loops [77]. T-loops are large lariat
structures, which are formed by invasion of the 3'-telomeric overhang into the duplex
telomeric array (Figure 7) [78]. The formation of t-loop resembles homologous
recombination because the 3'-telomeric strand invades the homologous sequences of the
ds telomeric repeats, pairs with C-rich strand and generates a D-loop (displacement loop)
by displacement of G-rich strand [79].

To form the t-loops, cells need to have TRF2 [80]. Even in vitro, telomeric DNA
can be remodeled by TRF2 into structures resembling t-loops [78]. Possible explanation
for TRF2-dependent formation of t-loops might be in TRF2 ability to wrap around 90 bp
of telomeric DNA around its homodimerization domain [81]. This wrapping of DNA

could induce local unwinding and invasion by the 3-overhang [81]. Importantly,

21



expression of TRF2 mutant (Top-less) lacking the wrapping activity, reduced the number

of t-loops and activated ATM, while still protected the telomeres against NHEJ [81].

. - Variable loop size
Torsional stress and unwinding

t-loop (
JL\‘/ 3 Strand invasion . Dloop

—_— 3

TRF2 CCCTAA strand 3'overhang

Figure 7: Scheme of t-loop formation, the strand invasion is promoted by torsional stress and
unwinding created by wrapping of telomeric DNA around TRFH domains of TRF2 homodimer.
Adapted from [45]

There are still many unanswered questions about t-loops: the exact percentage of
telomeres forming t-loops throughout the cell cycle stages; the minimal length of telomere
to form a t-loop; the possibility and potential blockage that the 3'-telomeric overhang in
t-loop would be recognized as substrate for canonical DNA polymerases leading to
elongation of telomeres [45]. Also, there appeared a controversial question if t-loops are
really just protection mechanism or might be pathological [46].

T-loops could solve nicely the end-protection problem, but they bring different
challenges. The branch migration at the base of the t-loop might lead to formation of
double Holliday junction (dHJ) (Figure 8), an important intermediate in homologous
recombination. To restore the t-loop structure, branch migration of dHJ might be
mediated by the Bloom syndrome’s mutated (BLM) helicase. Nevertheless, dHJ could be
also resolved by cleavage by HJ resolvases (such as the Mus81, SLX4, SLX1, and Emil
complex or Genl), leading to t-loop removal and large telomeric deletions. The branched
DNA binding (basic) domain of TRF2 prevents this deleterious t-loop cleavage [45, 82,
83].

Basic domain of TRF2 is limiting access of poly(ADP-ribose) polymerase
(PARP1I) to t-loop, by binding to the 5’ ds—ssDNA transition at the base of t-loop. PARP1
presence at t-loop promotes t-loop cleavage, probably by promoting the recruitment of
HIJ resolvases[84]. Apart from limiting access of PARP1 to t-loops, basic domain of TRF2
is protecting t-loops also by stabilizing Holliday junctions and preventing aberrant
activity of HJ resolvases and WRN syndrome helicase on t-loops [85, 86]. Also, basic
domain of TRF2 can interact with core histones to repress the t-loop cleavage [87].
Importantly, even TRF2 lacking basic branched DNA-binding domain can form t-loops
and prevent telomeres from ATM activation and NHEJ [84].
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Figure 8: Scheme depicting the possible branch migration at the base of t-loop, converting the 3-
way junction into 4-way double Holliday junction (dHJ). dHJ can be either restored into original t-
loop structure by Bloom syndrome’s mutated (BLM) helicase or it can be cleaved by HJ
resolvases, resulting in truncated telomere and separated T-circle. Basic branched DNA-binding
domain of TRF2 can bind both 3 and 4-way junctions and limit the access of PARP1, which
would otherwise promote recruitment of HJ resolvases, leading to cleavage.

Adapted from [84]

Different type of t-loop cleavage can happen during DNA replication or
elongation by telomerase. To enable access of telomerase to the 3’ end of telomeres and
to avoid collisions with replisome during S-phase, t-loops have to be disassembled.
RTELI (regulator of telomere length 1) helicase is essential for removal of telomeric
secondary structures (t-loops and G-quadruplexes), enabling efficient DNA replication
and elongation [88, 89]. Without RTELI, t-loops can be resolved by the SLX1-SLX4
nuclease complex, resulting in aberrant cleavage of t-loops, telomere shortening and
formation of excised telomere circles (TCs)[88]. TRF2 depending on its phosphorylation
at S365 can recruit RTEL1 to telomeres (Figure 9). During S-phase TRF2 S365 is
dephosphorylated by the PP6C/R3 phosphatase enabling RTEL1 recruitment, outside S-
phase TRF2 S365 is phosphorylated by CDK kinase. This phosphorylation is protecting

t-loops against unwinding and inappropriate ATM activation [90].
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Figure 9: During S-phase to enable telomere replication RTEL1 can unwind the t-loops and
secondary structures such as G-quadruplexes at telomeres. RTELL1 is recruited specifically during
S-phase due to TRF2 S365 phospho-switch (during S phase is dephosphorylated by PP6C/R3 and
can recruit RTEL1, outside of S-phase is phosphorylated by CDK2 kinase and cannot recruit
RTELL to telomeres). If TRF2 is mutated at S365A, it leads to recruitment of RTEL1 to telomeres
throughout the cell cycle, resulting in t-loop unwinding and inappropriate ATM activation.
Adapted from [90]

1.3.2.2 Repression of ATM signalling
ATM kinase is activated by MRN complex, which recognizes double stranded

breaks (DSBs) [91]. Telomeres are protected against MRN-dependent ATM activation
by TRF2 [92]. TRF2 deletion increases ATM activity at telomeres. From the other
shelterin components only deletion of TIN2 led to a mild increase of ATM activity [92-
95]. This effect was probably caused by TIN2 ability to stabilize TRF2 [45, 96].
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Figure 10: The TRF2 t-loop model

TRF2 can facilitate t-loop formation at telomeres, thereby block the ATM activation at the initial
step by preventing MRN recognition of telomeric ends and also block classical non-homologous
end joining, potentially leading to telomere fusions, by preventing Ku70/80 loading to telomeric
ends. Adapted from [45].

There are several models which could explain how TRF2 prevents ATM
activation. First of them suggests, that TRF2 facilitates formation of t-loops hiding the
telomeric ends from MRN recognition (Figure 10). It was shown that TRF2 alone,
without other shelterin components, is sufficient to form t-loops [97]. The question
remains whether TRF2 can repress ATM activity also by other means. Another option
would be that TRF2 (and TRF1) can mediate compaction of the telomeric chromatin and
thus limit access of DNA damage factors to telomeres [98]. However, this model was
not supported by other studies, which did not detect significant decompaction of
telomeres after shelterin removal [99, 100]. Other study showed that TRF2 can directly
associate with ATM, inhibit autophosphorylation of ATM at S1981, and thereby limit
ATM activation [101]. The intriguing point is that ATM can become activated when a
DSB is created inside the telomeric repeat array [102, 103]. This could not be explained
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by chromatin compaction or direct association of TRF2 with ATM, those would repress

ATM activity also for internal DSB at telomeres [45].

1.3.2.3 Repression of ATR signalling
ATR helps to maintain genome integrity especially in S phase, where it senses

stressed replication forks and orchestrates DNA damage response to replication stress
[104] . Activation of ATR starts by coating of exposed ssDNA by RPA, which enables
recruitment of ATRIP-ATR complex to sites of DNA damage [105]. Once ATR is
recruited to ssDNA, it is activated by two different proteins, either TopBP1 or ETAA,
which both contain ATR activation domain (AAD) [106-108]. The telomeric 3’-
overhang, both in linear and in t-loop configuration, has sufficient length to bind RPA
and trigger ATR activation [45, 80].

To repress ATR signalling at telomeres, the shelterin complex uses POT1 (Figure
11). In human shelterin, there is only single POT1 protein whereas mice have two POT]1
variants (POT1a and POT1b). At genome-wide DSBs, activation of ATR happens mostly
in S phase, where ssDNA is generated as a replication and repair intermediate of stressed
DNA replication forks. In contrast to that, telomeres, upon deletion of POT1, can activate
ATR throughout cell cycle (in G1, S and G2) because they have ATR activation site even
without resection [109]. ATR activation depends mostly on TopBP1 and not ETAA,
because TopBP1 depletion prevented ATR activation [109].
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Figure 11: Model of competition between POT1 and RPA at telomeres a) in t-loop b) in linear
conformation. POT]1 is restricting RPA from binding to telomeres, once POT1 is deleted, the
ssDNA at telomeres becomes accessible for RPA and RPA together with 9-1-1, TopBP1 and
ATRIP can activate ATR. (Adapted from [45])

POTT is supposed to prevent ATR activation by exclusion of RPA from ssDNA
at telomeres [109] . When POT]1 is deleted, RPA can bind telomeres throughout the cell
cycle, but predominantly in S and G2 [109]. To efficiently exclude RPA from telomeres,
POTI needs to be tethered to telomeres by TIN2 in TPP1-POT1 heterodimer [96, 110,
111]. The tethering, of POT1 by shelterin to telomeres, enables POT1 to outcompete
RPA, despite similar affinities of POT1 and RPA to ssDNA and higher abundancy of
RPA in cells [45, 96].

It has been suggested, that heterogenous nuclear ribonucleoprotein A (hnRNPAT)
can displace RPA (but not POT1) from the telomeric foci (Figure 12) [112]. The RPA
displacement is inhibited by TERRA [112]. TERRA levels decrease in late S-phase and
increase again after S-phase [113]. Suggesting that hnRNPA1 together with TERRA
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could regulate RPA levels at telomeres throughout the cell cycle enabling RPA to
transiently bind telomeric ssDNA during replication [112]. Additional help for POT1 to
outcompete RPA binding at telomeres, could be the G-quadruplexes formed at G-rich
telomeric strands, because POT]1 binds next to some of these structures better than RPA

[114].
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Figure 12: Model of RPA displacement from telomeres by heterogenous nuclear
ribonucleoprotein (hnRNP). RPA can be displaced from telomeres by hnRNP. During early to
middle S-phase, TERRA is inhibiting hnRNP displacing activity towards RPA, enabling RPA to
bind telomeric ssDNA at replication forks or telomeric ends. In late S-phase, TERRA levels
decline, enabling hnRNP to displace RPA. After S-phase, TERRA levels gradually increase again,
establishing new dynamic balance, where hnRNP associates with TERRA leaving space on
telomeric ssDNA primarily for POT1, which, in contrast to RPA, cannot be displaced by hnRNP.
Adapted from [112]

1.3.2.4 Repression of classical nonhomologous end joining (c-NHEJ)
Telomeric fusions lead to dicentric chromosomes which represent a great danger

to genome integrity. Resolving of dicentric chromosomes may lead to unfavourable
outcomes such as: loss of heterozygosity, translocations, amplifications, chromothripsis,
kataegis and tetraploidization [115]. To avoid telomeric fusions, cells repress both
canonical and alternative nonhomologous end joining. Since c-NHE]J is active throughout
cell cycle, it represents a constant threat to telomeres [45].

Interestingly, the presence of the natural telomeric 3' overhang does not impede
c-NHEJ from occurring. However, the 3' overhang may limit telomere fusion in S and G2
phases due to CYREN [116], a small Ku70/80 binding protein that inhibits c-NHEJ for
substrates with a 3' or 5' overhang. This could explain why TRF2 depletion mainly results
in chromosome-type fusions instead of chromatid-type ones, as well as the higher
frequency of telomere fusions in G1 rather than in S and G2 phases, once TRF2 is

depleted [117].
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Telomeric fusions by c-NHEJ require ATM activation [92]. Interestingly, deletion
of 53BP1 in TRF2-deleted cells led very rarely c-NHEJ at telomeres [118]. Suggesting,
53BP1 as a key player for telomeric c-NHEJ due to its ability to limit hyper-resection and
also due to its ability to enhance dynamic movement of DNA damage sites in the
nucleus [119]. 53BP1-mediated mobility increases the likelihood of telomere fusions by
allowing telomeres to move closer together. Additionally, 53BP1 promotes the clustering
of unprotected telomeres, which also increases the chance of telomeric fusions[45, 99].

TRF2 is the main protein from shelterin, which prevents ¢c-NHEJ. Deletion of
Rapl did not lead to any telomeric fusions [94], and only few telomeric fusions occur,
when TRF1, TPP1 or POT1 are deleted [45]. The fusions in TPP1 or POT1 knockouts
are mostly between sister chromatids and due to alt-NHEJ [120]. TIN2 deletion is causing
many telomeric fusions, but the effect of TIN2 is indirect through destabilization of
TRF2 [45, 96]. Reconstitution of telomeres with TRF2 alone, without other shelterin
components, is sufficient to form t-loops and prevent c-NHEJ [45, 97].

TRF2 prevents c-NHEJ at telomeres mostly by t-loop formation, but it can prevent
c-NHE]J also for telomeres in linear state by its region in hinge domain called iDDR
(inhibitor of DDR)(Figure 13) [121]. TRF2 iDDR should limit activity of RNF168 at
dysfunctional telomeres and therefore prevent S3BP1 accumulation there. Supposedly,
TRF2 iDDR can, by binding to MRE11 complex, recruit BRCC3 (BRCA1/BRCA2-
Containing Complex Subunit 3 also called Lys-63-Specific Deubiquitinase BRCC36),
which in turn can suppress RNF168 recruitment to dysfunctional telomeres, by opposing
RNF8 pathway and deubiquitinating H2A and H2AX [122]. TRF2 iDDR may limit
activity of RNF168 at dysfunctional telomeres also by interaction with UBRS, ubiquitin
ligase which targets RNF168 to degradation. It remains unclear if TRF2 iDDR functions
similarly in human cells, as these studies were conducted using mouse embryonic

fibroblasts [121, 123].
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Figure 13: Proposed model for TRF2 preventing c-NHEJ and 53BP1 recruitment to telomeres.
TRF2 contains TRFH homodimerization domain, which prevents ATM activation by t-loop
formation. TRF2 may also limit activation downstream of ATM with TRF2 iDDR region, which
is found in TRF2 hinge domain. The suggested mechanism is through BRCC3 or UBRS5, but other
factors might be involved. TRF2 iDDR interacts with MRE11, which can recruit BRCC3 K-63
deubiquitinase, preventing recruitment of RNF168 to dysfunctional telomeres. TRF2 iDDR can
also interact with UBRS, ubiquitin ligase, which targets RNF168 to degradation.

Adapted from [121]

In addition, Rap1 may help TRF2 to prevent c-NHEJ. It is challenging to decipher
the effect of Rapl from the effect of TRF2, since Rapl is targeted to telomeres through
TRF2 in normal conditions. When TRF2 is present, Rapl deletion does not increase
amount of telomeric fusions, suggesting that Rapl effect might be only additional
prevention of telomeric fusions [94, 124]. To observe effect of Rapl on telomeres, Sarthy
et. al. used TRF2 mutant without basic and myb domain (TRF2282M) which should
heterodimerize with TRF2 and disable the binding to telomeres [125, 126]. In cells
expressing TRF2282M they used heterologous Rapl targeting to telomeres and observed
prevention of telomeric fusions [125]. Interestingly, they did not see effect of Rapl on
ATM signalling, visualized by telomere dysfunction-induced foci (53BP1 colocalizing to
telomere) [125].

1.3.2.5 Repression of alternative nonhomologous end joining (alt-NHEJ)
Cells repress alt-NHEJ at telomeres not only by shelterin components, but also by

recruiting Ku70/80, that favours c-NHEJ[127]. There is still some controversy
surrounding the extent to which alt-NHEJ is made up of multiple overlapping
mechanisms; nevertheless, it is clear that one form of alt-NHEJ is known as

microhomology-mediated end joining (MMEJ) [128]. alt-NHEJ repair begins with a

30



process of limited end resection that utilizes some of the same components as those found
in the HR end resection machinery [128, 129].

First step of alt-NHEJ is PARP1 activation at the 57 ds—ss transition, leading to
PARylation of nearby proteins (including histones), enabling recruitment of DNA Lig3
and a DNA polymerase 0 participating in the fill-in reaction, resulting in altered
sequences at the fusion point [130]. alt-NHEJ is thus an error-prone end joining pathway
which can cause telomeric fusions for telomeres with naturally eroded critically short
telomeres [131]. alt-NHEJ requires minimal homology (one or more base pairs) and is
commonly seen in telomeres, where two base pairs of telomeric repeat homology at the

3' overhangs are sufficient as microhomology template [130].

1.3.2.6 Repression of homology-directed repair (HDR)
HDR can happen between sister chromatids leading to telomere sister chromatid

exchanges (T-SCEs), which can be detected by differential labeling of the leading-strand
and lagging-strand DNA synthesis products [132]. The exchange can be harmless, when
the telomeres have the same length. However, exchange between telomeres with unequal
length can yield a daughter cell with shortened telomere, limiting the life-span of cell
without telomerase [45].

HDR is repressed by Ku70/80 complex, which favors NHEJ. Only a small
percentage of telomeres undergoes sister chromatid exchange in cells deficient for some
shelterin components in the Ku70/80 proficient background [133]. Therefore, it would be
optimal to study HDR at telomeres in cells without Ku70/80. However, human cells
without Ku70/80 are not viable [134]. So, the model for repression of HDR at telomeres
is based on mouse cells, where both Rap1 and one of the two POT1 proteins is needed to

repress HDR at telomeres [45, 94, 135].

1.3.3 Internal DSB in telomeres and its repair
In contrast to telomere ends, where shelterin represses the DNA repair, DSBs
occuring inside the telomeric repeats can be repaired. The internal telomeric DSBs

activate ATM signalling and can be repaired by HR or alt-NHEJ (Figure 14) [102].
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Figure 14: Double stranded breaks inside telomeres can be repaired either by HR, leading to ALT
hallmarks such as increased telomere length heterogeneity and extrachromosomal telomeric
signals (ECTS) or by PARP1 and Ligase 3 dependent alt-NHEJ [102].
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1.4 WIPI1 phosphatase (PPM1D)

In human, Wipl phosphatase is encoded by protein phosphatase magnesium-
dependent 1 delta gene (PPM1D). PPM1D was firstly described based on its increased
expression after IR in p53-dependent manner and therefore named as wild-type p53
induced phosphatase 1 (Wipl) [136].

PPMID is a nuclear serine/threonine phosphatase, which based on its homology to
protein phosphatases 2C (PP2C) is also called PP2Cs. Like other PP2C phosphatases,
PPMI1D functions as monomeric enzyme requiring divalent cations, such as magnesium,
for its catalytic activity [136]. PPM1D is predominantly nuclear and it is tightly bound to
chromatin [137]. PPMI1D contains N-terminal catalytic domain (1-372 aa) and non-
catalytic C-terminal part (372-605 aa)[138]. The catalytic domain contains positively
charged segment called B-loop (235-268 aa), which is important for PPM1D substrate
specificity [139]. B-loop is also target for allosteric Wip1 inhibitor GSK2830371 [140].

1.4.1 PPMID substrates and its role in DDR

PPMI1D can dephosphorylate targets of PI3K-like kinases (ATM, ATR) with the
SQ/TQ motif (Figure 15) [139]. ATM and ATR activate DDR through a cascade of
phosphorylations, with PPM1D playing an essential role in DDR termination. Notably,
PPMI1D can directly dephosphorylate ATM autophosphorylated at S1981. This
phosphorylation is critical for ATM monomerization and activation [141]. PPM1D can
inhibit by dephosphorylation checkpoint kinases: the ATR-targeted Chk1 at S345 and the
ATM-targeted Chk2 at T68 [142, 143].

PPMID is especially important for its ability to regulate p53. In unstressed cells, the
degradation rate of p53 is relatively rapid, thus it does not accumulate in high
concentrations [144]. Main regulator of p53 levels is Mdm2 ubiquitin ligase, which
targets p53 for proteasomal degradation. MDM?2 interacts with p53 at its N-terminus.
DDR-induced p53 S15 phosphorylation is limiting the MDM?2-p53 interaction and
therefore preventing also the proteasomal degradation of p53 [145, 146]. MDM2 can also
supress pS53 transcriptional activity [147]. It was demonstrated that MDMX could
enhance the activation of MDM2 and decrease the transcriptional activity of p53 [148].
Additionally, it was discovered that MDM?2 is a transcriptional target of p53, thus creating
a negative feedback loop [149]. Another negative feedback loop is between p53 and
PPMI1D, where PPMI1D is transcriptional target of p53 and consequently PPMID is
promoting degradation of p53 and thereby helps terminate p53-dependent cell cycle arrest
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[136]. PPM1D is decreasing levels of p53 by dephosphorylation of p53 at S15 and also
by dephosphorylation of MDM2 at S395 and MDMX at S403 [142, 150, 151].

Recently, it has been demonstrated that PPMID can suppress p53-dependent
transactivation and cell death through inhibition of the integrated stress response (ISR)
[152]. When PPMID and MDM2 were both inhibited concurrently, an enhanced
activation of the ATF4 pathway was observed, which in turn further increased
transactivation of certain p53 target genes and promoted p53-dependent apoptosis. The
ISR controls ATF4 expression at the translational level via elF2a and its phosphorylation.
Following diverse stress stimuli elF2a is phosphorylated which leads to selective
increased translation of ATF4 and other mRNAs. Upon PPMID inhibition elF2a
phosphorylation at S51 was increased suggesting new way, how PPMI1D inhibition
contributes to ISR [152]. However, question remains whether PPMID can
dephosphorylate this site directly or the effect of PPM1D on this phosphorylation is
indirect.

At chromatin regions flanking DSBs, PPM1D dephosphorylates histone H2AX at
S139 (yH2AX) [137]. This phosphorylation is facilitating the recruitment and retention
of factors essential for DNA repair at sites of DSBs [153] .
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Figure 15: WIP1 plays an important role in termination of DNA damage response (DDR) by
dephosphorylation of many ATM/ATR targets. Adapted from [154]

In addition to the main substrates of the DDR pathway, PPM1D has been shown to
target other ATM/ATR substrates, such as the histone chaperone DAXX (S564), and the
nucleotide excision repair proteins XPA (S196) and XPC (S892), which both contribute
to the DDR process [155, 156] .

PPMI1D has been observed to dephosphorylate the transcription intermediary factor
1-beta (KAP1) at serine 824 (S824) [157] . Under non-stressful conditions, KAP1 has
been shown to suppress the expression of CDKN1/p21, which is a strong inhibitor of
cyclin dependent kinases (CDKs) that is transcriptionally activated by p53, thereby
allowing for the maintenance of G1 and G2 checkpoints [158]. However, ATM and
CHK1/2-mediated phosphorylation of KAP1 at S824 and S473, respectively, triggered
by genotoxic stress, leads to de-repression of CDKN1/p21 and thus contributes to the
activation of the checkpoint [158, 159] . The dephosphorylation of KAP1 by PPM1D may
potentially contribute to checkpoint recovery, though the dephosphorylation of Kap1 at
S473 by PP4 appears to be more significant [160] .

By antagonizing the effect of ATM and ATR, PPM1D is enabling DDR termination
and checkpoint recovery. PPM1D promotes primarily recovery from G2 checkpoint by
p53 S15 dephosphorylation and is dispensable in G1 checkpoint, where PP4 phosphatase
is required to dephosphorylate Kapl-S473 and thereby repress p53-dependent
transcriptional activation of p21 [161].

PPMI1D was also shown to dephosphorylate substrates with pTXpY motif p38 and
UNG?2 [162, 163] . PPMID is supposed to dephosphorylate p38 at T180 resulting in p38
inhibition. The inhibition of p38 leads to decreased phosphorylation of p53 on its
activating sites, S33 and S46. Since PPM1D is a transcriptional target of p53, this forms
a regulatory negative feedback loop in the p38-p53 pathway [163]. PPM1D-dependent
dephosphorylation of UNG2 may inhibit the role of UNG2 in base excision repair (BER)
and impede DNA repair [162] .

All described PPM1D substrates and their cellular functions are summarized in the
following table (Table 2). It is anticipated that further PPMI1D substrates will be
identified.
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Target Protein  Site(s) Function References

pSQ/TQ motif

ATM S1981; S365 DDR [141]

Chk1 S345 DDR [142]

S19; S33/35;

Chk2 T68; T432 DDR [143]

DAXX S564 DDR [155]

H2AX S139 DDR [164]

MDM2 S395 regulator of p53 [150]

MDMX S403 regulator of p53 [151]

p53 S15 DDR [142]

p65 S536 NF-KB signalling [165]
Genotoxic stress induced

Ulk1 S638 autophagy [166]
nucleotide excision

XPA S196 repair [156]
nucleotide excision

XPC S892 repair [156]

PTX/pY motif

p38 MAPK T180 stress response [163]

UNG2 T6 base excision repair [162]

Other

LSD1 S$131;S137  DDR [167]

RNA binding protein,
regulates translation of
RBM38 S195 both PPM1D and p53 [168]

TGF-B/BMP pathways,
development and tissue
SMAD4 T277 homeostasis [169]

Table 2: Wip1 and its published substrates
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2 OBJECTIVES

The primary goal of this thesis was to assess the molecular mechanisms of DNA
damage response at a deeper level. Specifically, I sought to identify new PPMID
substrates with both candidate and unbiased approaches. This analysis revealed a novel
interaction between PPM1D and the shelterin complex at telomeres which I investigated
in detail. Because PPM1D activity promotes cancer development and inversely PPM1D
inhibition represents a potential treatment strategy, it is essential to understand its

physiological roles in cells.

Aim 1 — To decipher the role of PPM1D at telomeres

Aim 2 — To functionally characterize mutations in selected shelterin genes
identified in cancer

Aim 3 — To identify novel nuclear substrates of PPM1D

Aim 4 — To identify new roles of PPM1D in DNA damage repair
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3 LIST OF METHODS

Experimental details can be found in reprints of publications attached to this thesis in
Chapter 9.

o Tissue cultures, plasmid and siRNA transfections, preparation of stable cell lines

o Standard biochemistry techniques including SDS-PAGE and immunoblotting

o Molecular cloning and standard molecular biology techniques

o Immunoprecipitations

o Cell fractionation

o Immunocytochemistry

o Fluorescence microscopy, live-cell microscopy, confocal microscopy, high-

content & high-throughput microscopy and corresponding image analysis

o Flow cytometry
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4 RESULTS

Extended results can be found in reprints of publications attached to this thesis in Chapter

9.

4.1 Aim 1 - To decipher the role of PPM1D at telomeres

Data from this aim have been published in scientific article entitled:

e Storchova R, Palek M, Palkova N, Veverka P, Brom T, Hofr C, Macurek L.
Phosphorylation of TRF2 promotes its interaction with TIN2 and regulates DNA
damage response at telomeres. Nucleic Acids Research. 2023; 51(3):1154-1172.

Firstly, we used the promiscuous biotin ligase (BiolD2) fused to PPMID in
combination with mass spectrometry to detect potential interactors of PPM1D. We
observed that some of the top hits were associated to telomeres. By immunoprecipitation
and proximity ligation assays we confirmed, that PPMID can interact with shelterin
components, including TRF2, Rapl and TRF1. By confocal microscopy, we also
confirmed that PPM1D can localize at telomeres. Further we focused on TRF2 that was
the best scoring hit of shelterin components interacting with WIP1. We discovered that
PPM1D can dephosphorylate S410 of TRF2. This phosphorylation enhanced interaction
of TRF2 with TIN2. Overexpression of PPM1D resulted in reduced levels of TIN2 and
TPP1 at telomeres. Conversely, inhibition of PPM1D impaired recruitment of 53BP1 to
the telomeric DNA breaks. 53BP1 recruitment was rescued upon expression of TRF2
S410A mutant. Our findings suggest that TRF2 phosphorylation increases the binding of
TIN2 to the shelterin complex, thereby regulating DNA repair at telomeres.

4.2 Aim 2 — To functionally characterize mutations of the shelterin
components in melanoma

Data from this aim have been published in scientific article entitled:

e Stolarova L, Jelinkova S, Storchova R, Machackova E, Zemankova P, Vocka M,
Kodet O, Kral J, Cerna M, Volkova Z, Janatova M, Soukupova J, Stranecky V,
Dundr P, Foretova L, Macurek L, Kleiblova P, Kleibl Z. Identification of
Germline Mutations in Melanoma Patients with Early Onset, Double Primary
Tumors, or Family Cancer History by NGS Analysis of 217 Genes. Biomedicines.
2020 Oct 9;8(10):404.
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On this aim, we collaborated with Prof. Zden¢k Kleibl (1.1f UK) and his group which
mapped germline mutation in melanoma patients using next generation sequencing. In
our laboratory, we focused on functional analyses of POT1 P116L mutation, which is
located in the Oligonucleotide/Oligosaccharide Binding (OB) fold domain 1 of POTI.
We observed that POT1 P116L mutation did not affect recruitment of POTI1 to the
shelterin complex through TPP1. On the other hand, POT1 P116L mutation impaired
binding of POT1 to ssDNA. Therefore, we concluded that P116L is a functionally

defective mutation.

4.3 Aim 3 — To identify novel substrates of PPM1D
4.3.1 Candidate approach

Data from this aim have been published in scientific article entitled:
e Storchova R, Burdova K, Palek M, Medema RH, Macurek L. A novel assay for
screening WIP1 phosphatase substrates in nuclear extracts. FEBS J. 2021
Oct;288(20):6035-6051.

We developed a simple assay to validate the reported substrates of PPM1D and detect
new ones. For this assay, we performed phosphatase reaction in nuclear extracts with
recombinant PPM1D. We also compared results from this assay with reactions where we
mixed only synthetic phosphopeptides with recombinant PPM1D. The dephosphorylation
was observed on western blots with use of specific phosphoantibodies. In this way, we
confirmed already established substrates with pSQ/TQ motifs including p53, Kapl and
DNA-PK. In contrast, p38 with the pTXpY motif was not dephosphorylated by the assay
using nuclear extracts, only with synthetic phosphopeptides. This suggests that the assay
involving nuclear extracts might be more precise and pertinent to physiological
conditions, as p38 displayed a low susceptibility to PPMI1D in other experiments where
PPMI1D was overexpressed, inhibited or knocked-out. We also discovered Deleted in
Breast Cancer-1 (DBC1) T454 as a new substrate of PPM1D. DBCI is a regulator of
several transcription factors and epigenetic regulators, including SIRT1, PARP1 and
HDAC3. Since we observed increased p53 acetylation after PPM1D inhibition, we
wondered whether PPM1D, by DBCI1 dephosphorylation, may modulate DBCI
interaction with SIRT1 deacetylase and thereby affect the levels of p53 acetylation.

However, we observed that DBCI1-SIRT1 interaction was stable and independent of
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DBC1 T454 phosphorylation. Also, DBC1 knock down did not prevent p53 acetylation
after IR or PPMI1D inhibition. We found that PPM1D regulated p53 acetylation by

limiting the interaction between p53 and p300 acetyltransferase.

4.3.2 Unbiased approach
e Data from this aim have not been published yet.

Using mass spectrometry, we performed unbiased screen. Firstly, we utilized U20S
PPMI1D knockout cells. We treated these cells for 2 hours with etoposide 40 uM.
Etoposide is a TOP2 poison, which leads to the formation of DSBs in a manner that is
both transcription- and replication-dependent. [170, 171]. These nuclear extracts were
further used for phosphatase reaction with PPM1D and afterwards analyzed by MS and
compared to nuclear extracts without phosphatase reaction. These samples were
processed in parallel, only the addition of PPM1D was omitted.

Next, we also analyzed by MS directly cell lysates enriched for phosphoproteins from
U208, U20S PPMI1D knockout cells and U20S with PPMI1D inhibitor. All these
conditions were both untreated and treated 2 hours with etoposide 40 pM. This
experiment was done in collaboration with Pavel Talacko, who performed the enrichment
of phosphoproteins from our cell pellets and performed the MS measurement and initial

analyses.
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Figure 16: Sequence logo of Wipl substrates, as expected SQ/TQ is the major motif
a) Sequence logo of significant hits enriched in U20S koWipl cells with etoposide
compared to U20S with etoposide (no imputation, FDR 0.05)
b) Sequence logo of significant hits enriched in U20S cells with Wipl inhibitor and
etoposide compared to U20S with etoposide (no imputation, FDR 0.05, difference higher
than 1)

The sequence logo from U20S cells of hits significantly enriched in Wip1 KO or
after Wipl inhibition confirmed the expected motif SQ/TQ in Wipl substrates (Figure
16). In this unbiased screen we again confirmed known targets of Wipl such as
KAPI1(TRIM28) and XPC and the novel target DBC1 (alias CCAR2) which we described
in our article using candidate approach (Figure 17)[157]. We identified also many
potential novel targets of Wipl including NUMA1 S395 and UIMC S101. We further
confirmed NUMAT1 phosphorylation to be sensitive to Wipl inhibition using western
blotting (Figure 18).
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NE

ACIN1, BOD1L1, BPTF, CHD7,
CRAMP1L,CREB1, CREBBP, CUX1,
DDX47, EFTUD2, FKBPS, FOXK2,
FUBP3, GINS2, GTF3C1, KHSRP,
LASP1, LYST, MAGED2, MCM10,
MCM3, METTL3, MSH2, NASP, NBN,
PNKP, PNN, RAD9A, RALY, RBMS,
SCAF11, SMC3, SPEN, SRRM2,
TBLIXR1, THRAP3, TNKS1BP1, TOE1,
TOP1, TP53BP1, UBQLN1, USP1,
ZNF24, ZNF281, UIMC1

Wip1linh

NUMA1, XPC,

TRIM28
CCAR2

SRRM1,

SMARCE1
MDC1, PABPN1, uiMC1

RFC1, SMC1A, TPR

AASDHPPT MAGEA4

BAP1 OGFR
FOXJ2 PHAX
HDGFRP2  SETD2
HMGA1 THOC5

Wip1 KO

Figure 17: Venn diagram, comparing different conditions to detect Wip1 targets, overlap is shown
independently of specific phosphosite that is dephosphorylated. Abbreviations: NE - nuclear
extracts (U20S koWipl with eto minus U20S koWip1 with eto after phosphatase reaction with
Wipl), Wiplinh - U20S cells with Wipl inhibitor and etoposide minus U20S cells with
etoposide. Wipl KO- U20S koWipl1 cells with etoposide minus U20S cells with etoposide.
Selection criteria for the hits:
-NE-nuclear extracts (independent duplicate, therefore could not be evaluated for significant hits),
NaN values were imputed by 18 and selection criteria were following:
o 10g2FC (eto —eto with Wip1 phosphatase)> 1 (is dephosphorylated by Wip1)
*  1og2FC (eto-NT) >0.8 (is induced by DNA damage)
* SQ or TQ site is dephosphorylated
-Wipl inh and Wip1 KO- both from MS screen from cells, where independent quadruplicate was
used, but further evaluation was done on triplicate, in Venn diagram are shown significant hits
which fullfiled the following criteria:
*  1log2FC (eto-NT) >0.8 (is induced by DNA damage)
*  SQ or TQ site is dephosphorylated
*  1og2FC between U20S Wipl inhibitor or Wip1KO with eto minus U20S cells
with eto is greater than 0.5
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Figure 18: Confirming NUMAT1 S395 to be the target of PPM1D.

4.4 Aim 4 — To identify new roles of PPM1D in DNA damage repair
Data from this aim have been published in scientific article entitled:
e Burdova K, Storchova R, Palek M, Macurek L. WIP1 Promotes Homologous
Recombination and Modulates Sensitivity to PARP Inhibitors. Cells. 2019 Oct
15;8(10):1258.

In this article we used traffic light reporter system to evaluate the role of PPM1D
in repair of DNA double-stranded breaks (DSBs). We observed a decreased HR/NHEJ
ratio suggesting that PPM1D inhibition lowered DSB repair efficiency by homologous
recombination (HR) but didn’t affect NHEJ. Subsequently, we generated PPMI1D
knockout cell lines (U20S and RPE) and confirmed their higher sensitivity to IR,
comparable to cells with inhibited PPM1D. Also, PPM1D knockout or inhibition led to
longer persistence of 53BP1 foci after IR.

The DNA repair pathway is chosen based on the balance between 53BP1/RIF and
BRCA1/BARDI. Depletion of BRCA1 or BARDI1 decreases HR frequency, whereas
depletion of 53BP1 or RIF1 increased the HR/NHEJ ratio. This increased ratio of
HR/NHEJ was rescued after Wipl inhibition.
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Thus, PPM1D might promote HR through regulation of BRCAl /BARDI
complex. We observed that PPM1D can interact with both BRCA1 and 53BP1 and that
PPMID also dephosphorylate both of them (BRCA1 at S1524, 53BP1 at T543). The
phosphorylation of 53BP1 at T543 is needed for 53BP1 interaction with Rifl. On this
dephosphorylation, PPM1D is probably collaborating with phosphatase PP4C which was
originally described in this process.

Since impairment of HR through mutations in BRCA1/2 leads to increased
sensitivity to PARP inhibitors, we tried if PPM1D inhibition can also increase sensitivity
to PARP. Indeed, we observed higher sensitivity to PARP after PPM1D inhibition or
knockout. This sensitivity was even further enhanced with combined depletion of PP4C

and PPM 1D inhibition.
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S DISCUSSION

5.1 Aim 1 —To decipher the role of PPM1D at telomeres

PPMID is a chromatin bound protein with poor solubility[137]. To detect new
interactors of PPMI1D at chromatin, we used PPM1D fused to biotin ligase BioID2 or
empty BioIlD2 [172]. Combining immunoprecipitation of biotin tagged proteins in
denaturizing conditions with MS, enabled better detection also of poorly soluble protein
bound to chromatin. By this method, we identified shelterin components (specifically
TRF2, TRF1 and TRF2IP) as major interactors of PPMI1D. We confirmed these
interactors also by co-immunoprecipitations and proximity ligation assays. Further we
focused on TRF2, which out of the shelterin components scored the best in MS.

We found that PPM1D interacted with TRF2 through its basic rich loop (247-250 B-
loop) localized within the catalytic domain of PPMID. Mutants in B-loop fail to
colocalize to TRF2 but still localize to nucleus because PPM1D has 2 nuclear localization
signals (NLS), one in the catalytic domain in basic rich loop (247-250 B-loop) and the
other one in the C-terminal domain (535-552 AA) [173]. Using confocal microscopy, we
also confirmed that PPM 1D can colocalize with TRF2 at approximately 60% of telomeres
in both U20S and MCF7 cells, meaning that PPM1D can associate with telomeres in
various cell types with both telomerase (MCF7) or alternative lengthening of telomeres
(U208).

Telomeres safeguard the integrity of genomes by shielding the natural ends of
chromosomes from being identified as damaged DNA. When telomeres become
dysfunctional, they restrict replicative lifespan and stimulate a DNA damage response
that drives cells into senescence or apoptosis, thus curtailing the growth of potentially
cancerous cells. On the contrary, chromosome ends without the necessary telomere
protection are vulnerable to DNA repair processes that lead to end-to-end fusions and to
extensive genomic instability that can contribute to the development of cancer. Telomeres
are protected from aberrant DNA damage response by shelterin proteins, which were
reported to be phosphorylated under different conditions. However, only a few of these
events have been thoroughly studied [174, 175].

In this article, we focused on TRF2 phosphorylation at S410, which is well

conserved among species, matches the consensus ATM/ATR site and is increased after
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IR and genotoxic stress[139, 176]. We observed that TRF2 S410 is dephosphorylated by
PPM1D and phosphorylated by ATR.

Inspiringly, other phosphorylations of TRF2 have been described as playing
important roles. Particularly, phosphorylation of TRF2 at S365 was shown to be crucial
phospho-switch for telomeres t-loop unwinding during S-phase [90]. TRF2 at S365 is
phosphorylated by CDK throughout the cell cycle, only in S-phase dephosphorylation of
TRF2 by PP6C/R3 phosphatase enables recruitment of RTEL1 helicase, which can
transiently unwind the t-loops and enable telomeres replication [90, 177]. After cells were
exposed to ionizing radiation, it was observed that TRF2 underwent transient
phosphorylation at Thr230, allowing it to bind to DNA lesions outside of telomeres and
thus promote DNA repair [178-180]. Nonetheless, the part that TRF2 modification plays
in the DNA repair of telomeric lesions has yet to be elucidated.

As TRF2 S410 is phosphorylated by ATR, it is intriguing to hypothesize, that it
might have a role during telomere replication. Furthermore, it is questionable whether
TRF2 S410 phosphorylation may similarly to S365 phosphorylation, contribute to t-loop
unwinding. Interestingly, levels of TRF2 S410 phosphorylation are low, but they increase
upon DNA damage at telomeres or upon PPMID inhibition, suggesting that S410
phosphorylation may be involved in fine-tuning response to replication stress at
telomeres. However, the possible mechanism remains elusive. TRF2 S410
phosphorylation might affect recruitment of some additional factor important in
overcoming replication stress, which were shown to be recruited by TRF2 including
RTELI (helicase dismantling G4 quadruplexes and t-loop DNA) [177], Apollo (nuclease
relieving topological stress) [181] and SLX4 (a multitasking protein involved in the
replication stress response and the maintenance of telomere stability) [182]. Other mode
how TRF2 S410 might influence replication is interaction with TIN2 which is described
below.

Since the phosphorylation of S410 of TRF2 is adjacent to the TIN2-binding motif
(392-408 aa, TBM motif), which is essential for interaction with TIN2, we looked closer
onto this interaction. TIN2 can interact with TRF2 via 2 sites. C-terminal portion of TIN2
(TRFH binding motif, residues 256-276) can interact with TRFH domain of both TRF1
and TRF2, or the N-terminal domain of TIN2 (residues 2-202) can recognize the TIN2-
binding motif (TBM, residues 392-408) of TRF2 [183]. Interestingly, the binding
between N-terminal domain of TIN2 with TRF2rswm has almost 20 times higher affinity
than the binding of TIN2 C-terminal part with TRF21rrn, suggesting that interaction
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between TRF2 and TIN2 is mostly dependent on the N-terminal part of TIN2 and TBM
motif in TRF2 [39].

The crystal structure, which has been shown to describe the TIN2-TRF2 interaction,
lacks the structural information for TRF2 after residue 408 [39]. Therefore, we used
Alphafold2 Colab to predict the structure of TRF2 residues 392-420 [184]. In the
Alphafold2 model, S410 of TRF2 is positioned opposite to the positively charged residues
of TIN2 binding motif, implying that phosphorylation of S410 might strengthen the
TRF2-TIN2 interaction by formation of salt bridges between the phosphate and basic
residues in the AA50-56 region of TIN2.

Indeed, we managed to confirm by many assays, that phosphorylation of TRF2 at
S410 is enhancing the interaction between TRF2 and TIN2. We also observed, that the
interaction between non-phosphorylatable mutant of TRF2 and TRF2 wild-type with
TIN2 was comparable, which is in good agreement with published literature, where TRF2
peptide missing the phosphorylation site is still able to interact with TIN2 [39]. Therefore,
we suggest that PPM 1D might be fine - tuning the level of interaction between TRF2 and
TIN2.

Since TIN2 is important for recruitment of TPP1-POT1 to TRF1/TRF2, we tested
whether also TPP1 levels are affected by PPM1D status. Indeed, we observed an increase
of TPP1 levels in TRF2 foci after PPMI1D inhibition or in PPM1D knockout cells,
suggesting that TRF2 S410 dephosphorylation by PPM1D may affect the shelterin
assembly. This effect seems to be consistent for cells with alternative lengthening of
telomeres (U20S) and with telomerase (MCF7).

As PPMI1D inhibition seems to be stabilizing the shelterin complex by increasing
strength of TRF2-TIN2 interaction, we wondered if activation of PPM1D would do the
opposite. Therefore, we overexpressed wildtype PPM1D, which led to decreased amount
of TIN2 at telomeres. After overexpression of PPM1D-A380, which showed the strongest
association to telomeres, we observed even stronger reduction of TIN2 from telomeres
accompanied also by strong reduction of TRF2 staining at telomeres suggesting, that the
shelterin may fall apart after dephosphorylation by PPM1D.

Since phosphorylation of TRF2 is enhanced after DSBs, we wondered what effect
might the PPM1D status have on recruitment of DNA repair proteins to telomeres after
DSBs. For this purpose, we induced DSBs at telomeres by Cas9 system and compared
PPMI1D wild type vs knockout cells. We observed no difference in NBS1 recruitment,
suggesting, that DSBs are recognized by MRN complex independently of PPM1D status.
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Next, we checked DDR mediator 53BP1. We could see significant reduction of 53BP1
recruitment to telomeres and 53BP1 foci formation in PPM1D knocked out cells or cells
with PPM1D inhibitor. The reduction of 53BP1 foci formation and recruitment to
telomeres was rescued by overexpression of PPM1D in PPMI1D knocked out cells,
confirming, that it is truly an effect of PPM1D. To recruit 53BP1 or BRCA1 to telomeres,
histone H2A needs to be ubiquitinated [ 185]. Therefore, we checked ubiquitin levels with
FK2 antibody and indeed we saw reduction of signal in PPM1D KO cells, which might
explain the decreased levels of 53BP1. 53BP1 is essential for NHEJ (non-homologous
end joining). To check, whether also the other major DSBs repair pathway, HR
(homology recombination), is impaired, we focused on Rad51. Indeed, we saw reduction
of Rad51 at telomeres after PPM1D inhibition or in knocked out cells, suggesting that
both major DSB repair pathways are impaired at telomeres in cells lacking PPM1D. To
test whether PPM1D affects the recruitment of DSB repair factors through TRF2
phosphorylation, we induced telomeric damage in cells, where we also expressed TRF2
S410A mutant vs wild type and treated with PPMI1D inhibitor. Whereas TRF2-WT
expression rescued only mildly the effect of decreased 53BP1 foci after PPMID
inhibition, TRF2-S410A showed significant increase of 53BP1 foci at telomeres. This
suggests, that PPM1D is promoting the 53BP1 recruitment to telomeres after DSBs
through dephosphorylation of TRF2 S410.

To protect DNA ends, TRF2 plays an important role in t-loop formation [80]. TIN2
was shown to promote TRF2 mediated t-loop formation in vitro [186]. Since loss of
PPMI1D is enhancing TRF2 S410 phosphorylation and TRF2-TIN2 interaction, we
wondered whether it may affect t-loop formation. To check the t-loop formation, we
imaged the telomeres in psoralen-crosslinked chromatin spreads using Structured
[llumination Microscopy (SIM) and determined the fractions of linear and closed
telomeres. Though we observed approximately 25% of telomeres were forming t-loops,
which is consistent with the published literature, we didn’t observe significant differences
in t-loop formation between PPM1D wild-type and knocked out cells [80]. This would
suggest that PPM1D is not affecting t-loop formation. Other explanation could be, that
the assay is not sensitive enough to detect mild differences in t-loop formation, since
approximately half of the telomeres are excluded from the analysis due to inconclusive
shape. Lack of PPM1D could also promote TIN2 in facilitating TRF2 mediated higher-

organization of telomeres [186].
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TREF2 is supposed to suppress DNA damage via 2 modes [121]. The TRFH domain
of TRF2 is essential for t-loop formation and suppression of ATM activation. TRF2 iDDR
(inhibitor of DDR, residues 449-473) region in hinge domain should repress the DNA
damage response at telomeres at the level of E3 ubiquitin ligase RNF168 [121].
Phosphorylation of TRF2 at S410 and iDDR motif are both in the hinge domain, which
hasn’t been crystallized and lacks structural information. We wondered if the TRF2 S410
phosphorylation may somehow (e.g., by allosteric modification) affect the function of
iDDR motif. The iDDR motif is supposed to supress the RNF168 activity via UBRS (E3
ubiquitin ligase) and BRCC3 (deubiquitinating enzyme) [121]. We tested whether
knockdown of BRCC3, UBRS or overexpression of RNF168 would rescue the formation
of 53BP1 foci to damaged telomeres in cells with PPM1D-KO. As we didn’t observe
rescue, we concluded that PPM1D activity is not promoting 53BP1 foci formation at
damaged telomeres through affecting ubiquitination. Possibly, lack of PPM1D might
impair the recruitment of DDR factors, by enhancing the interactions between TRF2 and
TIN2-TPP1-POT1 within the shelterin complex, thereby limiting the accessibility for
DDR factors and also limiting the formation of possibly deleterious telomere fusions.
Conversely, PPM1D activity is dephosphorylating TRF2 S410 and therefore loosening
the interactions within shelterin, which might enable easier access of DDR factors to the
damaged telomeres.

We found that recruitment of the truncated variant of PPM1D A380 to telomeres
is greatly enhanced. Interestingly, cells reacted differently to PPM 1D inhibitor, when they
overexpressed truncated PPM1D and when they had just basal PPM1D levels. In cells
with basal levels of PPM1D, PPM1D inhibitor did not increase telomere induced foci
(TIFs), reflecting DNA damage at telomeres by co-staining 53BP1 at telomeres. Whereas
when PPM1D A380 was overexpressed for 10 days, cells had more telomeric fusions and
TIFs and inhibition of PPM1D in these cells increased amount of TIFs even further. This
could be interesting since PPM1D is stabilized by truncation or overexpressed in some
tumors, so theoretically inhibition of PPMI1D could specifically enhance genome
instability at telomeres in cancerous cells with truncated PPM1D whereas genome
instability at telomeres in normal cells might be unaffected by PPM 1D inhibitor.

There are still some tempting questions about PPM1D and its role at telomeres
remaining unanswered. Firstly, PPMID is interacting with more shelterin components
than just TRF2, so it could dephosphorylate more shelterin proteins than just TRF2
probably on SQ/TQ sites. An interesting candidate could be for example the ATM/ATR
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dependent phosphorylation of TRF1 at S367. This phosphorylation was observed in
immortal human cells, where it leads to dissociation of TRF1 from telomeres and to
enhanced telomerase assembly, pointing out the role of DNA damage transducing kinases
in telomere elongation [187]. It is intriguing to test whether also PPM1D could be
affecting the extent of telomeres elongation.

Another question is whether PPM 1D might affect TRF2 function elsewhere than
at telomeres. TRF2 was described to bind also to different locations than telomeres,
specifically to heterochromatin regions which are hard to replicate such as
pericentromeres, where TRF2 facilitates progression of the replication fork [188]. TRF2
can also bind to extra-telomeric G-quadruplexes and alter expression and epigenetic state
of several promoters [189]. Some studies connected TRF2 with non- telomeric DNA
damage response of DSBs. TRF2 was proposed to mediate strand invasion and promote
HR [190, 191]. After IR TRF2 is phosphorylated by ATM at T188, however later was
shown that this phosphorylation is not essential for TRF2 recruitment to DSBs [179,
192]. Future studies are needed to specify the function of TRF2 phosphorylations in DDR

and to test whether TRF2 and PPM1D are connected also at nontelomeric regions.

5.2 Aim 2 — To functionally characterize mutations of the shelterin
components in melanoma

POT1 (protection of telomeres) is a highly conserved shelterin protein which
binds the telomeric single-stranded G-rich DNA. This single stranded G-rich DNA can
be present either as 3’ overhangs at the ends of the chromosomes or in the case of
formation of t-loops, where the ends of chromosomes are tucked into the double stranded
part of the DNA, single stranded G-rich DNA occurs at the displaced strand [80, 193].

POT]1 is recruited to telomeres by forming a functional heterodimer with another
shelterin component TPP1 (also called ACD- adrenocortical dysplasia protein homolog)
[96]. In this heterodimer TPP1 tethers POTI to telomeres through interaction with TIN2-
TRF1 and TIN2-TRF2 complexes [194]. POTI1 has a critical role in the control of
telomere length by inhibiting telomerase [40]. POT1 in collaboration with TPP1 can also
prevent hyper-resection at telomeric ends by inhibiting ATR [195].

In collaboration with Zden¢k Kleibl and clinical geneticists, we have described
two germline mutations in POT1. The ¢.703-1G>C mutation was found in a proband with
melanoma, dysplastic nevi, and thyroid cancer which resulted in exon 10 skipping and a

frameshift (p.V235Gfs*22). The rare missense variant ¢.347C>T changed the conserved
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amino acid p.P116L in a patient with superficial spreading melanoma and breast cancer
carrying also a germline deletion of 5395bp affecting exons 9 and 10 of the CHEK?2 gene
(NM_007194)[196].

For further functional analysis, we focused on P116L mutation of POT1 (Figure
19). P116L is located in the N-terminal part of POTI, which consists of 2 OB
(oligosaccharide/oligonucleotide) fold domains which specifically recognize telomeric
ssDNA[197]. The C-terminal part of POT1 is needed for binding of TPP1 and consists of
third OB fold domain and HJIRL (Holiday junction resolvase like domain) [198].

P116L
1 | 155 300 320 393 538 634
N- OBl OB2 OB3 HJRL oB3 -C
0 w L J
Y
ssDNA binding TPP1 l::inding

Figure 19: Domain organization of POT1 with highlighted mutation of POT1 P116L in the OB1
domain (for further description see the text above) (numbering according to [198])

To functionally characterize the P116L variant of POTI1, we firstly performed
immunoprecipitation with transiently overexpressed wildtype GFP-POT1 or GFP-POT1-
P116L mutant and observed that comparable levels of TPP1 were bound by both variants.
Using confocal microscopy, we also detected that both POT1 wildtype and P116L can
colocalize with TRF2, suggesting that also the mutant variant of POT1 can be recruited
into shelterin complex and correctly localize to telomeres. Since P116L mutation resides
in OB1 fold domain which should be important for ssDNA binding, we hypothesized that
it could impair binding to ssDNA. Performing pulldown with biotinylated G-rich
telomeric probe, we saw that only wildtype and not the mutated variant of POT1 could
bind single stranded telomeric DNA [196].

Our results are consistent with the literature and we see, that POT1 P116L mutation
doesn’t affect recruitment of POT]1 to the shelterin complex through TPP1, for which C-
terminal part of POT1 is essential. On the other hand, POT1 P116L mutation, which
resides in the N-terminal part of POT1, impairs binding of POT1 to ssDNA. Therefore,
we conclude that P116L is a functionally defective mutation.

Germline mutations of POT1 have been observed in various cancer types, including
melanoma, chronic lymphocytic leukemia, angiosarcoma and glioma [199]. Additionally,

somatic mutations of POT1 have been detected in a number of cancer types [200]. The
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analysis of the correlation between the frequency of POT1 mutations and the type of
tumour among cancers known to be associated with germline POT1 mutations revealed
that angiosarcoma was the cancer type with the highest mutation rate (23.26%), while
melanoma was associated with an average mutation rate of 3.69% [199]. Next to our
studied mutation, POT1 RI117C mutation was detected as causative of cardiac
angiosarcomas in families with multiple tumors [201]. This study showed that R117C
mutation decreased ability of POT1 to bind ssDNA and led to abnormally long telomeres
with increased fragility [201]. Apart from our study, P116L mutation of POT1 has been
detected also in cardiac angiosarcoma [202]. Further population studies on larger groups

are necessary to assess the effect of the P116L variant on the increase in tumor risk.

5.3 Aim 3 — To identify novel substrates of PPM1D

In this part of the study, we performed candidate and unbiased screens to identify new
substrates of PPM1D. To this end, we established a novel assay for screening substrates
of phosphatases in nuclear extracts. We confirmed many established PPM1D substrates
including p53 S15 and Kapl S824 and identified novel substrates DBC1 T454 and DNA-
PK pS2056. Interestingly, by this novel assay, we did not detect any activity of PPM1D
towards its published substrate p38. p38 was originally described as PPM1D substrate
using transient overexpression of PPM1D in cells, but this may have indirect effect on
p38 phosphorylation either by change in transcriptional programs or by increased stress
induction [163]. p38 was also described as PPM1D target using in vitro assays with p38
phosphopeptide [139]. We hypothesized that our novel assay is physiologically more
relevant as it decreases risk of the non-specificity observed in in vitro assays, where
phosphatase is mixed directly with a single phosphopeptide. To verify this hypothesis,
we confirmed, that when p38 phosphopeptide is mixed in vitro with PPM1D, we see the
dephosphorylation. However, we suggest that this effect is not relevant in cells, where we
did not observe any dephosphorylation of p38 by PPMI1D (using PPM1D inhibition or
PPMI1D knock-out cells). We performed subcellular fractionation and as expected, we
detected PPM1D predominantly in nuclear fraction whereas p38 was present mostly in
cytosol, further supporting that p38 is not a direct substrate of PPM1D.

Initial research on PPM1D knock-out mice suggested that the loss of PPM1D could
suppress tumorigenesis by targeting p38, thus indirectly activating the p53 and Ink4a
pathways [203, 204]. However, subsequent studies revealed that PPM1D can target p53
directly by dephosphorylating S15, as well as indirectly through its impact on ATM and
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MDM?2 [141, 142, 150]. We also observed that PPMI1D inhibition increases p53
acetylation in p53 C-terminal domain on Lys382, which is enhancing p53 binding to DNA
and stimulating transcription of its target genes [205-208].

We wondered whether PPM1D might affect p53 acetylation through its newly
identified substrate DBC1 because it was published that DBC1 phosphorylation is
affecting its interaction with SIRT1 deacetylase, which might affect p53 acetylation
[209]. Nevertheless, we did not observe any effect of DBC1 phosphorylation on DBC1-
SIRT1 interaction after PPM 1D inhibition and p53 acetylation was increasing even when
DBCI1 was depleted by siRNA. Therefore, we hypothesized that PPM 1D might regulate
p53 acetylation through p300 acetyltransferase, independently of DBCI1. It was
published, that phosphorylations of p53 N-terminal domain, including the PPM1D known
target p53 S15, are enhancing interaction between p53 and p300[210]. In agreement with
this, we could see that PPM1D inhibition enhanced the p300-p53 interaction. Recent
findings also suggest that ATM-induced phosphorylation of BRCA1 may facilitate the
formation of the p53-p300 complex, yet the exact mechanism of this interaction has to be
elucidated [211]. Indeed, we could see that PPM1D dephosphorylates BRCA1 S1524.
This further supports the model that PPM1D is decreasing activity of p53 not only through
p53 S15 dephosphorylation, but also by limiting p53-p300 interaction and therefore p53
K382 acetylation.

In parallel to the candidate approach, we performed also unbiased screen which
unraveled many interesting potential targets of PPMI1D. Unfortunately, before we
managed to publish our screen, similar study with exactly same treatments (etoposide and
PPMI1D inhibitor) was published [212]. Etoposide, which is a TOP2 poison, is used
extensively in the clinical setting as an anti-cancer agent [213]. It causes DSBs in a mode
that is reliant on both transcription and replication [170, 171]. Similar to our results, they
found that acute DNA damage after etoposide is counteracted by PPM1D. In etoposide-
treated cells, we both noticed that PPM1D dephosphorylated mostly the SQ motif. They
selected kanadaptin (SLC4A1AP) as an interesting hit which is phosphorylated after
etoposide and dephosphorylated by PPM1D at S709. This phosphorylation is present in
a disordered region of kanadaptin. To study the effect of the phosphorylation on structure-
function and disorder functions relationship, they employed atomistic molecular
dynamics simulations. They could see, that the region around S709 remained disordered
even after phosphorylation and that the three nearby glutamic acids (E713, E714 and

E715) were mostly solvent exposed, indicating their possible role in molecular
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recognition and protein-protein interactions of the PPM1D-targeted SQ motif in the
DDR[212]. In our screen, we detected phosphorylation of kanadaptin only on S712 and
S312, but these phosphorylations did not change significantly in response to PPM1D.

Interestingly, Graf et al. also detected phosphorylations of the p38 (MAPK14). In
U208, phosphorylations were found at S2, T180 and Y182 residues, while in HCT116
only S2 and Y182 were detected. Phosphorylation on S2 was located in the SQ motif and
with etoposide treatment had a significant increase, without any alteration induced by
PPM1Di in both cell lines. In HCT116, a mild increase of the phosphorylation at Y182
was registered upon the administration of PPM1Di when the cells had been treated with
etoposide (log2FC (Eto + PPM1Di/Eto) = 0.65)). However, in U20S, there were no
changes in phosphorylations at Y182 greater than log2FC 0.5. Additionally,
phosphorylation at T180 was only found in U20S, yet there were not any significant
changes observed [212]. Collectively, these results support the hypothesis that PPM1D is
not directly dephosphorylating p38/MAPK 14 at T180.

In our MS screen, p38(MAPK14) phosphosites were not detected at all. With regard
to TRF2, we did not detect the S410 phosphosite; only the phosphosites on S365 and
S421 were observed. For S421, we noted a mild increase after PPM1D inhibition. This
might suggest that PPM1D additionally dephosphorylates TRF2 at S421, or that the MS
analysis was not able to accurately assign which particular serine on the phosphopeptide
was phosphorylated, since S421 was detected in the same peptide that also contains S410.
Interestingly, similar results were observed in the screen of U20S from Graf et. al., where
they detected only 2 phosphosites of TRF2: S365 and S422. Analysis revealed that
phosphorylation at S365 stayed the same under all conditions, whereas phosphorylation
at S422 increased when PPMIDi was added to etoposide-treated cells
(log2FC(Eto+PPM1Di/Eto) 1.7). Once again, the phosphorylation of Serine 422 located
in the same peptide as Serine 410, which both share an SQ motif, raises the possibility
that either MS analysis has incorrectly assigned the respective phosphosite or that PPM1D
may have the ability to dephosphorylate both these residues. In HCT116, phosphorylation
of TRF2 was identified exclusively at S109 with no differences between the conditions
observed [212].

We detected that PPM1D can dephosphorylate TRF2 at S410 (See Results 4.1).
This TRF2 phosphorylation was detected by a former screen by Kahn et. al. [214]. In this
study, the authors utilized Molm13 cells carrying either a wild-type or truncated PPM1D
mutation in exon 6, which enhances the stability and quantity of the PPM1D in the cells.
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They observed that the PPM 1D mutant cells exhibited less phosphorylation of TRF2 S410
compared to PPM1D wild-type cells and revealed that inhibiting PPM1D results in a
higher level of TRF2 S410 dephosphorylation. Additionally, the authors noted an
elevation in TRF2 S410 phosphorylation following the administration of cytarabine, a
replication chain-terminating nucleoside analogue employed in chemotherapy for
leukemias and lymphomas [215]. This increase in TRF2 S410 phosphorylation suggests
a role in replication stress, which is further supported by the results of our experiment,
where we observed that TRF2 S410 is phosphorylated by ATR (See Results 4.1).

Similar to Graf et. al., we detected Nuclear mitotic apparatus 1 (NUMAT1 S395)
as a very strong hit, which is highly induced by etoposide and dephosphorylated by
PPM1D. NUMA1 was shown to be phosphorylated at S395 following oxidative damage
including IR [176]. NUMAI serves as a barrier for 53BP1 recruitment to damaged
chromatin and its phosphorylation at S395 could acts as a switch. It was shown that
S395A nonphosphorylatable mutant of NUMAI is enhancing the barrier for 53BP1
recruitment to chromatin and supposedly phosphorylation of NUMAT1 could enable the
53BP1 recruitment [216]. Therefore, dephosphorylation of NUMA1 at S395 could be
another mechanism by which PPM1D contributes to the termination of DDR.

5.4 Aim 4 — To identify new roles of PPM1D in DNA damage repair

In this article, we showed that PPM 1D inhibition decreased efficiency of HR (but not
NHEJ) repair of DSBs and led to persistent DNA damage in S/G2 indicated by slower
clearance of 53BP1 foci. We found that PPM1D can interact with and dephoshoprylate
BRCA1 and that PPMID can promote timely recruitment of BRCA1 to DSBs. We
observed that PPM1D dephosphorylated also 53BP1 at T543, this site mediates
interaction between 53BP1 and RIF1 and also promotes chromatin remodelling [217].
Even though the effect of PPMID inhibition on 53BP1 was higher than the effect of
previously described phosphatase PP4C, we did not observe any significant difference in
the DNA resection upon PPM1D inhibition. Possible explanation could be, that PPM1D
1s affecting 5S3BP1 repositioning only in a small but physiologically meaningful fraction
of DNA lesions depending on the chromatin background. PPM1D could also modulate
HR by targeting other substrates involved in late steps of HR such as BRCA1-BARD1
complex. This complex stably interacts with PPM1D, can be phosphorylated at many
sites by ATM/ATR and was shown to be important for Rad51-mediated homologous
DNA pairing in HR [218]. Theoretically, PPM1D might also regulate HR through
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inhibition of p53 activity because p53 can directly interact with Rad51, Rad54 and supress
Rad51 expression [219-221]. Future research is still needed to determine the exact
mechanism of PPM1D in HR.

Poly(ADP-ribose) polymerase (PARP) is an enzyme involved in base excision repair,
a key pathway in the repair of DNA single-strand breaks [222]. Inhibition of PARP (e.g.
by Olaparib) leads to the persistence of ssDNA lesions that are converted to dsDNA
breaks during replication, lesions that are normally repaired by homologous
recombination [222]. This is utilized in cancer treatment where inhibition of PARP
combined with mutations in proteins needed for HR pathway (such as BRCA) lead to
synthetic lethality [222, 223]. In line with PPM1D role in HR, we found that when
PPMI1D was lost, cancer cells became more sensitive to PARP inhibitors. Further, we
used selective inhibitor of PPM1D (GSK2830371), which is well tolerated in normal
cells. Combining olaparib with a PPM 1D inhibitor caused an increase in DNA damage
load in G2 cells leading to significant increase in cell death, suggesting that this
combination might be advantageous for treatment of BRCA1 proficient tumors. Given
that p53 is the primary target of PPM1D, it has been proposed that utilizing a PPM1D
inhibitor can be effective in treating certain types of neuroblastoma, breast
adenocarcinoma, and melanoma that exhibit p53 proficiency [224-227]. We propose, that
combining inhibition of HR and stimulation of p53 could have synergistic effect on

eradicating cells with PPM 1D inhibitor.
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6 CONCLUSIONS

The overall goal of this thesis was to improve understanding of the PPM1D role in
DNA damage response. To elaborate on this goal, we searched for PPM1D interactors
using proximity biotinylation combined with proteomic analysis. In this way, we
uncovered that PPM1D can interact with shelterin components and localize at telomeres.
Moreover, we observed that the truncated (but enzymatically active) variant of PPM1D
A380, compared to PPM1D WT, was more efficiently recruited to telomeres, which
resulted in an increased number of telomeric fusions. These discoveries could be highly
relevant for some cancer types, where PPM1D is stabilized by C-terminal truncation.
PPM1D inhibitor might be useful for treatment of these cancers not only because of its
effect on HR but also through its effect on telomeres.

Next goal was to functionally characterize mutations of the shelterin components in
melanoma, specifically focusing on the POT1 P116L mutation. My research revealed that
this mutation is functionally defective due to its impaired binding of POT1 to single-
stranded DNA, despite not disrupting its recruitment to the shelterin complex.

To further validate already published and detect possible new targets of PPM1D, we
developed and implemented a novel screen utilizing nuclear extracts and recombinant
phosphatase. We confirmed many known targets, demonstrated that p38 is not a
physiological target of PPM1D and identified novel PPM1D targets including BRCA1
S1524 and DBC1 T454. Additionally, we proposed a mechanism of PPM1D inhibition
leading to increased p53 acetylation.

Finally, we studied Wipl's role in DNA damage repair and discovered that it was
promoting HR and not NHEJ. Our findings suggest that PPM1D inhibition in p53
proficient cells combined with HR inhibitors, such as PARP1i, could have a synergistic

effect in eradicating cancer cells.
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ABSTRACT

Protein phosphatase magnesium-dependent 1 delta
(PPM1D) terminates the cell cycle checkpoint by
dephosphorylating the tumour suppressor protein
p53. By targeting additional substrates at chromatin,
PPM1D contributes to the control of DNA damage re-
sponse and DNA repair. Using proximity biotinylation
followed by proteomic analysis, we identified a novel
interaction between PPM1D and the shelterin com-
plex that protects telomeric DNA. In addition, con-
focal microscopy revealed that endogenous PPM1D
localises at telomeres. Further, we found that ATR
phosphorylated TRF2 at S410 after induction of DNA
double strand breaks at telomeres and this modifi-
cation increased after inhibition or loss of PPM1D.
TRF2 phosphorylation stimulated its interaction with
TIN2 both in vitro and at telomeres. Conversely, in-
duced expression of PPM1D impaired localisation of
TIN2 and TPP1 at telomeres. Finally, recruitment of
the DNA repair factor 53BP1 to the telomeric breaks
was strongly reduced after inhibition of PPM1D and
was rescued by the expression of TRF2-S410A mu-
tant. Our results suggest that TRF2 phosphorylation
promotes the association of TIN2 within the shelterin
complex and regulates DNA repair at telomeres.

INTRODUCTION

Genome instability is one of the hallmarks of cancer cells
(1). DNA damage response driven by Ataxia telangiecta-
sia mutated (ATM) and Ataxia telangiectasia and Rad3-
related protein (ATR) kinases represents a surveillance
mechanism that protects genome integrity by orchestrating
a temporal cell cycle arrest and DNA repair (2-4). DNA

double strand breaks (DSBs) are repaired either by non-
homologous end joining (NHEJ) or by homologous recom-
bination (HR). Protein phosphatase magnesium-dependent
1 delta (PPM1D, also known as WIP1) promotes recovery
from the G2 checkpoint by counteracting activities of the
tumour suppressor p53 and KRAB-interacting protein 1
(KAP1) (5,6). In addition, PPM1D terminates DNA dam-
age response by directly targeting ATM, histone H2AX,
BRCAL1 and other proteins at the chromatin flanking the
DNA lesions (7-10). Amplification of the PPM 1D locus or
gain-of-function mutations in the last exon of PPM1D have
been reported to promote tumorigenesis by inhibiting p53
pathway and are commonly found in various solid tumours
and haematological malignancies (11-14).

Although essential for preventing global genome insta-
bility, DNA repair at the ends of chromosomes needs to
be actively suppressed to prevent the fusion of telomeric
DNA (15). Integrity of the telomeres is protected by the
shelterin complex comprising of telomeric repeat-binding
factor 1 (TRF1), telomeric repeat-binding factor 2 (TRF2),
TRF2-interacting telomeric protein 1 (TERF2IP; further
referred to as RAP1), TRFl-interacting nuclear protein
2 (TIN2; also known as TINF2), protection of telom-
eres protein 1 (POT1), and Adrenocortical dysplasia pro-
tein homolog (ACD, hereafter referred to as TPP1) (16).
TRF1 and TRF2 form homodimers through the TRFH do-
mains, and they bind the TTAGGG repeats in the double-
stranded telomeric DNA through their C-terminal Myb do-
mains (17). In addition, the N-terminal basic domain of
TRF2 can bind branched DNA structures and the double
stranded DNA also wraps around the TRFH domain of
TRF2 (18-20). The heterodimer comprising of TPP1 and
POT]1 associates with the single-stranded DNA through
two oligonucleotide/oligosaccharide-binding (OB) folds of
POT1 (21,22). In addition, TPP1 also promotes the recruit-
ment of the telomerase (23). TIN2 bridges the TRF1 and
TRF2 homodimers with TPP1 and prevents activation of
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ATR by stabilizing TPP1-POT1 at telomeric ssDNA (24—
26). Similarly, TIN2 promotes TRF2 binding to telomeres
thus protecting telomeric DNA from uncapping and from
activation of ATM (26-29). Structural studies have revealed
that TIN2 interacts with the TRFH domains of TRF1 and
TRF2, and with a short motif between the residues 392—
408 of TRF2 (hereafter referred to as a TIN2-binding mo-
tif, TBM) (30,31). Due to its unique DNA-binding ability,
TRF2 promotes the folding of the telomeric DNA into a
lasso-like structure referred to as a t-loop that prevents ac-
tivation of ATM (15,32,33). In addition, the basic domain
of TRF2 has been reported to prevent unwinding of the t-
loops whereas recruitment of the Regulator of telomere
elongation helicase 1 (RTEL1) by TRF2 promotes telom-
ere unwinding during the replication (20,34,35). Loss of
TRF?2 leads to exposure of the DNA end, causing activa-
tion of ATM followed by ubiquitination-dependent recruit-
ment of 53BP1 (forming nuclear patches termed Telomere
dysfunction-Induced Foci (TIFs)) and subsequent fusion of
telomeres by NHEJ (36-38). In contrast to TRF2, TRF1 is
required for replication of the telomeric DNA and its loss
leads to telomeric fragility (39). Single-molecule imag-ing
revealed the ability of TIN2 and TRF2 to compact the
telomeric DNA in vitro; however, the importance of DNA
de-compaction for DNA repair at telomeres still remains
unclear (40-43).

Here, we aimed to identify new substrates of PPMI1D
at chromatin. Using proximity biotinylation assay and im-
munoprecipitation, we identified the shelterin complex as a
major interacting partner of PPM1D in human cells. Con-
focal microscopy confirmed a close association between
PPMID and shelterin at telomeres in various cell types.
Since PPMI1D directly interacted with TRF2 in vitro, we
evaluated the ability of PPM1D to dephosphorylate TRF2
in cells. We found that ATR phosphorylated TRF2 at S410
upon CRISPR Cas9-mediated induction of DNA breaks
at telomeres. Inhibition or loss of PPMI1D significantly in-
creased the level of TRF2-S410 phosphorylation. In ad-
dition, PPM1D dephosphorylated TRF2 in vitro. Impor-
tantly, increased phosphorylation of TRF2-S410 in cells
treated with PPM1D inhibitor promoted the association of
TIN2 with the damaged telomeres and prevented recruit-
ment of the DNA repair factor 53BP1. Inversely, the ex-
pression of a non-phosphorylatable mutant TRF2-S410A
rescued the recruitment of 53BP1 to DSBs at telomeres in
cells treated with PPMI1D inhibitor. Furthermore, overex-
pression of PPMI1D impeded with assembly of the shel-
terin at telomeres and promoted telomeric fusions. We con-
clude that ATR and PPMID control the binding of TIN2
at telomeres by inversely regulating the phosphorylation of
TRF2 at S410.

MATERIALS AND METHODS
Cells

Human hTERT-immortalized RPE1 cells (here referred to
as RPE), HEK293, human breast adenocarcinoma MCF7
or human osteosarcoma U20S cells were grown in DMEM
supplemented with 6% FBS (Gibco), Penicillin and Strep-
tomycin. U20S-PPMID-KO cells with a knock-out of
PPMI1D were described previously (44). HeLa cells with
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doxycycline-inducible knock-down of TRF2 were described

previously (45). HeLa-shTRF2 cells were transfected by
pEGFP-TRF2 or pEGFP-TRF2-S410A and selected with
geneticin followed by single cell clone expansion. RPE1 cells

transfected with pCW57-GFP-P2A-PPM1D-A380 plasmid

were selected by geneticin for 3 weeks followed by single
clone expansion and expression of the catalytic domain of
PPMID was induced by doxycycline. All cells were reg-
ularly tested for mycoplasma infection using MycoAlert
kit (Lonza). Plasmid DNA transfection was performed us-
ing polyethylenimine in ratio 1:6. Stable cell lines were
generated by transfection of HEK?293 cells with plasmid
pBIOID2-HA or pBIOID2-PPMI1D-D314A followed by
3 weeks selection with geneticin and expansion of single
cell clones. Silencer Select siRNAs were transfected using
RNAIMAX (both Thermo Scientific) at final concentration
5nM and cells were analyzed after 2 days. Alternatively, two

subsequent rounds of siRNA transfection were performed
and cells were analyzed after 4 days. Expression of Cas9
was induced in iCut-RPE] cells by overnight treatment with

doxycycline and Shield-1 (1 mM, Aobious) and telomeric
DNA damage was generated by transfection of the syn-
thetic sgRNA TTAGGGTTAGGGTTAGGGTT (Sigma)
as described previously (46,47). sgRNA was transfected by
Lipofectamine RNAIMAX (Thermofisher) at final concen-
tration 5 nM.

Plasmids

Coding sequence of human TRF2 was PCR ampli-
fied from pLPC-NMyc-TRF2 (Addgene ID: 16066) (48)
and inserted in frame into pEGFP plasmid. Muta-
genesis of TRF2 was performed using PCR amplifi-
cation followed by ligation of DNA fragments into
pEGFP backbone by Gibson assembly kit (NEB). Cor-
rect mutagenesis was confirmed by sequencing. Num-
bering of the human TRF2 residues is based on ref-
erence sequence NP_005643. Phosphatase dead mutant
PPMI1D-D314A was cloned in frame into MCS-BiolD2-
HA (Addgene ID:74224). Constructs pEJS477-pHAGE-
TO-Spy-dCas9-3Xm Cherry-SgRNA-Telomere-All-in-one
(Addgene ID:85717) and pEJS469-pLK.O1-SpyS gRNA-
DTS13-Telomere (Addgene ID: 85715) were used for visu-
alization of telomeres. DNA double strand breaks at telom-
eres were induced by transfecting cells with pSpCas9(BB)-
2A-GFP (PX458, Addgene ID:48138) containing the
telomeric sgRNA, whereas the empty plasmid served as a
negative control. DNA fragments corresponding to the full
length human PPM1D, its deletion mutants lacking the Pro
loop (1Pro loop) or B loop (1B loop), fragment coding for
unstructured C-terminal region (amino acids 370-605, CT)
or fragment coding the catalytic domain (amino acids 1—
380, A380) were ligated in frame into pEGFP or in pCW57-
GFP-2A-MCS (Addgene ID: 71783) plasmids.

Antibodies and reagents

The following antibodies were used in this study: TRF2
(ab108997, for WB), TIN2 (ab197894, for WB) from Ab-
cam; TRF2 (NB110-57130, for IF), TIN2 (NBP2-55709,
for IF), RAP1 (NBP1-82433, for IF), 53BP1 (NB100-
305, for IF) from Novus Biologicals; TRF2 (sc271710,
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for IF), TIN2 (sc¢73177, for IF), TPP1 (sc100597, for IF
and WB), RAP1 (sc53434, for WB), PPMI1D (sc376257,
for IF and WB), PPMID (sc20712, for IF) from Santa
Cruz Biotechnology; Phospho-Histone H2A.X (Serl139)
(clone D7T2V, #80312), KAP1-S824 (#4127) and PPM1D
(clone D4F7, 11901 for WB) from Cell Signaling Technol-
ogy; gH2AX (05-636, for WB), GFP (11814460001, for
WB), FLAG (F1804, for IF), Fk2 (04-263, for IF) from
Roche. A custom-made pTRF2-S410 antibody was gen-
erated by immunization of rabbits with KLH-conjugated
phospho-peptide  RLVLEEDpSQSTEPSA corresponding
to amino acids 403-417 of the human TRF2 (according to
the numbering in reference sequence NP_005643.2) (Davids
Biotechnologie). Subsequently, immune sera was affinity
purified using negative and positive selection with non-
phosphorylated and phosphorylated peptides, respectively.
PPMID inhibitor GSK2830371 was from MedChemEx-
press and was validated previously (44,49). Validated small
molecule inhibitors of ATM (KU-55933), ATR (VE-821)
and DNA-PK (NU7026) were from MedChemExpress and
were used at final concentrations 10, 10 and 5 mM, respec-
tively.

Immunofluorescence microscopy

Cells grown on coverslips were washed in PBS, fixed by
4% PFA for 15 min and permeabilized with 0.2% Triton-
X100 for 5 min. Where indicated, cells were pre-extracted
prior fixation in 25 mM HEPES pH 7.4, 50 mM NacCl, 1
mM EDTA, MgCl, 300 mM Sucrose, 0.5% Triton X-100
for 5 min. After washing in PBS, coverslips were blocked
with 1% BSA in PBS for 30 min, incubated with primary
antibodies for 2 h at room temperature and subsequently
with Alexa Fluor secondary antibodies (Thermo Scien-
tific) for 1 h. After incubation with DAPI for 2 min, cov-
erslips were washed with water and mounted with Vec-
tashield. For proximity ligation assay (PLA), coverslips
were stained with the indicated primary antibodies followed
by incubation with PLA probes (Merck, Duolink In Situ
PLA Probe Anti-Rabbit PLUS and MINUS, DU092002,
DUO92004) for 1 h at 37°C, ligation for 30 min at 37°C,
and polymerase reaction for 2 h at 37 °C according to the
manufacturer’s protocol (Merck, Duolink In Situ Detec-
tion Reagents Red, DU092008). For immunofluorescence-
FISH, coverslips were fixed, permeabilized, and blocked
as described above. After dehydration with 70%, 95% and
100% ethanol for 3 min each, the coverslips were incubated
for 10 min at 80°C face down on a slide with 20 ml of hy-
bridization solution (10 mM Tris—-HCI pH 7.2, 60% for-
mamide, 0.4 mM TelC-Cy5 PNA probe (Panagene), and
0.5% blocking reagent (Roche, 10% stock in 100 mM maleic
acid pH 7.5 and 150 mM NacCl). Hybridization was per-
formed for 2 h at room temperature in a humidified chamber
in dark. The coverslips were then washed twice for 10 min in
wash buffer 1 (10 mM Tris—HCI pH 7.2, 70% formamide)
and twice for 5 min in PBS. Incubation with primary an-
tibodies was performed overnight at 4°C, followed with
PBS wash and incubation with secondary antibodies for 1 h
at room temperature. The coverslips were then stained
with DAPI, rinsed in water and mounted using Vectashield.
For the high content microscopy, images were acquired us-

ing Olympus ScanR equipped with 60x/1.42 OIL objec-
tive and analyzed using ScanR analysis software. Confo-
cal imaging was performed using Leica DMi8 equipped
with HC PL APO 63x/1.40 OIL CS2 objective. Images
were acquired as Z-stacks of five planes with voxel size
44 x 44 x 129.7 nm and 3D-deconvolved using Huygens
Professional (Scientific Volume Imaging) based on the the-
oretical point spread function. Metaphase spreads were im-
aged using Leica DM6000 equipped with a HCX PL APO
63x/1.40 OIL objective and a sCMOS Leica DFC 900
camera.

Metaphase FISH

Cells were synchronised in late G2 phase by treatment with
9 mM RO0-3306 (MedChemExpress) for 16 h. After wash-
ing with PBS, cells were released into media supplemented
with 0.1 ug/ml colcemid (Sigma) and incubated for 3 h.
Subsequently, cells were trypsinised, pelleted at 300 g for 5
min and resuspended in 5 ml of warm 75 mM KCI. After
incubation for 30 min at 37°C, cell suspension was mixed
with 1.25 ml of fixative solution (methanol:acetic acid, 3:1)
while vortexing. After centrifugation, cells were 3 x washed
with fixative solution. Finally, cells were resuspended in
200-800 ml of fixative solution to achieve concentration
4 x 10° cells/ml, and dropped onto frozen slides from dis-
tance of 30 cm. Slides were air dried overnight, washed 3 x 5
min in PBS and hybridisation was performed as described
above. After washing in wash buffer 1 and three times 10
min in wash buffer 2 (100 mM Tris—HCI pH 7.2, 150 mM
NaCl, 0.08% Tween 20), slides were stained with DAPI,
PBS washed, dehydrated with 70%-95%—-100% ethanol se-
ries, and mounted in Vectashield.

Sample preparation for imaging of telomeric loops

For super-resolution imaging of telomeric loops, we used
modified protocol from Doksani et al. Parental U20S and
PPMI1D KO cells were trypsinized, washed with PBS and
resuspended in 5 volumes of ice-cold nuclei extraction (NE)
buffer (10 mM HEPES-KOH pH 7.9, 10 mM KCI, 1.5
MgClp, 0.5 mM DTT, 0.5 mM PMSF) supplemented with
cOmplete protease inhibitor cocktail (Roche). After 5 min
of incubation, cells were pelleted at 500 g for 5 min at 4°C
and resuspended in 2 volumes on NE buffer. Nuclei were re-
leased from cells using Dounce homogeniser and collected
with centrifugation at 800 g for 5 min at 4°C. Nuclei were
resuspended in nuclei wash (NW) buffer (10 mM Tris—HCI
pH 7.4, 15 mM NaCl, 60 mM KCI, 5mM EDTA) in concen-
tration 1-2 x 107 nuclei/ml, and incubated with 100 mg/ml
of Trioxalen (Sigma) on ice while stirring in the dark for 5
min. Crosslinking was performed by exposing 2 ml of nuclei
suspension at a 6-well plate to 365 nm light for 30 min on
ice. Cross-linked nuclei were centrifuged at 800 g for 5 min
at4°C, washed with ice-cold NW buffer, and resuspended at
1 x 107 nuclei/ml. The nuclei suspension was diluted 10x in
spreading buffer (10 mM Tris—HCI pH 7.4, 10 mM EDTA,
0.05% SDS, 1 M NaCl) pre-warmed at 37°C, and 100 ml of
the suspension was immediately dispersed on 13 mm round
1.5H coverslips using cytospin at 600 rpm for 2 min. Cov-
erslips were dried at room temperature for 1 h and fixed



in methanol:acetic acid (3:1) for 1h. Coverslips were dehy-
drated with 70%-95%-100% ethanol series and hybridized
with TelC-Cy5 PNA probe overnight at 4°C in a humidi-
fied chamber protected from light. After washing with wash
buffer 1 and wash buffer 2, coverslips were washed in water,
air-dried and mounted with Vectashield.

Structured illumination imaging

Three dimensional-structured illumination microscopy
(3D-SIM) was performed using DeltaVision OMX™ V4
equipped with Blaze Module (GE Healthcare) and a PLAN
APO N 60x/1.42 OIL objective. A 568 nm OPSL laser
was used for excitation and a pco.edge 5.5 sSCMOS camera
for signal detection. Raw images were acquired in a z-stack
with 125 nm step, 8 z slices, 15 images per slice, pixel size 80
nm. The image reconstruction was performed using
SoftWorX software (GE Healthcare). Blinded analysis
of telomeres in maximal projection images was done as
previously described (33). Only telomere without gapsin
telomere staining >500 nm were scored. Branched and
overlapping telomeres (30-60% of molecules) were
excluded from analysis.

Proximity biotinylation assay and mass spectrometry

HEK?293 stably transfected with empty pBIOID2 or
pBIOID2-PPMI1D-D314A were grown in media supple-
mented with 50 mM biotin for 5 h, then cells were col-
lected, washed in cold PBS and lysed under denaturating
conditions in lysis buffer (50 mM Tris pH 7.4, 1.0% SDS, 1
mM dithiothreitol, supplemented with cOmplete protease
inhibitor). Protein lysates were diluted with four volumes
of PBS and sonicated 3 x for 30 s. Cell lysates were cleared
by centrifugation at 15 000 g for 10 min and biotinylated
proteins were pulled down by incubation with Dynabeads
M-280 Streptavidin for 90 min. After washing twice in ly-
sis buffer and twice with PBS, on-bead trypsin digestion
was performed and peptides were analyzed by mass spec-
trometry using Orbitrap Fusion instrument (Q-OT- qIT,
Thermo Scientific). All data were analyzed and quantified
using MaxQuant (version 1.6.2.1) and Perseus softwares
(50,51). Three biological replicates were analyzed and me-
dian peptide intensities were compared. Statistical signif-
icance was calculated using Student’s t-test and hits with
FDR <0.05 were considered significant.

Immunoprecipitation

HEK293 cells were transfected with pEGFP, pEGFP-
TRF2 or pPEGFP-TRF1 and collected after 48 h. Cells were
extracted by IP buffer (50 mM Tris pH 8.0, 150 mM NacCl,
1% Tween20, 0.1% NP-40, 10% glycerol, 2 mM EDTA, 3
mM EGTA, 10 mM MgCl,) supplemented with PhosSTOP
and protease inhibitors (Roche), sonicated and DNA was
digested by Bensonase. Cell extracts were incubated with
GFP Trap beads (Chromotek) for 1 h and after washing,
proteins were eluted by Laemli buffer and analyzed by im-
munoblotting.
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In vitro phosphatase assay

Expression and purification of human His-PPM1D was
described previously (52). EGFP-TRF2 was purified from
transiently transfected U20S cells using GFP trap and a
high salt IP buffer (50 mM Tris pH 8.0, 1 M NaCl, 1%
Tween20, 0.1% NP-40, 10% glycerol, 2 mM EDTA, 3 mM
EGTA, 10 mM MgCl,) supplemented with PhosSTOP and
protease inhibitors. Beads were washed with a phosphatase
buffer and incubated with mock or with 150 ng of the puri-
fied His-PPM 1D for 20 min at 37°C. Reaction was stopped
by addition of 4 x concentrated Laemli buffer.

Peptide pull down
Biotin-Ahx-ISRLVLEEDpSQSTEPSAGLN-
amide (TRF2-pS410) and Biotin-Ahx-

ISRLVLEEDSQSTEPSAGLN-amide (TRF2-CTRL)
peptides were synthesized (Genscript), dissolved in ammo-
nia water and then diluted to 1 mg/ml in TBST (150 mM
NaCl, 3 mM KCl, 25 mM Tris pH 8.0, 10% glycerol, | mM
DTT, 0.1% Tween20). Peptide pull down was performed
as described (53). Dynabeads M-280 Streptavidin (Thermo
Fisher Scientific) were incubated with peptides (20 mg) in
TBST for 60 min and then beads were washed 3 times with
TBST. Coupled beads were incubated with Hela nuclear
extract (6 mg/ml, IpraCell) for 90 min at 4°C and then were
washed 3 times with TBST and once with PBS. Proteins
bound to the beads were digested by trypsin and peptides
were analyzed by mass spectrometry. Three independent
experiments were compared in one MS measurement.

Fluorescence anisotropy assay

Purification of human TIN2 was described previously (54).
TRF2-pS410 and TRF2-CTRL peptides fluorescently la-
belled at N-terminus with carboxyfluorescein (FAM; |
494 nm, lem 518 nm) were synthesized by GenScript. Pepe—X
tides (3 nM) in a 1.5 ml quartz-glass cuvette with a magnetic
stirrer were titrated with TIN2 to a final concentration of
500 nM in 50 mM NacCl in 50 mM phosphate buffer, pH
7.0 at 25°C. Fluorescence anisotropy change upon addition
of TIN2 was measured at l.x 490 nm, lem 520 nm with exci-
tation and emission slits 9 nm. Fluorescence anisotropy was
measured three times, and averaged with a relative standard
deviation always lower than 3%. The value of the dissocia-
tion constant was determined by non-linear least square fits
according to the equation: r = rM4X¢ / (Kp + ¢) using Orig-
inPro 2022 (OriginLab Corporation) (20).

Cell proliferation assay

Cell survival assay was performed as described (10). Briefly,
cells were seeded to 96-well plates at 100-130 cells/well,
and treated as indicated. Seven days after treatment, re-
sazurin was added in fresh media at final concentration 30
mg/ml. Fluorescence at excitation wavelength 560 nm and
emission 590 nm was measured using Envision plate reader
(PerkinElmer, Waltham, MA, USA) after 2 h incubation.



1158 Nucleic Acids Research, 2023, Vol. 51, No. 3

Statistical analysis

Statistic was calculated using PRISM 5 (GraphPad Soft-
ware). Only two-tailed test were used. Student’s t-test were
performed under the assumption of normality. As a non-
parametric test, we used Mann—Whitney statistics. All ex-
periments were reproduced with similar results at least two
times.

RESULTS

PPM1D interacts with components of the shelterin complex

Protein phosphatase magnesium-dependent 1 delta
(PPM1D) is a chromatin-bound protein with poor solu-
bility making analysis of its interacting partners a major
challenge (8). To identify proteins forming a complex
with PPM1D, we established a stable HEK293 cell line
expressing a phosphatase-dead PPMI1D-D314A fused
with a proximity-dependent biotin identification (BiolD2)
tag and control cells expressing empty BiolD2 (55,56).
After incubating with biotin, cells were extracted under
denaturating conditions and biotinylated proteins were
isolated using streptavidin beads and subsequently iden-
tified by mass spectrometry (Figure 1A, Supplementary
Table S1). This analysis revealed that three components of
the shelterin complex (namely TRF2, TRF1 and RAPI1)
and telomere-associated exonuclease DCLREIB (also
known as Apollo) were significantly enriched in complex
with PPM1D-D314A-BiolD2 fusion protein. To confirm
the results from the proximity biotin labelling assay,
we performed immunoprecipitation from HEK293 cells
expressing EGFP-PPMID or empty EGFP. We found
that EGFP-PPMID specifically interacted with TRF2
and RAP1 (Figure 1B). In addition, EGFP-TRF2 and
EGFP-TRF1 pulled down endogenous PPMID from
MCEFT7 cells indicating that PPM 1D interacts with shelterin
in various cell types (Figure 1C). To map the interaction
between PPMI1D and the shelterin, we performed im-
munoprecipitation with the full length EGFP-PPMI1D, a
mutant containing the catalytic domain of PPMID
(PPM1D-A380) or a mutant comprising of the unstruc-
tured C-terminal region of PPM1D (PPM1D-CT) (Figure
1D, E). Due to the presence of two NLS sequences located
at the C-terminal region and within the B-loop, respectively,
the catalytic domain of PPM1D as well as the C-terminal
fragment of PPMI1D localized in the nucleus (Figure 1F)
(57). However, only the catalytic domain of PPMI1D but
not the C-terminal tail co-immunoprecipitated with TRF2
(Figure 1E). Moreover, isolated EGFP-TRF2 (but not
EGFP alone) was able to pull down purified His-PPM1D
in vitro, suggesting that the interaction between TRF2 and
PPMI1D is direct (Supplementary Figure S1A).

Finally, we tested the interaction between PPM1D and
shelterin in cells using a proximity ligation assay (43). We
observed distinct nuclear foci in MCF7 cells when prob-
ing for PPM1D and RAP!1 (Figure 1G). Similarly, two
distinct sets of antibodies directed against PPM1D and
TRF2 showed a strong nuclear PLA signal in MCF7 and
U20S cells (Figure 1H, Supplementary Figure S1B). Im-
portantly, the specificity of the observed PLA signal was
confirmed by a strong reduction caused by treating cells

with GSK2830371 (further referred to as PPM1Di) that
promotes a proteasomal degradation of PPMI1D (Figure
1G, Supplementary Figure S1C) (44,49). Similarly, deple-
tion of TRF2 by RNA interference suppressed the PLA sig-
nal thus supporting our conclusion that PPM 1D and TRF2
interact in the cell nuclei (Figure 1H).

Taken together, we conclude that PPMI1D interacts
through its catalytic domain with several components of the
shelterin complex in various cell types regardless of the type
of telomere maintenance, including telomerase proficient
MCEF7 cells and alternative telomere lengthening (ALT)-
dependent U20S cells.

PPMID is present at telomeres

Apart from functions at telomeres, TRF2 and TRF1 were
reported to localize also to other chromatin compartments
(58-61). Therefore, we wondered where the interaction
between PPMI1D and the shelterin complex occurred at
subcellular level. To this end, we transfected U20S cells
with a plasmid expressing an enzymatically inactive dCas9-
mCherry reporter together with a telomere-specific sgRNA
and we visualized telomeres by confocal microscopy (62). In

parallel, we probed cells with validated antibodies against
PPMI1D and TRF2 (Supplementary Figure S1D, E) (8).
As expected, signal from the dCas9-mCherry telomeric re-
porter overlapped with the staining for TRF2 (Figure 2A).
As expected, we observed a dotted nuclear pattern reflect-
ing the localization of PPM 1D to the chromatin (Figure 2A)

(8). In addition, we noticed that a fraction of spots recog-
nized by PPM1D antibody localized at telomeres (Figure
2A). To investigate possible contribution of the stochastic
cluster overlap, we randomized PPM 1D signal distribution
using Interaction Factor package in ImageJ and compared
random overlap with non-random values (63). We con-
firmed that the experimentally observed overlap between
PPM1D and the telomeric staining in U20S cells was statis-

tically significant (Figure 2B). In addition, we observed that
PPMI1D was present at approximately 60% of telomeres
probably reflecting a dynamic interaction between PPM1D
and the shelterin complex (Figure 2B). Finally, we used an
identical experimental approach to determine PPM 1D dis-
tribution in MCF7 cells (Figure 2C). We noted that TRF2
foci in MCF7 cells were smaller than in U20S cells proba-
bly reflecting shorter telomeres in MCF7 cells compared to
the ALT-positive U20S cells. Nevertheless, we found that a
fraction of endogenous PPM1D localized at telomeres rec-
ognized by TRF2 staining in MCF7 cells (Figure 2D). Inter-

estingly, the fraction of telomeres positive for PPM1D was
comparable in MCF7 and U20S cells (Figure 2D). In sum-
mary, we conclude that PPM1D can associate with telom-
eres in various cell types.

To identify the regions in PPMI1D that are necessary
for its localization at telomeres, we transfected cells with
plasmids expressing EGFP-tagged PPMI1D or its deletion
mutants. We found that the wild-type EGFP-PPMID, a
deletion mutant lacking the Proline-rich region (referred
to as 1Pro) and a PPMI1D-A380 mutant comprising of
the catalytic domain between amino acids 1-380 all were
enriched in TRF2 foci (Figure 2E, Supplementary Figure
S1F, G). In contrast, the unstructured C-terminal fragment



Nucleic Acids Research, 2023, Vol. 51, No. 3 1159

A B IP: GFP C
a [a)
s s
o o
o a
e g o d Input IP: GFP
o U o O
w o W wm I_NI_ b E s
70 o o o o
[ [
554 w w o w [T
o 9 Q V) o U
w w w w w w
v
100 -
’ EGFP
(=] -—
0 -8 6 4 2 0 2 4 6 8 10 12 » . STV o
Differance {PPM1D-BiolD2- emptyBiolD2)
D
&
33 w0 245 U0 375 605 @Q’ \Q’ &
= ! &
(= - — LV : R
{ £
Crle - — pPAID-A30 &8
7
o — T e —————
(Eors| T 1 ) PPM1D-APrO
= I [l PPM1D-AB
o
E
£
F EGFP-PPM1D £
A380 &
a
w
(G}
w
G H
o s
o i

[asd

30

oo
o
I

PLA slgna

[o)}
o

& m-PPM1D/rb-TRF2
I rb-PPM1D/m-TRF2

PPM1Di

PLA foci count{PPM1:RAP1)/nucleus
ey

PPM1Di

PLA foci count/nucleus
= B
Y R s
ol B[ TR TITEITR R Y]

PLA signal

Figure 1. PPM1D interacts with component of the shelterin complex. (A) HEK293 cells stably expressing PPM1D-D314A-BiolD2 or empty BioID2 were
lysed 5h after treatment with biotin. Biotinylated proteins were pulled down by streptavidin beads and bound proteins were analyzed by MS (n = 3). Volcano
plot shows —log P values for proteins enriched or reduced in PPM1D-BiolD2 sample. Line delineates the statistical significance (FDR < 0.05). (B) HEK293
cells were lysed 24 h after transfection with plasmids expressing EGFP or EGFP-PPMID and cell extracts supplemented with bensonase were incubated
with GFP trap. Bound proteins were analyzed by immunoblotting. (C) MCF7 cells were transfected with plasmids expressing EGFP, EGFP-TRF1, or
EGFP-TRF2. Cell extracts supplemented with bensonase were incubated with GFP trap. Binding of PPM 1D was probed by immunoblotting. (D) Scheme of
EGFP-tagged PPM1D constructs used in the study. Shown are the catalytic domain in yellow, the basic loop in magenta, the Proline-rich loop in cyan and
the NLS in grey. Note that an additional NLS is located within the B loop. (E) HEK293 cells were transfected with plasmids expressing EGFP, the wild type
EGFP-PPM1D, EGFP-PPM1D-A380 corresponding to the catalytic domain, or EGFP-PPM1D-CT corresponding to the unstructured C-terminal tail of
PPMID. Cell extracts were incubated with GFP trap and binding of TRF2 was evaluated by immunoblotting. (F) U20S were transfected with plasmids
coding for EGFP-PPMI1D variants. Cells were fixed and visualized by wide-field microscopy, the scale bar represents 10 mm. Representative images are
shown. (G) MCF7 cells were fixed and probed for interaction of PPMI1D with RAP1 by PLA assay. Where indicated, cells were treated with PPM1D
inhibitor for 24 h. Mean count on nuclear PLA foci is plotted + SD, n = 300. Statistical significance was evaluated using Mann—Whitney test, (****P <
0.0001). Representative experiment is shown from two independent repeats. The scale bar in representative images corresponds to 10 mm. (H) MCF7 cells
were transfected twice with control sSiRNA (siNC) or siRNA to TRF2. After 6 days, cells were fixed and probed for interaction of PPM 1D with TRF2 by PLA
assay using two different pairs of antibodies (rabbit rb-PPM1D/mouse m-TRF2, mouse m-PPM1D/rabbit rb-TRF2). Where indicated, cells were treated
with PPM1D inhibitor for 18 h prior fixation. Mean count of the nuclear PLA foci is plotted + SD, n = 500. Statistical significance was evaluated using
Mann-Whitney test (****P < 0.0001). Representative experiment is shown from two independent repeats. The scale bar in representative images
corresponds to 10 mm.
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of PPMID failed to accumulate in TRF2-positive foci al-
though it showed a strong nuclear staining (Figure 2E). Fi-
nally, a deletion mutant lacking amino acids 246251 of the
B loop (referred to as 1B) localized to the nucleus but it
failed to co-localize with TRF2 (Figure 2E, Supplementary
Figure S1F, G). Thus, the microscopic analysis revealed that
the B loop in the catalytic domain of PPM1D mediates its
localization at telomeres, which is in good agreement with
the data from immunoprecipitation (Figure 1E). In addi-
tion, the observed difference between intensities of the wild-
type EGFP-PPM1D and the EGFP-PPM1D-A380 mutant
suggests that the C-terminal tail of PPM 1D may be involved
innegative regulation of PPM 1D localization at telomeres.

PPMI1D counteracts ATR-dependent phosphorylation of
TRF2 at S410

As PPM1D localizes at telomeres, we wondered if it could
regulate the phosphorylation of the shelterin components
either in context of the cell cycle progression or following
DNA damage at telomeres. Since PPM1D has been impli-
cated in termination of the global DNA damage response,
we have focused on the phosphorylations triggered by expo-
sure of cells to genotoxic stress. Unfortunately, commercial
antibodies raised against several phosphopeptides in TRF2
and TRF1 did not show sufficient level of sensitivity and
specificity preventing us from testing the effect of PPM1D
activity (data not shown). Therefore, we generated an affin-
ity purified rabbit polyclonal antibody against the phos-
phorylated S410 of TRF2 that is conserved across species,
matches a consensus motif for ATM/ATR and PPM1D
and has previously been detected in cells exposed to ioniz-
ing radiation or to treatment with cytarabine (Supplemen-
tary Figure S1H) (64-66). First, we tested the reactivity
of pTRF2-S410 antibody using the wild-type EGFP-TRF2
or the EGFP-TRF2-S410A mutant immunopurified from
HEK?293 cells. Importantly, we observed a strong reduc-
tion of the signal in the alanine mutant, confirming that
the pTRF2-S410 antibody predominantly recognizes the
phosphorylated form of TRF2 in immunoblotting (Figure
3A). In addition, we found that the basal level of pTRF2-
S410 signal that was increased by treatment of the cells with
hydroxyurea and/or PPM1D inhibitor which is consistent
with the DNA damage-induced phosphorylation of TRF2
that is counteracted by PPM1D (Figure 3B). In agreement
with this possibility, we found that purified His-PPM 1D de-
phosphorylated the purified TRF2 at S410 in vitro (Fig-
ure 3C). Next, we used control HeLa cells or cells with
doxycycline-induced knock-down of TRF2 and exposed
them to ionizing radiation (60 Gy) (45). In non-treated
cells, the phosphorylation of endogenous TRF2 was be-
low the detection limit in the nuclear extracts. On the other
hand, the extensive DNA damage induced the signal of
pTRF2-S410 antibody and importantly, the specificity was
confirmed by depletion of the TRF2 (Figure 3D). As ex-
pected, treatment of cells with PPM1Di decreased the level
of PPM1D protein and induced gH2AX staining (8,44,49).
In addition, we found that inhibition of PPMI1D further
increased the pTRF2-S410 signal suggesting that PPM1D
might dephosphorylate pTRF2-S410 (Figure 3D). To vali-
datespecificity ofthepTRF2-S410antibody inimmunoflu-
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orescence microscopy, we depleted endogenous TRF2 in
U20S cells by RNAI and treated them or not with PPM1D
inhibitor (Figure 3E). As expected, we observed a strong in-
duction of the pTRF2-S410 signal at telomeres upon treat-
ment of control cells with PPM1D inhibitor. Importantly,
the signal was lost upon depletion of TRF2, thus confirm-
ing specificity of the antibody (Figure 3E). Further, we
observed an increase in pTRF2-S410 phosphorylation in
U20S-PPM1D-KO cells and the signal was significantly re-
duced by expression of the FLAG-PPMI1D confirming that
the observed phenotype was indeed caused by the loss of
PPMID (Figure 3F). We conclude that PPM1D counter-
acts the TRF2-S410 phosphorylation at telomeres.

As the basal level of pTRF2-S410 signal in non-treated
cells was relatively low, we searched for conditions that
would stimulate the phosphorylation of TRF2. Upon ex-
posure to ionizing radiation, DSBs are randomly generated
across the genome making interpretation of events observed
at telomeres difficult. To induce DSBs specifically at telom-
eres, we transfected cells with a plasmid expressing Cas9 and
a sgRNA targeting the telomeric repeats (67). Consistent
with previous reports, we observed formation of the telom-
eric dysfunction-induced foci (TIFs) defined by recruitment
of 53BP1 and by phosphorylation of H2AX at S139 (called
gH2AX) (Figure 3G, H, Supplementary Figure S11) (68).
As expected, DSBs induction eventually resulted in telom-
ere clustering that we observed as reduced telomere count
and increased area of the foci (Supplementary Figure S2A—
C) (69). In addition, we noted an increased gH2AX sig-
nal in cells lacking PPM1D, which is in agreement with
the previously described role of PPMI1D in dephospho-
rylating H2AX at chromatin (Figure 3H, Supplementary
Figure S11) (8). Importantly, telomeric DNA damage also
strongly induced the TRF2-S410 phosphorylation at telom-
eres and the signal was further increased in U20S-PPM1D-
KO cells (Figure 31, Supplementary Figure S2D). Of note,
pTRF2-5410 signal was significantly enriched at telomeres
in U20S-PPM1D-KO cells without any induction of telom-
eric damage suggesting that PPM1D may constantly de-
phosphorylate TRF2 at telomeres (Figure 31, Supplemen-
tary Figure S2D).

Finally, we induced DSBs at telomeres in cells treated
with small molecule inhibitors of the major protein kinases
responding to DNA damage and assayed the impact on pro-
tein phosphorylation at telomeres. Similarly to DSBs in-
duced by TRF1-Fokl, we observed that inhibition of ATM
reduced the level of gH2AX at telomere breaks induced by
Cas9 (Figure 3J) (70). In contrast, pTRF2-S410 phosphory-
lation was insensitive to the inhibition of ATM but was re-
duced upon treatment with ATR inhibitor (Figure 3K, Sup-
plementary Figure S2E). Similarly, we observed that RNAi-
mediated depletion of ATR (but not ATM) supressed the
level of pTRF2-S410 phosphorylation (Supplementary Fig-
ure S2F—H). We conclude that following induction of DSBs
at telomeres, TRF2 phosphorylation at S410 is inversely
regulated by ATR and PPM1D.

TRF?2 phosphorylation at S410 increases its binding to TIN2

Several recent studies have identified regions within indi-
vidual shelterin components that mediate protein—protein
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interactions and are critically needed for folding of
the shelterin complex (16,25,30,31,71). For instance, the
TRFI1trrH (residues 58-268) and TRF2 trru (residues 84—
287) domains interact with a TRFH-binding motif (TBM)
of TIN2 (residues 256-276) (30). In addition, TRFH do-
main of TIN2 interacts with a recently described TBM2
region of TRF2 (residues 392-408) (31). As the published
crystal structure of TIN2trru-TRF21M2 interaction in-
terface lacks the structural information for S410, we used
Alphafold2 Colab to predict the position of residues 392—
420 of TRF2 (30). The structural alignment of Alphafold2
model showed a perfect overlap with the crystal structure
(with RMSD 0.252 A) (Supplementary Figure S3A). In
this model, S410 of TRF2 is positioned opposite the pos-
itively charged residues of TIN2trrH suggesting that phos-
phorylation of S410 might strengthen the TRF2-TIN2 in-
teraction by formation of salt bridges between the phos-
phate and basic residues in the AAS0-56 region of TIN2
(Supplementary Figure S3A). To experimentally test the
impact of TRF2tgm2 phosphorylation on TRF2-TIN2 in-
teraction, we designed several independent assays. First,
we performed a pull down from the nuclear extracts using
biotinylated phosphorylated or non-phosphorylated pep-
tides of TRF?2 as baits. Mass spectrometry analysis revealed
that the phosphorylated but not the non-phosphorylated
TRF2 peptide specifically pulled down TIN2, TPP1 and
POT!1 (Figure 4A, Supplementary Table S2). Second, we
quantified the binding affinities of the purified TIN2 with
short, fluorescently labelled TRF2 oligopeptides contain-
ing phosphorylated or non-phosphorylated S410 (Figure
4B). Analysis of the binding isotherms showed that the
binding affinity for unmodified TRF2-S410 oligopeptide
was Kp = 240 + 80 nM that corresponded well to the
previously reported affinity for TRF2-TIN2 binding (71).
When S410 was phosphorylated, we observed a signifi-
cant increase of the binding affinity with the corresponding
Kp = 180 + 30 nM. To confirm the data from the in vitro
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assays, we tested the interaction between TRF2 and TIN2
in cells by immunoprecipitation (Figure 4C). Consistent
with the previous reports, we observed that the wild-type
EGFP-TRF?2 interacted with TIN2 (25). In addition, the
non-phosphorylatable EGFP-TRF2-S410A mutant pulled
down a reduced but still detectable level of TIN2, suggesting
that modification of S410 is not absolutely required for the
basal interaction between TRF2-TIN2 (Figure 4C). This
finding is in agreement with the previous report where inter-
action was observed with a TRF2tgm2 fragment (residues
392-408) lacking the S410 site (72). Interestingly, however,
we observed an increased interaction between the phospho-
rylation mimicking EGFP-TRF2-S410E mutant, which is
consistent with increased binding affinity between TRF2
and TIN2 upon phosphorylation (Figure 4C).

To test if the TRF2 interaction with TIN2 is regu-
lated by PPM1D, we performed the PLA assay in parental
U20S cells, U20S-PPM1D-KO and U20S cells treated
with PPMI1D inhibitor. We observed that loss or inhibi-
tion of PPMI1D significantly increased the interaction be-
tween TRF2 and TIN2 (Figure 4D, E, Supplementary Fig-
ure S3B). Consistent with this, we found that TIN2 was en-
riched at telomeres in U20S cells treated with PPM1D in-
hibitor compared to the non-treated cells (Figure 4F). Simi-
larly, intensity of the TIN2 signal at telomeres was increased
in U20S-PPM1D-KO cells compared to the parental U20S
cells and the level was rescued by expression of the wild-type
EGFP-PPMI1D (Figure 4G). Importantly, total protein lev-
els of TRF2 and TIN2 remained unchanged in U20S-
PPM1D-KO cells thus excluding the possibility that the ob-
served enrichment of TIN2 at telomeres is a consequence of
altered protein expression (Figure 4H). In contrast to TIN2,
we did not observe any increase in TRF2 accumulation at
telomeres in cells lacking PPM1D suggesting that the in-
creased recruitment of TIN2 depends on phosphorylation
status of TRF2 rather than a change of its total levels at the
telomere (Figure 41). As TIN2 mediates the recruitment of

D R N —————— —
and bound proteins were analyzed by immunoblotting. (B) HEK293 stably expressing EGFP-TRF2 were treated with DMSO, HU (2 mM), PPM1Di (1
mM) or combination of both for 18 h. Cell extracts were incubated with GFP trap and bound proteins were analyzed by immunoblotting. (C) In vitro
phosphatase assay. EGFP-TRF2 was isolated from cells by GFP Trap in a buffer containing 1 M NaCl. Beads were washed with a phosphatase buffer and
incubated with mock or with the purified His-PPM1D for 20 min at 37°C. Level of TRF2-S410 phosphorylation was analyzed by immunoblotting. (D)
HelLa cells stably transfected with inducible TRF2 shRNA were treated with mock or with doxycycline (2 mg/ml) for 7 days and were exposed or not to IR
(60 Gy). Where indicated, cells were incubated with PPM1Di for the last 12 h. Nuclear extracts were separated on 4-20% SDS-PAGE gel and analyzed by
immunoblotting. (E) U20S cells after two consecutive transfections of control or TRF2 siRNA were treated or not with PPM 1D inhibitor (2 mM, 4 h), fixed
and co-stained for TIN2 (telomeric marker) and pTRF2-S410. Plotted is the mean pTRF2-S410 intensity in TIN2-positive foci, each dot
represents a single cell (n = 500). Bars indicate mean + SD, statistical significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative
experiment is shown from two independent repeats. The scale bar in representative images corresponds to 10 mm. (F) Parental U20S, U20S-PPM1D-KO
and U20S-PPM1D-KO cells stably expressing FLAG-PPM1D were treated or not with PPM1D inhibitor for 24 h. Cells were pre-extracted, fixed and
stained for TRF2 and pTRF2-S410. Plotted is the mean pTRF2-S410 intensity in TRF2-positive foci, each dot represents a single cell (n = 300). Bar
indicates mean * SD, statistical significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative experiment is shown from two
independent repeats. (G) U20S cells were transfected with plasmids coding for Cas9-EGFP with or without the telomeric repeat-targeting sgRNA. After
24 h, cells were fixed, hybridized with telomeric FISH probe, and stained for 53BP1 (TIF marker). The scale bar represent 10 mm). Bar indicates mean + SD,
n = 300. (H) Parental U20S or U20S-PPM1D-KO cells were transfected with plasmids coding for Cas9-EGFP with or without telomeric repeat-targeting
sgRINA. After 24 h, cells were fixed and stained for gH2AX. Mean nuclear intensity is plotted + SD, n > 208. Statistical significance was evaluated using
Mann-Whitney test (****P < 0.0001). Representative experiment is shown from three independent repeats. (I) U20S cells were transfected as in H and
were stained for TRF2 and pTRF2-S410. Plotted is the mean pTRF2-S410 intensity in TRF2-positive foci. Bars indicate mean + SD, n > 150. Statistical
significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative experiment is shown from two independent repeats. (J) U20S cells
were transfected with plasmids coding for Cas9-EGFP with or without the telomeric repeat-targeting sgRNA and were treated with indicated inhibitors for
20 h. After fixation, the intensity of gH2AX signal in TRF2 foci was determined by ScanR microscopy. Bars indicate median + SD, n 2 161. Statistical
significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative experiment is shown from two independent repeats. (K) U20S cells
were treated as in (J) and were probed with TRF2 and pTRF2-S410 antibodies. Plotted is the mean pTRF2-S410 intensity in TRF2 foci. Bars indicate
median £ SD, n > 249. Statistical significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative experiment is shown from two
independent repeats.
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Figure 4. TRF2 phosphorylation at S410 increases its binding to TIN2. (A) Biotin-Ahx-ISRLVLEEDpSQSTEPSAGLN (TRF2-pS410) and Biotin-Ahx—
SRLVLEEDSQSTEPSAGLN (TRF-CTRL) peptides were incubated with nuclear extracts and pulled down by streptavidin beads. Bound proteins were



TPP1-POTI1 to TRF1/2 we also evaluated the amount of
TPP1 at telomeres. We observed that inhibition or loss of
PPMID increased the level of TPP1 at telomeres confirm-
ing that the activity of PPMI1D may regulate assembly of
the shelterin complex at telomeres (Figure 4J, K). Similarly
to U20S cells, we observed that inhibition of PPMI1D in-
creased the phosphorylation of TRF2-S410 as well as the
levels of TIN2 and TPP1 at telomeres in MCF7 cells, sug-
gesting that the impact of PPMI1D activity on recruitment
of shelterin components to telomeres is not restricted to
cells with alternative lengthening of telomeres (Supplemen-
tary Figure S3C, D and E).

TRF2 and TIN2 jointly protect telomeric ends by pro-
moting formation of t-loop and therefore we asked if ma-
nipulation with the strength of TRF2:TIN2 binding by re-
moving PPM1D activity could affect t-loop formation. To
this end, we prepared chromatin spreads from the parental
U20S and U20S-PPMI1D-KO cells and determined frac-
tions of the linear or looped chromosome ends by 3D-SIM
microscopy as previously described (33). Consistent with
published literature, we observed t-loops in about 25% of
chromosomes (33,73). However, we did not find any sig-
nificant differences between parental U20S and U20S-
PPM1D-KO cells (Figure 4L, Supplementary Figure S3F)
suggesting that PPM 1D activity does not interfere with for-
mation of the t-loop. On the other hand, we cannot exclude
that differences in organisation of the chromosome ends
caused by loss of PPM1D are below the sensitivity of the as-
say because we were unable to conclusively categorize about
a half of the imaged telomeres.

Increased PPM1D activity impairs assembly of the shelterin
complex

As the interaction of TRF2 and TIN2 responded to the
inhibition of PPMI1D, we asked if increased activity of
PPMI1D might interfere with function of the shelterin com-
plex at telomeres. Indeed, we found that overexpression of
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the wild-type PPMI1D decreased the amount of TIN2 at
telomeres (Figure 5A). In addition, we observed that ex-
pression of the A380 fragment of PPM1D (that showed the
strongest targeting to the telomeres in Figure 2E) efficiently
stripped TIN2 from the telomeres (Figure 5A). Of note, ex-
pression of the A380 fragment of PPM1D also reduced the
intensity of TRF2 staining at telomeres suggesting that as-
sembly of the shelterin may be impaired after dephospho-
rylation by PPM1D (Figure 5B).

To study consequences of the increased PPM 1D expres-
sion, we developed a doxycycline-inducible RPE1-PPM1D-
A380 cells (Supplementary Figure S4A), and followed for-
mation of TIFs upon treatment with doxycycline for 10 days
(Figure 5C). Although the fraction of cells with > 3 TIFs
was slightly higher in cells treated with doxycycline com-
pared to control cells, the difference was not statistically sig-
nificant (Figure 5C). As PPM1D can target gH2AX and
ATM, we hypothesised that failure to form TIFs could be
caused by overall suppression of DDR by PPM1D activ-
ity (8,74). Therefore, we treated RPE1-PPM1D-A380 cells
for 10 days to allow formation of potential telomeric dam-
age and then treated cells with PPM1D inhibitor just be-
fore fixation to allow activation of DDR. Indeed, tran-
sient PPM 1D inhibition increased activity of ATM as doc-
umented by increased level of KAP1-S824 phosphoryla-
tion (Figure 5C). Consistently, upon transient inhibition of
PPMI1D, we observed a significant increase of TIF forma-
tion in cells expressing PPM1D-A380 suggesting that these
cells experienced telomeric damage (Figure 5C). Next, we
analyzed telomeric damage in RPE1-PPM1D-A380 cells
by telomeric FISH in metaphase spreads (Figure 5D). We
noted that the fraction of telomeric fusions was doubled in
RPE1-PPMI1D-A380 cells treated with doxycycline com-
pared to control cells Figure 5D) confirming that increased
PPMI1D activity in cells promotes damage of the telomeric
DNA.

Finally, we asked if the phosphorylation of TRF2 is re-
quired for cell proliferation. To this end, we used HeLa cells

identified by mass spectrometry (n = 3). Plotted are —log P values of proteins enriched or reduced in condition with TRF2-pS410 peptide. The line delineates
the statistical significance (FDR < 0.1). (B) Fluorescently-labelled TRF2-pS410 and TRF2-CTRL peptides were titrated with purified TIN2 to a final
concentration of 500 nM. Fluorescence anisotropy change was measured and dissociation constant values for unmodified and modified oligopeptides
were calculated as described in Methods. (C) HEK293 cells stably expressing EGFP-TRF2 were treated with DMSO or with PPM1D inhibitor for 4 h.
EGFP-TRF2 was immunoprecipitated from cell extracts with GFP Trap. Proteins were separated by SDS-PAGE and binding of TIN2 was determined by
immunoblotting. Numbers at the bottom indicate the TIN2 signal relative to the total immunoprecipitated TRF2 and normalized to the wild-type TRF2.
Representative result from three experiments is shown. (D) TRF2:TIN2 interaction was determined in parental U20S and U20S-PPM1D-KO cells by
PLA. Mean PLA foci count is plotted + SD, n = 500. Statistical significance was evaluated using Mann—Whitney test (****P < 0.0001). Representative
experiment is shown from two independent repeats. (E) TRF2:TIN2 interaction was determined in U20S cells treated with DMSO or PPM1Di by PLA.
Mean PLA foci count is plotted + SD, n = 500. Statistical significance was evaluated using Mann—Whitney test (****P <0.0001). Representative experiment
is shown from two independent repeats. (F) U20S cells were treated or not with PPM1Di for 24 h, pre-extracted, fixed and stained with TRF2 (m-Santa
Cruz) and TIN2 (Rb-Novus) antibodies. Mean TIN2 intensity in TRF2 foci is plotted + SD, n = 300. Statistical significance was evaluated using Mann—
Whitney test (****P < 0.0001). Representative experiment is shown from two independent repeats. The scale bar represents 10 mm. (G) Parental U20S,
U20S-PPM1D-KO and U20S-PPM1D-KO stably expressing FLAG-PPM1D cells were treated or not with PPM1Di for 24 h. Cells were pre-extracted,
fixed and stained for TIN2 and TRF2. Mean TIN2 intensity in TRF2 foci + SD is plotted, n = 300. Statistical significance was evaluated using Mann—
Whitney test (****P < 0.0001). Representative experiment is shown from two independent repeats. (H) Levels of TRF2 and TIN2 were analyzed in whole cell
extracts from the parental U20S and U20S-PPM1D-KO cells by immunoblotting. Importin staining was used as a loading control. (I) Cells from G were
analysed for TRF2 intensity in TRF2 foci. Plotted is mean + SD, n = 300. (J) U20S cells were treated or not with PPM1Di for 24 h, pre-extracted, fixed and
stained with TRF2 and TPP1 antibodies. Mean TPP1 intensity in TRF2 foci normalized to the mean nuclear TPP1 intensity + SD is plotted, n > 300.
Statistical significance was evaluated using Mann—Whitney test (****P < 0.0001). The scale bars in representative images corresponds to 10 mm and 1 mm
respectively. (K) Parental U20S, U20S-PPM1D-KO cells and U20S-PPM1D-KO stably expressing FLAG-PPM1D cells were pre-extracted, fixed and
stained for TPP1 and TRF2. Mean TPP1 intensity in TRF2 foci normalized to the mean nuclear TPP1 intensity + SD is plotted, n > 300. Statistical
significance was evaluated using Mann—Whitney test (****P < 0.0001, ***P < 0.001). (L) Chromosome spreads from parental U20S and U20S-
PPM1D-KO cells were hybridized with TAACCC FISH-probe and imaged by 3D-SIM. Plotted is a fraction of telomeres that formed t-loops. More than 203
telomeres were quantified per condition in each experiment (n = 3). Significance was determined by unpaired z-test.
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cells/well, and cultured for additional 7 days. Relative cell proliferation was determined by resazurin assay. Statistical significance was determined by
unpaired z-test, n = 3.
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with inducible knock down of endogenous TRF2 and sta-
bly reconstituted them with the wild-type or S410A mutant
TREF?2 (Figure SE). After 12 days of doxycycline treatment,
we compared relative proliferation and found that two inde-

pendent clones expressing S410A TRF2 proliferated signif-
icantly worse than the cells expressing the wild-type TRF2
(Figure 5F) suggesting that impaired phosphorylation of
TREF2 leads to suppression of cell proliferation.

Loss of PPMI1D supresses recruitment of DNA repair pro-
teins to the DSBs at telomeres

Finally, we investigated the consequence of altered PPM1D
activity for DNA repair at telomeres. We induced DSBs
at telomeres by Cas9 and compared recruitment of vari-
ous DNA repair factors in control cells and in PPM1D-KO
cells. We found no difference in recruitment of NBS1 sug-
gesting that recognition of the DNA break by MRN com-
plex was unaftected by the loss of PPM 1D (Figure 6A, Sup-
plementary Figure S4B). In contrast, we observed that re-
cruitment of 53BP1 protein to telomeric DSBs was signifi-
cantly reduced in U20S-PPM1D-KO cells (Figure 6B, C).
Similarly, formation of the 53BP1 foci upon Cas9-mediated
DNA damage at telomeres was impaired in MCF7 and
RPEI cells treated with PPM1D inhibitor (Supplementary
Figure S4C, D). Importantly, recruitment of 53BP1 to dam-

aged telomeres was rescued in U20S-PPM1D-KO cells by
expression of the wild type EGFP-PPMI1D (but not with
the phosphatase dead D314A mutant) confirming that the
phenotype was indeed caused by a loss of PPM1D activ-
ity (Figure 6B, C). We also noted that the level of protein
ubiquitination detected by FK2 antibody was reduced at
damaged telomeres in U20S-PPM1D-KO cells (Figure 6D,
Supplementary Figure S4E). Histone H2A ubiquitination
is required for recruitment of 53BP1 and BRCA1 to DNA
damage foci, and thus the lack of ubiquitination at telom-
eres may explain the decreased level of 53BP1 in cells treated

with PPM1D inhibitor (75). As the mouse TRF2 has pre-
viously been shown to recruit a deubiquitinating enzyme
BRCC3 through a so-called iDDR region (36), we tested
if the observed defect of 53BP1 binding upon inhibition of
PPM1D could be rescued by depletion of BRCC3. However,

we did not observe any difference in 53BP1 recruitment to
the telomeric DSBs suggesting that the phosphorylation of
TRF2 at S410 suppresses S3BP1 recruitment through a dis-
tinct molecular mechanism than the iDDR region (Supple-
mentary Figure S4F).

Besides impaired formation of 53BP1 foci, we also ob-
served strongly reduced recruitment of RADS1 to the
telomeric breaks suggesting that the repair through ho-
mologous recombination is also impaired (Figure 6E, F).
To investigate if the effect of PPMI1D inhibition on TRF2
phosphorylation and reduced recruitment of 53BPI are
functionally linked, we co-expressed Cas9 together with
the telomeric sgRNA and various forms of TRF2 in cells
treated or not with PPMI1D inhibitor. Whereas expres-
sion of the wild-type EGFP-TRF2 did not fully rescue
recruitment of 53BP1 to damaged telomeres, expression
of the EGFP-TRF2-S410A mutant significantly increased
the level of 53BP1 at damaged telomeres (Figure 6QG).
This result suggests that PPM1D promotes recruitment of
53BP1 to DNA breaks at telomeres by dephosphorylating
TRF2.

To evaluate the functional outcome of PPM 1D inhibition
at damaged telomeres, we determined the relative prolifer-
ation of RPE1-iCut cells upon induction of a mild telom-
eric DNA damage achieved by titrating down of the amount
of telomeric sgRNA (46) (Figure 6H, Supplementary Fig-
ure S4G). We found that PPM1D inhibition significantly
suppressed proliferation of the RPE1-iCut cells that ex-
perienced telomeric DNA damage (Figure 6H). We con-
clude that PPM1D activity is needed for the cell response
to telomeric DNA damage although the precise molecular
defect in DNA repair remains to be addressed by future re-
search.

In the summary, we show that TRF2 is phosphorylated at
S410 upon DNA damage at telomeres by ATR which pro-
motes its interaction with TIN2 and limits recruitment of
53BP1 to the breaks. Phosphorylation of TRF2 is reversed
by the activity of PPM1D phosphatase that promotes re-
cruitment of 53BP1 to telomeres (Figure 61). Physiological
levels of TRF2 phosphorylation are required for cell sur-
vival as increased TRF2 phosphorylation does not allow
efficient repair, while impaired TRF2 phosphorylation su-

is the mean NBSI signal in TRF2 foci + SD, n > 171. Statistical significance was evaluated using Mann—Whitney test. Representative experiment is
shown from two independent repeats. (B) Parental, U20S-PPM1D-KO cells and U20S-PPM1D-KO cells stably expressing FLAG-PPM1D variants were
transfected with plasmids coding for Cas9-EGFP with or without the telomere-targeting sgRNA. After 24 h, cells were fixed and stained for 53BP1, the
scale bar represents 10 mm. (C) Quantification of (B). Plotted is the mean of 53BP1 foci count + SD, n > 221. Statistical significance was evaluated using
Mann-Whitney test (****P < 0.0001). Representative experiment is shown. (D) Cells were treated as in A and were stained for TRF2 and conjugated
ubiquitin using Fk2 antibody. Plotted is the mean FK2 signal in TRF2 foci + SD, n > 205. Statistical significance was evaluated using Mann—Whitney test
(****P < 0.0001). Representative experiment is shown from two independent repeats. (E) Parental and U20S-PPM1D-KO cells were transfected as in (A),
fixed, and stained for RADS1 and TRF2. Plotted is mean RADS]1 intensity in TRF2 foci + SD, n > 161. Statistical significance was evaluated using Mann—
Whitney test (¥****P < 0.0001). Representative experiment is shown from two independent repeats. (F) Representative images for (E), the scale bar
represents 10 mm. (G) Parental and U20S-PPM1D-KO cells were co-transfected with plasmids coding for GFP or GFP-TRF?2 variants, and FLAG-Cas9
with or without the telomere-targeting sgRNA, and treated or not with PPM1Di for 24 h. Cells were fixed and stained for 53BP1 and FLAG. Only FLAG and
GFP double positive cells were analyzed. Means of three independent experiments are plotted + SD. Statistical significance was evaluated using unpaired #-
test. Representative images are shown, the scale bar represents 10 mm. (H) RPE1-iCut cells were treated overnight with doxycycline and Shield-1 and
telomeric DNA damage was induced by transfection of indicated amounts of telomeric sgRNA. Cells were incubated with DMSO or PPM1D inhibitor for 7
days. Relative proliferation was determined by resazurin assay and was normalized to non-treated cells (n = 3). (I) Model of pTRF2-S410 function at
telomere. Under basal conditions, non-phosphorylated TRF2 interacts with TIN2 through its TRFH domain and with telomeric DNA through its Myb
domain. Induction of DSBs at telomeres leads to recruitment of DNA repair factors including 53BP1. Upon activation of ATR, TRF2 is
phosphorylated at S410, which promotes tight binding of TIN2 and protects the broken telomere from recruitment of S3BP1. Loss of PPM 1D activity leads to
hyper-phosphorylation of TRF2 and prevents recruitment of 53BP1 to the telomeric DSBs, possibly decreasing the risk of the telomere fusion.



presses shelterin complex assembly and may lead to telom-
eric fusions.

DISCUSSION

Several components of the shelterin complex were reported
to undergo phosphorylation at various conditions, how-
ever only some of these events were thoroughly character-
ized (76). Most importantly, CDK-dependent phosphoryla-
tion of TRF2 at Ser365 prevents recruitment of the helicase
RTELI1 to telomeres (35). During S phase, TRF2-Ser365 is
dephosphorylated by PP6 phosphatase that promotes re-
cruitment of RTEL1, unwinding the t-loops and telomere
replication (34,35). Following exposure of cells to ionizing
radiation, TRF2 was reported to be transiently phosphory-
lated at Thr230 allowing its association with DNA lesions
outside the telomeres and promoting DNA repair (77-79).
However, the role of TRF2 modification in DNA repair of
the telomeric lesions has remained unclear.

Here, we report a new phosphorylation of TRF2 at S410
that is strongly induced by Cas9-mediated DSBs at telom-
eres. Using specific small-molecule inhibitors and RNA in-
terference, we identify ATR as the major kinase responsible
for TRF2-S410 modification at damaged telomeres. Fur-
ther, we show that the level of TRF2-S410 phosphoryla-
tion is tightly regulated by PPM1D phosphatase that as-
sociates with TRF2 and localizes at the telomeres. Loss of
PPMID or inhibition of its enzymatic activity strongly in-
duced TRF2-S410 phosphorylation at telomeres and pro-
moted recruitment of TIN2 and TPP1 to the telomeres.
Since the S410 is located close to the TBM2 region re-
sponsible for the interaction with TIN2, we tested the im-
pact of TRF2-S410 phosphorylation on this interaction. An
unbiased proteomic approach revealed that the phospho-
rylated peptide spanning residues 403-417 of TRF2 (but
not the non-phosphorylated counterpart), pulled down the
TIN2-TPP1-POT]1 trimer from the nuclear extract. Sub-
sequently, a fluorescence anisotropy assay performed with
synthetic peptides and with purified TIN2 confirmed that
TRF2 phosphorylation at S410 increases the affinity be-
tween TRF2 and TIN2. When expressed in cells, the non-
phosphorylatable TRF2-S410A mutant was able to inter-
act with TIN2, which suggests that phosphorylation is not
critically needed for mediating the interaction. On the other
hand, the PLA assay revealed a stronger interaction be-
tween TRF2 and TIN2 upon inhibition of PPM1D that
increases the level of TRF2 phosphorylation at S410. As
TRF2 and TIN2 protect the ends of telomeres by promoting
t-loop formation, we tested if the activity of PPM1D affects
the architecture of the telomeric ends through regulating
the shelterin complex assembly. To address this, we imaged
the telomeres in psoralen-crosslinked chromatin spreads us-
ing Structured Illumination Microscopy and determined
the fractions of linear and closed telomeres. Consistent with
the published literature, we observed t-loops in about 25%
of telomeres in parental cells (33). Nevertheless, fraction of
the t-loops was comparable in U20S-PPM1D-KO cells sug-
gesting that PPM 1D activity may not affect the t-loop for-
mation. As approximately half of the imaged telomeres is
excluded from the analysis due to inconclusive shape, we
also cannot rule out the possibility that the assay is not sen-
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sitive enough to detect mild differences in the t-loop for-
mation. Alternatively, the activity of PPM1D may impact a
higher-order organization of the telomeres mediated in cis
and trans by TRF2 and TIN2 (40).

The main finding of this study is that PPM1D is needed
for DNA damage response at telomeric DSBs (Figure 61).
When PPM1D activity was present, cells recruited DNA re-
pair factors to the DSBs located at telomeres. Conversely,
loss or inhibition of PPM1D impaired recruitment of the
DNA repair factors 53BP1 and RADS51 to the broken
telomeres. As the non-phosphorylatable TRF2-S410A mu-
tant rescued the recruitment of 53BP1 significantly better
than the wild-type TRF2, we concluded that phosphory-
lation of TRF2 inhibits DNA damage response at telom-
eres. The dimerization domain and the iDDR region (corre-
sponding to residues 449—473 of human TRF2) within the
hinge domain of TRF2 were previously shown to supress
the DNA damage response at telomeres by preventing ac-
tivation of ATM and by inhibiting the RNF168-dependent
ubiquitination, respectively (36). We found that the forma-
tion of 53BP1 foci at telomeric DSBs was not rescued by
depletion of the BRCC3 or UBRS5 in U20S-PPM1D-KO
cells suggesting that PPM1D affects DDR independently
of the iDDR region in TRF2. We hypothesize that DSB-
induced phosphorylation of TRF2 may allow cells to re-
establish the telomere organization by promoting TRF2 as-
sociation with TIN2-TPP1-POT1. An increased assembly
of the shelterin may then interfere with the recruitment of
53BP1 to the break, thus limiting the risk of telomeric fu-
sions. In contrast, dephosphorylation of TRF2 and weaken-
ing its interaction with TIN2-TPP1-POT1 could make the
telomere more accessible to the recruitment of the DNA re-
pair proteins.

We also noted that overexpression of PPMI1D decreased
the levels of TRF2 at telomeres which is in line with the
disassembly of the shelterin after dephosphorylation of its
components. However, we did not observe the formation of
the TIFs upon overexpression of PPM1D, possibly due to
the ability of PPM1D to efficiently suppress the activity of
ATM (7,80). We propose that PPM1D activity needs to be
tightly balanced at telomeres to allow the recruitment of
DNA repair proteins to DSBs while preventing disassem-
bly of the shelterin from the telomeres. Of note, high levels
of active PPM 1D are commonly present in cancer cells due
to amplification of the chromosomal locus 17q23 or due
to gain-of-function mutations in the last exon of PPMI1D
(11,12,65,81,82). It is tempting to speculate that besides the
established role of the overexpressed PPM1D in overriding
the cell cycle checkpoint, the increased activity of PPM1D
could promote genome instability in cancer cells by inter-
fering with the telomere functions.
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Abstract: Cutaneous melanoma is the deadliest skin malignity with a rising prevalence worldwide.
Patients carrying germline mutations in melanoma-susceptibility genes face an increased risk of
melanoma and other cancers. To assess the spectrum of germline variants, we analyzed 264 Czech
melanoma patients indicated for testing due to early melanoma (at <25 years) or the presence of
multiple primary melanoma/melanoma and other cancer in their personal and/or family history.
All patients were analyzed by panel next-generation sequencing targeting 217 genes in four groups:
high-to-moderate melanoma risk genes, low melanoma risk genes, cancer syndrome genes, and
other genes with an uncertain melanoma risk. Population frequencies were assessed in 1479
population-matched controls. Selected POT1 and CHEK?2 variants were characterized by functional
assays. Mutations in clinically relevant genes were significantly more frequent in melanoma patients
than in controls (31/264; 11.7% vs. 58/1479; 3.9%; p = 2.0 10 ©). A total of 9 patients (3.4%)
carried mutations in high-to-moderate melanoma risk genes (CDKN2A, POT1, ACD) and 22 (8.3%)
patients in other cancer syndrome genes (NBN, BRCA1/2, CHEK2, ATM, WRN, RB1). Mutations in
high-to-moderate melanoma risk genes (OR = 52.2; 95%Cl 6.6-413.1; p= 3.2 10 ’) and in other cancer
syndrome genes (OR = 2.3; 95%Cl 1.4-3.8; p = 0.003) were significantly associated with melanoma risk.
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We found an increased potential to carry these mutations (OR = 2.9; 95%Cl 1.2-6.8) in patients with
double primary melanoma, melanoma and other primary cancer, but not in patients with early age at
onset. The analysis revealed aected genes in Czech melanoma patients and identified individuals
who may benefit from genetic testing and future surveillance management of mutation carriers.

Keywords: melanoma; familial melanoma; hereditary cancer predisposition; germline mutations;
panel sequencing; NGS

1. Introduction

With 287,723 newly diagnosed cases and 60,712 fatalities in 2018, cutaneous melanoma remains the
deadliest skin malignity globally. The highest standardized melanoma incidence occurs in Australia
and New Zealand; however, European and US patients account for more than 75% of new melanoma
cases annually [1]. The GLOBOCAN cancer registry ranks the Czech Republic as 18th among 185
countries in the world in terms of age-standardized melanoma incidence rates (between the USA and
Canada) [2].

The risk of melanoma is largely modified by factors influencing individual sensitivity to UV
radiation and sunlight exposure, and sunburns during childhood in particular are a major behavioral
risk factor [3]. Other individual host factors include the amount, type, and arrangement of cutaneous
melanin, the presence of multiple atypical moles (the most frequent precancerous melanoma lesions),
and a family history of melanoma [4].

The hereditary component of melanoma development has been assessed in a large prospective
study of twins from Nordic countries revealing melanoma heritability with a familial cancer risk of
19.6% and 6.1% for monozygotic and dizygotic twins, respectively, compared with 1.2% for the
overall population [5]. The proportion of familial melanoma cases is approximately 5-10%; however,
pathogenic germline mutation carriers have been identified in only a minority of the analyzed familial
melanoma cases [6].

The major melanoma-susceptibility gene is CDKN2A, coding for two alternatively transcribed
MRNAs translated into the cyclin-dependent kinase inhibitor p16'N4 and the tumor suppressor
p14ARF participating in p53 activation, respectively [7]. Germline CDKN2A mutations have been
found in about 20-40% of melanoma-prone families (with 3 melanoma cases), but in only 0.2-3% of
non-familial melanoma cases [8,9]. Other high-risk but extremely rare germline mutations aect
cyclin-dependent kinase 4 (CDK4) and BRCA1l-associated protein 1 (BAP1) genes [10,11]. Germline
CDK4 mutations cluster in exon 2, coding for a domain interacting with p16'N€4 [12]. The BAP1
protein codes for deubiquitinase, counteracting BRCA1-BARD1 ubiquitin ligase activity [13].

Hereditary BAP1 mutations predispose people to hypopigmented skin melanoma, uveal
melanoma, mesothelioma, renal cell carcinoma, and other cancers [13]. Other potential high- to
moderate-risk genes include ACD (also known as TPP1), POT1, and TER2IP coding for shelterin
proteins forming a telomere-protecting complex [14]. Rare promoter mutations in telomerase (TERT
gene) coding for an enzyme-maintaining telomere length have been found in familial melanoma [15].
An increased melanoma risk has been documented in carriers of germline mutations causing other
cancer syndromes, including hereditary breast and ovarian cancer (BRCA1/BRCA2),

retinoblastoma (RB1), or xeroderma pigmentosum (XPs) [16]. The low-risk group includes variants in
genes coding for proteins involved in melanogenesis (MC1R, MITF, OCA2, SLC45A2, TYR, TYRP1)
and other processes (ASIP, CASP8, MTAP, OBFC1), revealed dominantly by genome-wide
association studies (GWAS) [17-19]. The identification of individuals carrying germline mutations
in melanoma-predisposition genes enables their tailored surveillance with an early detection of
melanoma and other associated tumors, and with genetic counselling for their relatives.
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The Czech national cancer registry has recorded nearly doubled melanoma incidence during the
past 25 years (from 7.55 cases per 100,000 inhabitants in 1994 to 13.47 in 2018), and melanoma has
become the most rapidly growing malignant tumor among children and teenagers [20,21]. However,
an analysis of genetic factors contributing to its development has not been performed in the Czech
Republic to date.

Our study aimed primarily to characterize the spectrum and prevalence of germline mutations
influencing melanoma risk. We have analyzed 264 high-risk Czech melanoma patients by panel next
generation sequencing (NGS) targeting 217 genes that included eight high-to-moderate melanoma
risk genes, 26 low melanoma risk genes, 37 other cancer-predisposing genes and 146 genes altered in
melanoma but not associated with increased familial risk. Another task of our study was to identify
melanoma patients who may benefit from genetic testing by comparing clinicopathological data from
the carriers and non-carriers of germline mutations.

2. Materials and Methods

2.1. Study Population

We analyzed genomic D N A obtained from the peripheral blood of 264 unrelated melanoma
patients indicated for a genetic analysis by medical geneticists based on individual or family criteria
(Table 1). All patients were Caucasians of a Czech origin and provided written informed consent
with the analysis approved by Ethics Committee of the General University Hospital in Prague
(No.: 56/15 Grant VES 2016 AZV 1.LFUK from 2015/06/18). The patients included a subgroup of 129
individuals (97 females/32 males) indicated at the General University Hospital in Prague and 135
individuals (96 females/39 males) indicated at the Masaryk Memorial Cancer Institute in Brno. Known
clinicopathological characteristics are provided in Supplementary Table S1.

Table 1. Characteristic of subgroups combining personal cancer history (rows) and family cancer
history (FCH; columns) criteria in 264 melanoma (M.) patients enrolled in the study.

Criteria Posit. FCH I':::sllto:;:: Negative Unknown Patients; N Mean Age;
incl. M. Cancers FCH FCH (%) yrs (Range)
Multiple primary M.
& other cancer 0 4 0 2 6(2.3) 45.0 (38-58)
Multiple primary M. 5 8 3 1 17 (6.4) 37.3 (24-75)
M. & other cancer 9 45 9 8 71 (26.9) 47.3 (14-83)
M. only, dg at <25 yrs 5 17 11 3 36 (13.6) 20.0 (9-24)
M. only, dg at 25 yrs 41 62 24 7 134 (50.8) 37.1 (25-69)
Patients; N (% of all) 60 (22.7) 136 (51.5) 47 (17.8) 21 (8.0) 264 (100) 37.7 (9-83)
Mean age; yrs (range) 38.9 (9-69) 37.8 (14-83) 33.0 (15-66) 44.2 (14-75) - -

The control population included germline variants in targeted genes obtained from whole exome
sequencing (WES) performed for various non-cancer conditions in 1479 unselected, adult, anonymized,
ethnically matched controls (1014 males, mean age 55.5 years, range 18-88 years and 465 females,
mean age 56.8 years, range 18-84). These anonymized genotypes of population-matched controls were
provided by the National Center for Medical Genomics (http://ncmg.cz).

2.2. CZMELAC Sequence Capture Panel

The CZMELAC panel (CZech MELAnoma panel for Cancer predisposition) targeted 217 genes
including (i) high-to-moderate and (ii) low melanoma risk genes, (iii) hereditary cancer syndrome
genes with an uncertain melanoma risk, (iv) genes associated with “melanoma” in the Phenopedia
database with at least two entries (assessed June 16, 2016; Table 2) [6,9,14,16,22-25].

The primary gene target for probe coverage was represented by all coding exons, including 10
bases from adjacent intronic regions, and it was designed using the NimbleDesign software (Roche) as


http://ncmg.cz
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described previously [26,27]. The final CZMELAC panel target reached 563,471 bases. Because of the strict
design conditions, some repeats and homologous regions were left untargeted (Supplementary Table S2).

Table 2. Analyzed genesin CZEMELAC (CZech MELAnoma panel for Cancer predisposition) panel.
Detailed information, including full names of analyzed genes, is provided in Supplementary Table S2.

High-to-moderate melanoma

- ACD, BAP1, CDK4, CDKN2A, MITF, POT1, TERF2IP, TERT
risk genes

AGR3, ARNT, ASIP, CASP8, CCND1, CDKN2B, CLPTM1L, FTO, HERC2, IRF4,
Low melanoma risk genes MC1R, MGMT, MTAP, MX2, OBFC1, OCA2, PARP1, PLA2G6, SETDB1,
SLC24A4, SLCA5A2, TERF1, TERF2, TINF2, TYR, TYRP1

APC, ATM, BARD1, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, FH, CHEK2, KIT,
Hereditary cancer syndrome genes MET, MSH2, MSH3, MSH6, NBN, NF1, NF2, PALB2, PMS2, POLD1, POLE,
with uncertain melanoma risk PTEN, RAD51C, RAD51D, RB1, RET, SDHA, SDHB, SDHC, SDHD, SMADA4,
STK11, TP53, VHL, WRN, WT1

ABLIM1, APEX1, ATRN, AURKA, BBC3, BLM, BRAF, BRMS1, CASP10, CBL,

CCAR2, CCNH, CDK10, CDK7, CDKN1A, CDKN1B, CDKN1C, CEBPA, COX8A,

CTLA4, CTNNB1, CYP11A1, CYP17A1, CYP19A1, CYP1A1, CYP1A2, CYP3AS,

DAB2IP, DCAF4, DDB1, DDB2, EDNRB, EGF, EGFR, EIF1AX, EPCAM, ERBB2,

ERBB4, ERCC1, ERCC2, ERCC3, ERCC4, ERCC5, ERCCH, ERCCS, EXOC2, EZH2,

FANCC, FANCL, FANCM, FAS, FASLG, FGFR2, FGFR4, FLCN, FLT1, FOXP3,

) . GATA2, GATA4, GC, GNA11, GNAQ, GPC3, GSTM1, GSTM3, GSTP1, GSTT1,
Senesiuithiunkncwvnlimpaction H2AFY, HRAS, IDH1, IDH2, IFIH1, IFNA1, IFNG, IL10, IL2RA, IL4, IL6, IL8,
hereditary/melanomajdevelopment ING4, KAT6A, KIAA1967, KMT2A, KRAS, LRIG1, MAP2K1, MDM2, MLH1,
MLH3, MMP1, MMP3, MUTYH, MYH7B, NCOA6, NFKB1, NFKBIE, NOD2,

NOTCH3, NRAS, PAX5, PDGFRA, PIGU, PIK3CA, PIK3R1, PIK3R4, PMAIP1,

PMS1, POLH, POMC, PPM1D, PPP6C, PRF1, PTGS2, PTCH1, PTPN11, PTPN22,

RAC1, RAD23A, RAD23B, RASEF, RECQL, RECQL4, RHOBTB2, RUNX1, SBDS,

SF3B1, SH2B3, SLX4, SMARCB1, SNX31, STAG2, STK19, SUZ12, TACC1, TERC,

TLR3, TRPM1, TSC1, TSC2, VDR, XAB2, XPA, XPC, XRCC1, XRCC3, ZNF365

2.3. Targeted NGS Analysis

Genomic D N A was isolated from peripheral blood and 200-500 ng was used to prepare the
NGS library. DN A was diluted in low TE buer [10 mM Tris-HCI (pH 8.0) with 0.1 mM EDTA] and
sheared by ultrasound (Covaris E220; Covaris, Chicago, IL, USA) to approximately 200 bp fragments
checked using Agilent High Sensitivity D N A Kit on the 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA). The subsequent end-repair, A-tailing, and ligation of adapters were performed using the KAPA
HTP Library Preparation kit (Roche, Basel, Switzerland) according to the manufacturer with in-house
prepared adapters. The processed fragments were size-selected (targeting 250-450 bp fragments) and
primed with barcodes (identical to lllumina TruSeq HT index i7 and i5) by ligation-mediated PCR
(LM-PCR), using in-house prepared double-indexing primers, to distinguish individual samples in
subsequent pooling. The size and quality of fragments after the dual size selection and LM-PCR were
controlled using Agilent High Sensitivity D N A Kit. Thirty individual samples (33 ng each) were
pooled for enrichment and hybridized for 72 h with the CZMELAC panel probes (SeqCap EZ Choice
Library; Roche, Basel, Switzerland). The enriched targeted sequences were amplified by post-capture
PCR to create the final sequencing library. The enrichment was controlled using qPCR (NimbleGen
SeqCap EZ Library SR User’s Guide). The final 15 M library was sequenced on MiSeq using MiSeq
Reagent Kit v. 3 (150 cycles; lllumina, San Diego, CA, USA) targeting 100 mean coverage per sample.

2.4. Bioinformatics

The CZMELAC panel sequencing data generated in FASTQ files were analyzed as described
previously [27]. Novoalign was used for mapping FASTQ files to hgl9 reference. The variant-call
format (VCF) files were processed by the GATK pipeline (https://software.broadinstitute.org/gatk/)
from BAM files. The VCF files were annotated using SnpE. We identified medium-size indels
(insertions or duplications >35bp) using Pindel (http://gmt.genome.wustl.edu/packages/pindel/) and
copy number variations (CNV) using CNVKkit (https://pypi.python.org/pypi/CNVkit), using the settings
that we described in detail recently [26,27].
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2.5. Variant Filtration and Prioritization

The primary list of annotated sequences was filtered in successive steps that included the
elimination of: (i) low quality variants (quality < 150); (ii) out of bait variants (intergenic/deep
intronic/UTR variants); (iii) intronic variants out of canonical splicing sites (1-2 nucleotides in introns);
(iv) variants with a minor allele frequency (MAF) > 0.003 in any of the ExXAC/ESP6500/1000Genomes
databases; (v) variants with MAF > 0.001 (n > 2) in 1479 population-matched controls; (vi) synonymous
variants; (vii) variants referred to as benign or likely benign (B/LB) in ClinVar; (viii) variants located in the
repeat masking track from the UCSC Genome Browser; (ix) frameshift/stop-gain variants in the last exon.
Filtration steps ii-ix were not applied if the found variants were referred to as pathogenic/likely pathogenic
(P/LP) in ClinVar or “deleterious” in our functional analyses. The dataset of the control population
was filtered identically. The final set of P/LP variants included only frameshift, stop-gain, frameshifting
CNV, canonical splicing, ClinVar P/LP variants, and variants classified as “deleterious” by our functional
analyses. All P/LP variants (variants with very strong and strong evidence of pathogenicity according to
the ACMG guidelines [28] denoted throughout this text also as “mutations”) were in melanoma patients
manually inspected in IGV and, when uncertain, confirmed by Sanger sequencing. The CNV P/LP
variants were confirmed by multiplex ligation-dependent probe amplification (MLPA; for CHEK2) or by
quantitative PCR (for SLC45A2 and TRPM1; Supplementary Figure S1).

2.6. Analysis of Splicing Alterations

All RN A samples obtained from peripheral blood or from expanded leukocytes (with/without
nonsense-mediated decay inhibitor) were analyzed for splicing alterations using targeted RNA NGS
with the CZMELAC panel, as described recently [29].

2.7. Statistical Analysis

The dierences between the analyzed groups and subgroups were calculated by 2 or Fischer
exact tests.

2.8. Functional Assays for Selected Germline Variants

2.8.1. CHEK2 Functional Analysis

A functional analysis of CHEK2 VUS was performed as described recently [30]. Human
RPE1-CHEK2-knock-out cells were transfected with wild-type or mutant EGFP-CHK2 and the level of
KAP1-S473 phosphorylation was determined by immunofluorescence microscopy using ScanR station
(Olympus, Tokyo, Japan).

2.8.2. POT1 Functional Analysis

Cell lines and plasmids. MCF-7 and HEK293 cells (generously provided by Rene Medema, NKI,
Amsterdam) were grown in DMEM containing 6% FBS, penicillin (100 U/mL) and streptomycin
(0.1 mg/mL). The cells were regularly tested for mycoplasma contamination using the MycoAlert kit
(Lonza, Basel, Switzerland). A D N A fragment corresponding to human POT1 was PCR-amplified
from pLPC-myc-hPOT1 (Addgene, ID:12387, Watertown, MA, USA) and inserted in frame into the
Xhol/Xmal sites of pEGFP-C3. Plasmid pCDNA-3xFLAG-NLS-TPP1 was obtained from Addgene
(ID: 53585, Watertown, MA, USA). Cells were transfected with plasmid DNA using polyethylenimine
40K (Polysciences, Warrington, PA, USA).

Immunofluorescence microscopy. To evaluate the localization of POT1 at telomeres, MCF-7 cells
grown on coverslips were transfected with EGFP-POT1 or EGFP-POT1-P116L and analyzed by
immunofluorescence microscopy. Cells were pre-extracted with 0.5% Triton-X 100 in ice-cold PBS for 5
min and fixed with 4% PFA for 15 min in room temperature (RT). Cells were blocked in 1% BSA for 30
min. Coverslips were incubated with TRF2 antibody (clone B-5, Santa Cruz, Dallas, TX, USA) for
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2 hin RT, washed 3 in PBS, incubated with secondary antibody for 1h in RT. After washing in PBS and
DAPI, coverslips were mounted with Vectashield and images were acquired using the confocal
microscope Leica (Wetzlar, Germany) TCS SP8 equipped with a 63x/1.40 objective.

Immuno-precipitation. The ability of POT1 to interact with the shelterin complex was evaluated by
immuno-precipitation. HEK293 cells were co-transfected with FLAG-TPP1 and EGFP, EGFP-POT1 or
EGFP-POT1-P116L. Cells were extracted in IP buer (50 mM Tris pH 8.0, 120 mM NacCl, 1% Tween-20,
0.1% NP-40, 1.0% glycerol, 2 mM EDTA, 3 mM EGTA, 10 mM MgCl,, protease inhibitors (Roche, Basel,
Switzerland) and EtBr (50 g/mL)) and sonicated 3 20 sec. Clarified cell extracts were incubated with
GFP-Trap beads (Chromotek, Planegg, Germany) for 1 h. After washing 4 with IP buer, bound proteins
were eluted with Laemli buer and separated by SDS-PAGE.

Telomeric DNA binding assay. POT1 binding to telomeric DN A was tested in vitro as described [31,32].
HEK293 cells transfected with EGFP, EGFP-POT1 or EGFP-POT1-P116L were extracted in IP buffer,
sonicated and centrifuged for 20 min at 4 C. Cell extracts were precleared with streptavidin sepharose
beads for 1 h. Supernatants were then incubated with 2 g of biotinylated telomeric DNA (ssG:
biotin-TATATA(TTAGGG)8) or (tel5: biotin-GCAAGCTTTACCGATACA GC(TTAGGG)5) [31,32], or
control DN A (ssC: biotin-TATATA(CCCTAA)8), for 12 h and Streptavidin beads were added for 1 h
before washing with IP buer. Bound proteins were eluted with Laemli buer and analyzed by Western
blotting (WB) using antibody against GFP (clone 7.1, Roche, Basel, Switzerland).

3. Results

3.1. Germline Variants in Analyzed Genes

The overall mean coverage for all samples reached 116.7 with a good coverage uniformity
across 217 analyzed genes (mean percent of target bases with coverage 20, 50, and 100 was 99.3%, 96.9%,
and 79.2%, respectively). Panel NGS in 264 patients yielded 16,359 unique germline variants. Five
hundred and sixteen of them remained after the application of variant filtration rules (described in the
Methods section). Variants of uncertain significance (VUS) represented a majority (87%) of them
and were excluded from further analyses as clinically inconclusive at the moment. The final 83
pathogenic/likely pathogenic (P/LP) germline variants (66 unique) in 71/264 (26.8%) melanoma
patients were detected in 42/217 targeted genes (Supplementary Table S3) and included five copy
number variants (CNV; two in CHEK2 and SLC45A2, respectively, and one in TRPM1; Supplementary
Figure S1). Using the identical prioritization procedure, we identified 225 P/LP variants in 204/1479
(13.8%) controls in 82/217 targeted genes, including two CNV (both in the CHEK2 gene). Overall,
43/264 (16.3%) patients (Table 3) and 87/1479 (5.9%) controls carried a mutation in a gene previously
associated with melanoma or other cancer.

Table 3. Germline P/LP (pathogenic/likely pathogenic) variants in melanoma patients.

Other Tumors in Family Cancer History

Gene: Coding Sequence (Protein) Change
o (c)
Proband (Age) Tumor Type (N)

i (b)
- Concomitant Mutation Mel Site (Age)

High-to-moderate risk genes

BC (1), Leu (1), Mel (1),

F CDKN2A: c.16_20del5 (p.G6Qfs*7) TR (38) none other 3 relatives with
unknown tumors

F CDKN2A: c.71G>C (p.R24P) TR (24) Mel (35) CRC (1), Mel (1), UrC(1)

F CDKN2A: c.71G>C (p.R24P) TR (28) Mel (38) Mel (2)

F CDKN2A: c.95_112del (p.L32_L37del) LE (28) GC (48) BC (), ((:]}.Q)cl(\;)ell (GZ(): (a,Lc

M CDKN2A: c.334C>G (p.R112G) HE (43) none Mel (1), PaC(1)
CDKN2A: c.457+4_457+5delAG

F (p.Y120Hfs*11) TR (29) Mel (34) BT (1)
POT1: ¢.347C>T (p.P116L); .

F - CHEK2: c.909-2028_1095+330del5395 UE (41) MeIB(ng(,:72544), RC (1)
(p.M304Lfs*15)

F POT1: ¢.703-1G>C (p.V235Gfs*22) n.a. (37) TBCT ((i‘;)); BC (1), C(Rl)c T(lc)’(f(l)' SeT

M ACD: c.755delA (p.D255Afs*9) UE (39) none negative
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Table 3. Cont.

Gene: Coding Sequence (Protein) Change . Other Tumors in Family Cancer History
(a) (b)
- Concomitant Mutation Mel site (Age) Proband (Age) Tumor Type (N) (©)
Low-risk genes
OCA2: ¢.1211C>T (p.T404M);
F ~KAT6A: c.1138G>T (p.E380%) n-a. (29) none Mel(1)
M OCA2: c.1327G>A (p.V443l) TR (15) none negative
F OCA2:c.1327G>A (p.v443l) TR (43) none BC (3),CRC (3), PaC (1)
Ly (38);
OCA2: c.1327G>A (p.v443I
F c >A (p ) LE (52) SKkC (49) Leu (1), Unknown (1)
M OCA2: ¢.2037G>C (p.W679C) n.a. (50) none negative
M OCA2: ¢.2037G>C (p.W679C) n.a. (68) SkC (68) n.a.
TYRP1: ¢.1054_1057del4 (p.N353Vfs*31);
M -TRPM1: De2-7 (p.?) TR (36) none Mel (2)
SLC45A2: Del-2 (p.?);
M - GSTM3: ¢.393C>A (p.Y131%) EY (29) none na.
SLC45A2: Del-4 (p.?) TR (42) BC (41) PrC (1)
TYR: c.650G>A (p.R217Q) TR (37) none negative
TYR: ¢c.1037-7T>A (p.?); BC (52);
F -FANCC: c.455dupA (p.N152Kfs*9) HE (66) CRC (66) BC(2)HCC ),
CRC (2), GbC (1), Mel (1),
TINF2: ¢.796C>T (p.R266*
F c.796C>T (p ) UE (48) none PrC (2), RC (1), Sarcoma (1)
Hereditary cancer syndrome genes
F NBN: c.657_661del5 (p.K219Nfs*16) TR (24) none BC (1), BT (1), Mel (1)
F NBN: c.657_661del5 (p.K219Nfs*16) EY (25) none negative
M NBN: c.657_661del5 (p.K219Nfs*16) TR (37) none n.a.
Mel (68);
. *
F NBN: c.657_661del5 (p.K219Nfs*16) HE (45) oc (56) n.a.
F NBN: c.657_661del5 (p.K219Nfs*16) TR (65) OcC (67) negative
v NBN: c.1126delG (p.D376Ifs*2) n.a. (47) none LC (2), Mel (1),
NBN: ¢.1723G>T (p.E575*);
F -NFKBIE: c.165_169dup5 (p.E57Afs*51) LE () none Mel (1)
M BRCA2: c.475G>A (p.V159M) UE (45) RC (46) HL (1)
F BRCA2: ¢.1389_1390delAG (p.V464Gfs*3) LE (47) BC (59,59) GC (2)
BT (59); 3 sisters with
F BRCA2: c.5682C>G (p.Y1894*) n.a. (67) BC (565 gynecological tumors, LC
(1), retinoblastoma (1)
BRCA2: c.7007G>A (p.R2336H);
v CIFIHL: €.24640oT (p RE22%) HE (22) hone BT (1), PrC (2), TC (1)
BRCA2: c.8168_8172ins4 (p.Y2726Mfs*10); Mel (36);
M ~TYRP1: ¢.1254C>A (p.Y418*) n.a. (40) NHL (38) Lc@
F BRCAL: c.68_69delAG (p.E23Vfs*17) TR (47) urc (se);
: ¢.68_69de p. s oc (57) n.a.
F BRCA1: c.1687C>T (p.Q563*) EY (54) BC (46) ocC (1)
BRCA1: c.4214delT (p.I11405Kfs*10); oc (46);
F - ATM: ¢.7630-2A>C (p.?); LE (46) BC (49)' BC (3),0C (2)
-MUTYH ¢.1187G>A (p.G396D)
F BRCA1: ¢.5266dupC (p.Q1756Pfs*74) TR (53) BC (54) negative
CHEK2:c.909-2028_1095+330del5395 CRC(1), Ly (1), Mel (1),
M (p.M304Lfs*15) UE (28) none MMT (1)
M CHEK2: c.846+4_846+7del4 TR (38 none BC (1), CRC (2
(p.D265-H282del) (38) @, @)
ATM: c.381delA (p.v128*
F c:381delA (p ) TR (41) Mel (50) BC (2), PaC (1)

- WRN: ¢.1105C>T (p.R369*)
F ATM: ¢.5932G>T (p.E1978%) TR (35) none LC (1),UrcC (1)
RAD51D: c.405+2T>C (p.?);
-CHEK2: ¢.917G>C (p.G306A)
F RB1: c.608-1G>T (p.?) TR (32) BC (45) GbC (1),LC (1)
(@ gender: M—male; F—female. (?) Melanoma localization: EY—eye; HE—head; LE—lower extremity; TR—trunk;
UE—upper extremity. () BC—breast cancer; BT—brain tumor; CC—cervix cancer; CRC—colorectal cancer;
GC—gastric cancer; GbC—gallbladder cancer, HCC—hepatocellular cancer; (n)HL—(non)Hodgkin lymphoma;
LC—lung cancer; Leu—leukemia; Ly—lymphoma; Mel—melanoma; MMT—malignant mesenchymal tumor;
OC—ovarian cancer; PaC—pancreatic cancer; PrC—prostate cancer; RC—renal cancer; SgT—salivary gland tumor;
SkC—skin cancer; TC—thyroid cancer; UrC—urinary cancer. The reference numbers for genes listed in this table
are provided in Supplementary Table S1.

TR (26) none CC (1)

3.1.1. Mutations in High-to-Moderate Melanoma Risk Genes

The highest prevalence in a subgroup of high-to-moderate melanoma risk genes was found
in CDKN2A (NM_000077). Disease-causing variants identified in six patients included ClinVar
P/LP missense variants c.71G>C (p.R24P; in two patients) and ¢.334C>G (p.R112G), frameshift
€.16_20delGGGAG (p.G6Qfs*7), in-frame ¢.95_112del18 (p.L32_L37del; shortening C-terminal part of
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ankyrin 1 domain and adjacent -hairpin loop), and the novel splicing alteration c.457+4_457+5delAG,
resulting in the activation of an aberrant splicing site (r.384_457del74) and a frameshift (p.Y129Hfs*11;
Figure 1).
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Figure 1. Characterization of splicing aberrations in CDKN2A. (A) NGS analysis of RNA isolated
from blood lymphocytes identified aberrant splicing in a proband carrying the c.457+4_457+5delAG
variant (visible as two reads originated from DNA “contamination”; grey arrowhead). The variant
causes the elimination of the canonical splice site and activation of the cryptic splice site within exon 2,
resulting in the deletion of 74 nts (r.384_457del74) and premature protein termination (p.Y129Hfs*11).
(B) The sashimi plot shows the presence of aberrant splicing in 5/12 reads in a proband’s sample,
absent in 24 reads of a control with wild-type CDKN2A, and another 1950 reads of 100 pooled

controls.

Two germline mutations were also found in POT1 (NM_015450). The ¢.703-1G>C mutation found
in a proband with melanoma, dysplastic nevi, and thyroid cancer (Figure 2A) aected the canonical
acceptor splice site of intron 10 resulting in exon 10 skipping at the mRNA level (r.703_869del167) and
a frameshift (p.V235Gfs*22; Figure 2B). The rare missense variant c.347C>T changed the conserved
amino acid p.P116L [33] in a patient with superficial spreading melanoma and breast cancer carrying
also a germline deletion of 5395bp aecting exons 9 and 10 of the CHEK2 gene (NM_007194) (Figure 2C).
To dissect the functional consequences of the POT1 missense variant inherited from the maternal
branch of the family, we performed a functional analysis. First, we immuno-precipitated wild-type
EGFP-POT1 or mutant EGFP-POT1-P116L from transiently transfected cells and found that both
variants bound comparable levels of TPP1 (alias ACD) protein which mediates the binding of POT1 to
the shelterin complex (Figure 2D). Confocal microscopy revealed that EGFP-POT1-P116L colocalized
with TRF2, suggesting that it can assemble into the shelterin complex and correctly localize to
telomeres (Figure 2E). Since the p.P116L mutation resides within the
oligosaccharide/oligonucleotide-binding (OB1) domain [34], we hypothesized that it may impair
the binding of POT1 to ssDNA. Indeed, we found that only the wild-type POT1 (but not POT1-P116L)
mutant bound to the biotinylated telomeric G strand eciently (Figure 2F). We concluded that
although the p.P116L isoform can localize to telomeric dsDNA through its interaction with ACD, it
fails to bind telomeric ssDNA, which makes it a functionally deleterious mutation contributing to
melanoma risk.
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Figure 2. Characterization of POT1 germline variants. (A) Family of a patient carrying c.703-1G>C.
(B) The variant causes aberrant splicing (AS) with exon 10 skipping (r.703_869del167; arrowhead;
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resulting in a frameshift at the protein level: p.V235Gfs*22) that was never observed in an analysis of
wild-type POT1 samples (compared in blue and purple sashimi plots). However, AS mRNA is mostly
subjected to nonsense-mediated decay (NMD). The number of NGS reads of non-degraded AS products
in comparison with reads from canonical splicing (CS) products increased upon the cultivation of
the patient’s lymphocytes with puromycin (an NMD inhibitor; compared as green and brown plots).
(C) Segregation of germline mutations in a family with missense p.P116L POT1 and cNv CHEK?2
(c.909-2028_1095+330del5395) germline mutations. (D—F) Functional characterization was performed
for the p.P116L POT1 mutation. (D) POT1-P116L interacts with shelterin components. Extracts from
cells transfected with FLAG-TPP1 (alias AcD) and EGFP, EGFP-POT1 or EGFP-POT1-P116L were
immuno-precipitated using GFP-Trap. Bound proteins were analyzed with EGFP and FLAG antibodies.
(E) POT1-P116Lis able to localize to telomeres. Cells transfected with EGFP-POT1 or EGFP-POT1-P116L
were fixed and stained with TRF2 antibody and analyzed using confocal microscopy. A representative
image of a single plane is shown. Bar indicates 10 m. (F) POT1-P116L mutant does not bind telomeric
ssDNA. Extracts from cells transfected with EGFP, EGFP-POT1 or EGFP-POT1-P116L were incubated
with biotinylated oligonucleotides corresponding to telomeric ssDNA (tel5 and ssG) or control DNA
(ssC) and pulled down with streptavidin beads. The bound proteins were analyzed by immunoblotting
using anti-GFP antibody. Abbreviations: BC—breast cancer; BT—brain tumor; CRC—colorectal cancer;
LC—Ilung cancer; M—melanoma; RC—renal cancer; SgT—salivary gland tumor; TC—thyroid cancer.
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One patient carried the c.755delA (p.D255Afs*9) mutation in ACD (NM_001082486), another
shelterin complex gene associated with high melanoma risk [35]. This mutation resultsin the truncation of
the POT1-binding domain of the ACD protein. Another ACD mutation, c.617dupT (p.H206Qfs*26), was
the only P/LP variant from the category of high-to-moderate risk genes found in the control group.
Although we did not find mutations in TERT, BAP1, or CDK4, germline mutations in the high-to-
moderate risk category were present in 3.4% of patients (Table 4).

Table 4. Frequency of pathogenic/likely pathogenic (P/LP) germline variants in melanoma-susceptibility
subgroups classified according to the risk of hereditary/familial melanoma risk. Eleven carriers of more
than one P/LP variant were excluded from the analysis.

P/LP Variants; N (%)

Melanoma Susceptibility Class OR (95%Cl); p

264 Patients 1479 Controls
Multiple Mutation Carriers INCLUDED *
High-to-moderate risk melanoma genes 9(3.4) 1(0.1) 52.2 (6.6-413.1); 3.2 107
Low-risk melanoma genes 12 (4.5) 35(2.4) 1.9 (1.0-3.8); 0.06
Hereditary cancer syndrome genes 22 (8.3) 57 (3.9) 2.3 (1.4-3.8); 0.003
Genes with unknown familial 28 (10.6) 132 (8.9) 1.2 (0.8-1.8); 0.4

melanoma risk

Multiple Mutation Carriers EXCLUDED

High-to-moderate risk melanoma genes 8(3.2) 1(0.1) 48.1 (6.4-2116.9); 1.5 10°®
Low-risk melanoma genes 8(3.2) 35 (2.4) 1.3 (0.5-3.0); 0.51
Hereditary cancer syndrome genes 16 (6.3) 57 (3.9) 1.7 (0.9-3.0); 0.09

Genes with unknown familial

melanoma risk 28 (10.6) 132 (8.9) 1.2 (0.8-1.8); 0.4

*|f carriers of concomitant mutations pertained to more than one risk group, they were assigned to a group with a
higher risk as shown in Table 3: High-risk melanoma genes > Hereditary cancer syndrome genes > Low-risk
melanoma genes > Genes with unknown familial melanoma risk.

3.1.2. Mutations in Low-Risk Melanoma Genes

The low-risk melanoma gene group revealed 12 carriers of mutations in 5 genes (Table 3; another
TYRP1 carrier also had a pathogenic BRCA2 mutation). Hereditary melanoma risk was not increased in
carriers of low-risk gene mutations (Table 4); however, we found a higher frequency in patients vs.
controls for mutations in TYRP1 (0.8 vs. 0%; p = 0.02) and OCA2 (2.3 vs. 0.5%; OR = 4.3; 95%Cl 1.2-
14.2; p = 0.01); Supplementary Table S4.

3.1.3. Mutations in Genes Associated with Hereditary Cancer Syndromes

Altogether, 22/264 (8.3%) patients (Table 3) and 57/1479 controls (3.9%) carried a P/LP variant
in genes associated with hereditary cancer syndromes. Overrepresentation of mutations in patients
indicated an increased melanoma risk in carriers of mutations in hereditary cancer syndrome genes (OR
= 2.27,95%Cl = 1.36-3.78; p = 0.003); however, melanoma risk lost its significance after the exclusion of
six patients carrying other concomitant mutations (Table 4). The mutations in NBN (OR = 10.0; 95%Cl
2.5-47.0; p = 3.2 10®) and BRCA2 (OR = 9.5; 95%CI 1.8-61.4; p = 0.003) were the most frequent and
significantly associated with hereditary melanoma. The frequencies of germline mutations in CHEK?2
gene (Supplementary Figures S1 and S2), BRCA1, and MUTYH were three times higher in patients
over controls but marginally insignificant (all p = 0.051; Supplementary Table S4).

3.1.4. Mutations in Other Genes with Unknown Familial Melanoma Risk

Mutations in 23 other genes with unknown familial melanoma risk were found in 28/264 (10.7%)
patients and in a similar proportion of controls (132/1479; 8.9%). Neither the genes individually
(Supplementary Table S5) nor the entire group of these genes (Table 4) were associated with a significant
increase in melanoma risk.
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3.2. Clinicopathological Characteristics of Melanoma Patients Carrying Germline Mutations

A total of 11 carriers of more than one P/LP variant were excluded from the comparison of
clinicopathological characteristics performed in the remaining 60 carriers of P/LP variants and 193
non-carriers (Figure 3A).
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Figure 3. Clinicopathological characteristics of melanoma patients based on the presence of germline
mutations. Panel A overviews the number of melanoma patients in the gene categories displayed in
panels B to E. The p-values express significance of the dierences in distribution of variables between
particular category of mutation carriers and non-carriers (considered as the reference). Panel F and
G display proportion of mutation carriers in analyzed gene categories in individuals with positive
personal cancer history (F); excluding 11 multiple mutation carriers) and in individuals with known
positive family cancer history (G); excluding 21 individuals with unknown family cancer history).
Dierences in proportions of carriers and non-carriers (p-values) in particular subgroups were calculated in
patients with positive personal history (F) against patients with melanoma only (Ref.) and in patients
with positive family cancer history (G) against patients with negative cancer history (Ref.).

Classification according to the presence of mutations in melanoma susceptibility classes (shown in
Table 4) revealed an increased frequency of patients with multiple melanoma or double primary tumors
among the carriers of mutations in high-to-moderate melanoma risk genes (5/8; 63% patients) and in
cancer syndrome genes (9/16; 56% of patients), respectively, when compared with non-carriers (58/193;
30% of patients; Figure 3B). On the other hand, no dierence was found in the presence of melanoma or
other cancers in patients’ relatives, anatomical localization of melanoma, or age at melanoma onset
(Figure 3C—E). The importance of personal cancer history for the potential to carry a mutation was
confirmed when we calculated the proportion of patients with germline mutations in particular
personal cancer history categories (Figure 3F). We noticed a significantly increased proportion of
mutation carriers among patients with multiple melanoma (7/16; 44% of patients), compared with
patients with single melanoma (29/164; 18% patients; p = 0.021). It is noteworthy that 14/89 (16%)
patients with more than one tumor in personal history (i.e., patients with multiple melanoma, multiple
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melanoma plus other cancer, and melanoma plus other cancer) carried a mutation in a clinically
relevant gene (a high-to-moderate risk melanoma gene or a cancer syndrome gene), compared with
10/164 carriers (6%) among patients with single melanoma only (p = 0.023). Thus, tumor multiplicity
(not restricted to melanoma multiplicity) in probands increased the risk that they will carry a mutation
(OR = 2.9; 95%ClI 1.2-6.8). A positive family cancer history did not increase the risk of being a mutation
carrier (Figure 3G); however, the prevalence of mutations in patients with a positive family cancer
history (24/196 carriers, 12%) surpassed the 10% threshold justifying genetic testing in this group (in
contrast to 4/47; 8.5% positively tested patients without family cancer history; p = 0.6).

Altogether, 7/11 double mutation carriers (excluded from the analysis of clinicopathological data)
carried at least one mutation in high-risk melanoma (POT1/CHEK2) or syndromic (ATM/WRN, BRCA1,
BRCA2 (2x), CHEK2/RAD51D, NBN) genes (Table 3). Melanoma or tumor multiplicity in personal
cancer history was present in four (36%) of these patients and all of them had a positive family cancer
history, indicating that personal or family cancer history positivity was also more frequent among
double mutation carriers.

4. Discussion

Our analysis demonstrated that 31/264 (11.7%) high-risk Czech melanoma patients (compared
with 35/1479 or 2.3% controls) carried a mutation in some of the clinically important high-to-moderate
melanoma risk genes (9 patients; 3.4%) or other cancer syndrome-associated genes (22 patients; 8.3%).

As expected, CDKN2A was the most frequently mutated gene in the high-to-moderate risk gene group
(in six analyzed patients; 2.3%). Four out of six CDKN2A mutation carriers developed >1 melanoma
(3 patients) or other cancer (1 patient); all six carriers had a positive family cancer history and five
of them had at least one relative with melanoma. The progressively rising probability of CDKN2A
mutation prevalence with an increasing number of aected relatives with melanoma was described by
Goldstein and colleagues in their study analyzing families of a European descent with at least three
melanoma patients [36]. The frequency of CDKN2A mutation carriers rose from <40% for patients with
three relatives with melanoma to >90% for those with more than six relatives with melanoma. In line
with this observation, we have noticed three CDKN2A mutation carriers among 50 patients with one
melanoma relative (6%) and two CDKN2A carriers among 10 patients with two melanoma relatives
(20%). Goldstein et al. also observed an increased prevalence of pancreatic cancer patients in families
with CDKN2A mutations (found in one p.R112G mutation carrier in our study). Germline mutations in
high-risk melanoma susceptibility genes convey an increased risk of other cancers modifying genetic
counselling in mutation carriers [24]. The spectrum of tumors in relatives diagnosed with cancer in the
families of six CDKN 2 A mutation carriers included melanoma (7), breast cancer (3), rectal cancer (2),
and gastric, pancreatic, lung, and endometrial cancer, brain tumor, and leukemia (one each).

The three remaining patients with germline mutations in high-to-moderate melanoma risk genes
carried a P/LP variant in genes coding for shelterin complex proteins. The protection of telomeres
protein 1 (POT1) is essential for the control of telomere length by inhibiting telomerase [32]. In addition,
POT1 prevents hyper-resection at telomeric ends by inhibiting ATR [37]. The function of POT1 at
telomeres is determined by its interaction with the telomeric single-stranded 5’-TTAGGG-3’ repeats
and with the TRF1/2 subunits of the shelterin complex through TPP1 (ACD) protein. Interaction
with telomeric G-strand DNA is mediated by the two N-terminal OB domains of POT1, whereas the
C-terminal part of POT1 interacts with TPP1 (ACD) [38]. Previous in silico and functional studies
identified unstable binding and defective interaction with ssDNA for the p.R117C missense variant
[33,39]. We found the adjacent p.P116L variant, described previously in a patient with sporadic cardiac
sarcoma [33], in a patient with multiple melanoma and breast cancer, who also carried a large
pathogenic CHEK2 deletion. A functional analysis of the P116L isoform demonstrating its normal
interaction with TPP1 (ACD) protein but impaired ssDNA binding led us to conclude that p.P116L is a
functionally defective mutation. Germline POT1 mutations have been initially described as increasing
the risk of melanoma, but later studies indicate a broader cancer spectrum associated with these
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mutations. Notably, POT1 mutations have recently been associated with familial non-medullary
thyroid cancer [40-42]. A duplicity of thyroid cancer with melanoma has been identified in a patient
with a newly characterized splicing POT1 mutation (thyroid cancer was present in the patient’s untested
mother’s mother). In a single melanoma patient with a negative family cancer history, we identified a
mutation in the ACD gene truncating the C-terminal proportion of the protein containing POT1- and
TINF2-interacting domains required for the localization of A CD protein into the shelterin complex.
Overall, high-to-moderate risk germline mutations aecting shelterin complex genes were found in
three (1.1%) analyzed patients in our study. We also detected another shelterin gene truncating
mutation aecting the TINF2 gene that we included in the low-risk gene category; however, another
TINF2 truncation has recently been described to segregate with multiple thyroid cancer and melanomain
one family [43]. A higher prevalence of mutations in ACD, TERF2IP, and POT1 was identified in
12/132 (9.1%) high-risk CDKN2A/CDK4/TERT/BAP1 wild-type European and Australian patients with
multiple melanoma (3) [44]. A higher prevalence of germline mutations in BAP1 (not identified in our
patients) and POT1 was also reported in a recent study by Pastorino and colleagues who identified seven
carriers (2.6%) of mutations in each of these two genes among 273 Italian melanoma patients [45]. The
enrollment of 22 melanoma patients with atypical Spitz nevi with relatives developing BAP1-related
tumors can explain an increased prevalence of BAP1 mutation carriers in this Italian study. Germline
BAP1 mutations were rarely identified in Czech patients so far, dominantly in probands with uveal
melanoma or Spitz nevi [46,47].

The highest prevalence of germline mutations in our melanoma patients was found in the
NBN gene (in 7/264 patients; 2.7%), coding for nibrin, a protein contributing to a MRN complex
formation, sensing for DN A double strand breaks. We found the most frequent, Slavic founder
germ-line hypomorphic variant c.657del5 in five patients [48]. Two of them also developed ovarian
cancer, which was associated with NBN germline mutations in our population [49]. An increased
melanoma prevalence among NBN c.657del5 mutation carriers was reported from Poland (with a
frequency comparable to our patients) and southern Germany (with lower prevalence) [50-52]. Two of
our melanoma patients (diagnosed with melanoma at 9 and 47 years, respectively; both with a
melanoma-positive family cancer history) carried other rare NBN truncations. Gass and colleagues [53]
reported a female carrier of the ¢.698_701del4 germline mutation developing melanoma, squamous
cell carcinoma, and breast cancer with a sister suering from melanoma and other relatives aected by
various cancer types, indicating that other NBN truncations increase melanoma risk. Analyses of NBN in
other cancers demonstrated a highly variable population-specific prevalence of its germline mutations.
Current NCCN guidelines report an association of NBN mutations with an increased breast cancer
risk (https://www.nccn.org/professionals/physician_gls/pdf/genetics_bop.pdf), but further studies of
unselected cancer patients with carefully population-matched controls are required to determine cancer
risk associated with other cancer types, including melanoma. The prevalence of NBN mutations but
also BRCA2 mutations was significantly (nine-fold) higher in patients than in controls. P/LP variants in
BRCA1 and CHEK2 were less enriched in patients over controls and statistically insignificant (p =
0.051; Supplementary Table S5). The role of germline mutations in the breast-ovarian cancer
predisposition genes BRCA1 and BRCA2 in the risk of familial melanoma development is still a matter
of debate [54] and the exact melanoma risk increase (if any) in mutation carriers is uncertain.

The same could be said of CHEK2 as documented in a recent meta-analysis evaluating the
association of germline CHEK2 mutations with melanoma [55]. Large studies utilizing large gene
panels to analyze patients with unselected melanoma or, even better, unselected cancer, will be
required to dissect the risk of melanoma associated with hereditary cancer syndrome genes.
However, we would like to emphasize that 4/9 BRCA1 or BRCA2 pathogenic mutation carriers and
all CHEK2 P/LP variant carriers would not be eligible for germline genetic testing according to the
current guidelines, despite the fact that all other mutation carriers (except for one patient with the
founder ¢.5266dupC BRCA1 mutation) had a positive family cancer history and four also developed
secondary tumors alongside solitary or
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multiple melanoma (Table 3). The genetic counselling was oered to all carriers of mutations in high
and moderate cancer risk genes.

An analysis of clinicopathological characteristics shows not only that multiple primary melanoma
patients carry an increased risk of mutations in melanoma-predisposition genes, but also that the
presence of melanoma and other non-melanoma cancer in the proband increased the potential to carry
a clinically meaningful mutation in a melanoma predisposition or hereditary cancer syndrome gene.

We are aware of some limitations of our study. Most melanoma patients analyzed in our study were
referred to the analysis by medical geneticists. This fact explains the enrichment of patient population
in early-onset, multiple cancer, and family cancer-positive cases and incomplete clinicopathological
data that lack phenotypic characteristics (eye and hair color, skin phototype according to Fitzpatrick,
total number of nevi, the presence of clinically atypical nevi, freckle density, iris pigmentation), lifetime
history of sunburns, and specific melanoma characteristics (histological subtype, Breslow thickness,
clinical staging) in most of the patients. We are also aware that the gene selection in our CZMELAC
panel would omit potentially clinically important gene(s). However, we would like to emphasize
that we aimed to evaluate the importance of known melanoma/other cancer predisposition genes
and candidate genes for clinical purposes in our melanoma patients rather than to identify genes
that have not been associated with hereditary melanoma so far. Furthermore, only P/LP mutations
were considered for subsequent statistical analyses. We excluded all VUS (except those in CHEK2 and
POT1 that we functionally classified as deleterious) as currently clinically inconclusive, being aware
that some of them may represent potentially important variants in both patient and control datasets.

The presence of VUS substantially hampers the clinical utility of NGS diagnostics. Classifications
of VUS frequently require demanding and time-consuming functional analyses that are beyond the
expertise available in most of diagnostic laboratories. Therefore, VUS classifications, which are critically
important for appropriate clinical interpretations of variants in cancer predisposition genes, are an
opportunity for a collaborative eort of international consortia bringing together experts from various
disciplines, who may provide substantial capacity for in vitro testing of VUS characterized by the
co-operating laboratories.

In conclusion, we comprehensively assessed the prevalence of germline variants aecting currently
known or candidate melanoma-predisposition genes in Czech melanoma patients and in the general
population. Our analysis demonstrated that high-to-moderate risk genes, including genes coding for
shelterin complex proteins, should be targeted in the multicancer panel NGS analysis. An analysis of
clinicopathological characteristics indicated that patients eligible for such an analysis should not be
restricted to multiple primary melanoma patients or patients with a positive familial melanoma cancer
history, but they should also include melanoma patients with other primary cancer and melanoma
patients with a positive family cancer history.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/10/404/s1,
Table S1: Clinicopathological characteristics of analyzed melanoma patients, Table S2: List of 217 targeted genes in
CZMELAC panel, Table S3: List of 83 P/LP variants found in melanoma patients (column H) and 225 P/LP variants
identified in controls, Table S4: Frequency of pathogenic/likely pathogenic germline mutations in 89 out of 217
analyzed genes identified in 264 high-risk melanoma patients or in 1479 population-matched controls, Table S5:
Found germline P/LP variants in genes with unknown association to familial melanoma, Figure S1: Intragenic
deletions and duplications from technical control samples with known alterations and in samples from analyzed
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Upon exposure to genotoxic stress, cells activate DNA damage response
(DDR) that coordinates DNA repair with a temporal arrest in the cell
cycle progression. DDR is triggered by activation of ataxia telangiectasia
mutated/ataxia telangiectasia and Rad3-related protein kinases that phos-
phorylate multiple targets including tumor suppressor protein tumor sup-
pressor p53 (p53). In addition, DNA damage can activate parallel stress
response pathways [such as mitogen-activated protein kinase p38 alpha
(p38)/MAPK-activated protein kinase 2 (MK2) kinases] contributing to
establishing the cell cycle arrest. Wild-type p53-induced phosphatase 1
(WIP1) controls timely inactivation of DDR and is needed for recovery
from the G2 checkpoint by counteracting the function of p53. Here, we
developed a simple in vitro assay for testing WIP1 substrates in nuclear
extracts. Whereas we did not detect any activity of WIP1 toward p38/
MK2, we confirmed p53 as a substrate of WIP1. Inhibition or inactivation
of WIPI in U20S cells increased phosphorylation of p53 at S15 and poten-
tiated its acetylation at K382. Further, we identified Deleted in breast can-
cer gene 1 (DBCI1) as a new substrate of WIP1 but surprisingly, depletion
of DBCI did not interfere with the ability of WIP1 to regulate p53 acetyla-
tion. Instead, we have found that WIP1 activity suppresses pS53-K382
acetylation by inhibiting the interaction between p53 and the acetyltrans-
ferase p300. Newly established phosphatase assay allows an easy compar-
ison of WIPI ability to dephosphorylate various proteins and thus
contributes to identification of its physiological substrates.

Introduction

DNA damage response (DDR) pathway protects cells
from genome instability by coordinating DNA repair
with a temporal arrest in the cell cycle progression [1,2].
Various types of DNA lesions activate kinases of PIK3-
like family, comprising of ataxia telangiectasia mutated
(ATM) and DNA-dependent protein kinase (DNA-PK)

Abbreviations

activated by DNA double-strand breaks and ataxia
telangiectasia and Rad3-related protein (ATR) activated
by single stranded DNA [3]. Proteomic screens identi-
fied thousands of various phosphorylations mediated by
these kinases in the proximity of DNA lesions [such as
histone H2A.X (H2AX)-S139, breast cancer type 1

ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related protein; BRCA1, breast cancer type 1 susceptibility protein;

CHK1, checkpoint kinase 1; DBC1, deleted in breast cancer gene 1; DDR, DNA damage response; DNA-PK, DNA-dependent protein kinase;

EGFP, enhanced green fluorescent protein; H2AX, histone H2A.X; KAP1, KRAB-associated protein 1; MK2, MAPK-activated protein kinase 2;
NE, nuclear extract; p38, mitogen-activated protein kinase p38 alpha; p53, tumor suppressor p53; SIRT1, NAD-dependent protein

deacetylase sirtuin-1; WIP1, wild-type p53-induced phosphatase 1.
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susceptibility protein (BRCA1)-pS1524, and other
DNA repair proteins] and also diffusely throughout the
nucleus [such as the checkpoint kinases 1/2 (CHK1/2),
KRAB-associated protein 1 (KAP1), and the tumor
suppressor protein p53] [4,5]. Progression through the
cell cycle is arrested by induction of the cyclin-
dependent kinase inhibitors p21 and p27%P'  and by
inactivation of CDC25 phosphatases [6,7]. In addition
to the canonical DDR, some forms of genotoxic stress
(such as UVC radiation and doxorubicin) activate a
general stress response pathway mitogen-activated pro-
tein kinase p38 alpha (p38)/MAPK-activated protein
kinase 2 (MK2) that contributes to establishing the cell
cycle arrest [8-10]. Following DNA repair, massive pro-
tein phosphorylation induced by DDR is removed by
protein phosphatases allowing cells to reinitiate the pro-
liferation program. Although overlap among protein
substrates likely exists among various phosphatases,
PP4 phosphatase was implicated in recovery from the
G1 checkpoint, whereas wild-type (WT) pS3-induced
phosphatase 1 (WIP1) promotes recovery from the G2
checkpoint [11].

WIP1 is a serine/threonine protein phosphatase
encoded by PPMID gene and is commonly overex-
pressed or mutated in human cancers. Basal expression
of WIPI is low, and it increases following stabilization
of p53 after DNA damage [12]. WIP1 was reported to
target numerous proteins of the DDR pathway includ-
ing ATM, H2AX, BRCAI, CHKI, CHK2, KAPI,
p53, p27%P! and many others [6,13-18]. However,
several lines of evidence suggest that inhibition of p53
pathway is the major function of WIPI. Firstly, sus-
tained activity of p53 prevents checkpoint recovery in
WIPI-depleted cells after combined inhibition of
ATM, CHK1/2, and p38 kinases [19]. Secondly, inhibi-
tion of WIPI can lead to the loss of recovery compe-
tence caused by p53-p21-dependent activation of APC/
CYh! followed by degradation of essential cell cycle
regulators [20,21]. Finally, amplification of PPMID
locus or gain-of-function mutations in PPM 1D occur
mostly in cancers that retain the WT p53 [22-25]. Sub-
sequently, inhibition of WIP1 has been proposed as a
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possible strategy for treatment of human cancers car-
rying WT p53 including neuroblastoma and medul-
loblastoma [26,27].

Based on reactivity of the recombinant WIP1 with
synthetic phosphopeptides, two types of consensus
motifs were described, namely pS/pTQ and pTXpY
[28,29]. The first motif corresponds to the sequence
commonly phosphorylated by ATM/ATR explaining
the overlap between the substrates of ATM/ATR and
WIPI1 [30]. A phosphoproteomic analysis of cells treated
or not with cytarabine and with WIP1 inhibitor later
confirmed the presence of WIP1 consensus motif com-
prising of pS/pTQ flanked by acidic residues [31]. p38 is
the only reported substrate of WIP1 carrying the
pTXpY consensus site. The threonine residue within
the doubly phosphorylated peptide pT180-pY 182 of the
active p38 is dephosphorylated by WIP1 in vitro and
overexpression of WIP1 was reported to suppress the
activity of p38 induced by UV irradiation [32].

Here, we aimed to validate the reported targets of
WIP1 phosphatase as many of them were identified
before a routine use of RNA interference and
CRISPR/Cas9-mediated gene editing preventing their
thorough validation in cellular models. To this end, we
developed a simple phosphatase assay in nuclear
extracts (NEs) that allows assaying WIPI activity in
context of whole proteins instead of the commonly
used synthetic phosphopeptides. This assay confirmed
the ability of purified full-length WIP1 to dephospho-
rylate multiple targets in DDR pathway and identified
deleted in breast cancer gene 1 (DBCI)-pT454 and
DNA-PK-pS2056 as new substrates of WIP1. In con-
trast, we found that pCHKI1 and p38 are poor sub-
strates of WIPI. Findings obtained by the in vitro
assay were confirmed in WIP1 knock-out cells and in
cells treated with a selective WIPl inhibitor
GSK2830371. In addition to protein dephosphoryla-
tion, WIP1 activity also suppressed acetylation of p53.
Contrary to our expectations, we found that DBCI
was not involved in control of p53 acetylation.
Instead, we observed that WIP1 activity counteracted
the interaction of p53 with the acetyltransferase p300.

Fig. 1. WIP1 phosphatase assay in NEs. (A) A diagram showing the preparation of cell lysates used for in vitro phosphatase assay. U20S-
WIP1-KO cells were treated with DMSO (NT) or etoposide (20 um for 45 or 120 min), or were exposed to UVC (10 J-m~2). After dounce
homogenization, suspension was spinned down at 500 g for 5 min. Cell nuclei in in the pellet were extracted by hypertonic buffer, spinned
down at 16 000 g for 15 min, and the supernatant formed a NE subsequently used for in vitro phosphatase assays. (B) NE from A was
incubated with or without purified His-WIP1 for 15 min at 37 °C. Where indicated, WIP1 inhibitor or ATM inhibitor was added to the
reaction. Samples were analyzed by immunoblotting. (C) NEs isolated from nontreated U20S-WIP1-KO cells, cells treated for indicated
times with etoposide or cells 45 min after exposure to UVC (10 J-m~2) were incubated with mock or purified His-WIP1 for 15 min at 37 °C.
Protein phosphorylation was evaluated by immunoblotting using indicated phosphospecific antibodies. (D) Indicated synthetic
phosphopeptides (100 pum) were incubated with His-WIP1 (100 ng) for 60 min at 37 °C. Where indicated, WIP1 inhibitor was added to the
reaction. Released phosphate was detected by PiPer Phosphatase Assay Kit. Shown is mean + SD (n = 3).
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Phosphatase assay reported here allows an easy valida-
tion and identification of new substrates of WIP1.

Results

WIP1 phosphatase assay in nuclear extracts

WIP1 has been reported to dephosphorylate multiple
targets in DDR and p38/MK2 pathways. Some of
these data relayed mostly on the ability of recombi-
nant WIP1 to dephosphorylate synthetic phosphopep-
tides in vitro and were not sufficiently validated in
cellular models. We hypothesized that accessibility of
the phosphorylated residues might be different in con-
text of the whole proteins and protein complexes and
in the presence of competitive substrates. To test the
enzymatic activity of WIP1 in more physiological con-
ditions, we developed an assay where we use NE iso-
lated from U20S-WIPI-KO cells after DNA damage
as a complex substrate mixture for recombinant His-
WIPI and detect the level of protein phosphorylation
by phospho-specific antibodies (Fig. 1A). To validate
the assay, we first incubated the NE with purified
WIP1 in the presence of DMSO or WIPI inhibitor
and tested the level of KAP1-pS824 phosphorylation,
an established target of WIPI [16]. As expected, modi-
fication of KAPI was efficiently removed by WIPI,
but it persisted in the sample treated with WIP1 inhibi-
tor (Fig. 1B). The phosphatase assay was performed in
the absence of ATP to minimize the effect of active
protein kinases present in NE on protein phosphoryla-
tion. Importantly, inhibition of ATM did not affect
the level of KAP1-pS824 modification, indicating that
ATM was not active during the phosphatase assay
(Fig. 1B). Next, we used a panel of previously vali-
dated phospho-specific antibodies to evaluate the
ability of WIPI to target the corresponding phospho-
rylated residues (Fig. 1C). In good agreement with
previous reports, we observed that WIP1 efficiently
dephosphorylated p53-pS15 [18], y-H2AX [14], ATM-
pS1981 [13], BRCA1-pS1524 [15], KAP1-pS824 [16],
DAXX-pS564 [33], pCHK2-T68 [17], and pCHKI-
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pS317 [18]. All these residues matched the pSQ/TQ
consensus motif previously reported for WIP1 phos-
phatase [29]. In addition, we identified several new
putative substrates of WIPI including MREI11-pS676,
RPA2-pS33, DNA-PK-pS2056, and DBC1-pT454. In
contrast, WIP1 did not target all phosphopeptides as
exemplified by KAP1-pS473, RPA2-pS4/8, and p53-
pS392 that remained fully phosphorylated despite the
presence of active WIP1. Finally, we found that puri-
fied WIPI failed to dephosphorylate p38-pT180 in the
NE although it dephosphorylated a synthetic phospho-
peptide corresponding to the activating phosphoryla-
tion of p38 (Fig. 1C,D). This surprising observation
suggests that active p38 is a poor substrate of WIP1
compared to multiple other phosphoproteins. We con-
clude that dephosphorylation of the NEs is an easy
assay that allows testing of WIP1 activity in complex
protein mixture.

Activity of p38/MK2 pathway is not affected by
inhibition or overexpression of WIP1

In the next step, we wished to confirm the findings
from the in vitro assay in cellular context. To this end,
we compared protein phosphorylation in parental
U20S cells, U20S treated with a specific WIP1 inhibi-
tor GSK2830371 and in U20S-WIP1-KO cells [21,27].
To compare the dynamics of protein phosphorylation,
we collected whole cell lysates (WCLs) prior to or 1, 4,
and 8 h postexposure to ionizing radiation (Fig. 2A).
As expected, we observed an increased and prolonged
phosphorylation of yH2AX, p53-pS15, and KAPI-
pS824 in cells with inhibition or loss of WIP1 confirm-
ing that these proteins are good substrates of WIP1
[14,16,18,34]. In addition, inhibition of WIPI increased
the level of DNA-PK-pS2056 and DBC1-pT454 in the
early time points after exposure of cells to ionizing
radiation suggesting that DNA-PK and DBCI could
be new substrates of WIP1. Specificity of DBC1-pT454
and DNA-PK-pS2056 antibodies was validated by
depletion of DBCl and DNA-PK, respectively
(Fig. 2B,C). In contrast, phosphorylation of RPA32-

Fig. 2. Validation of WIP1 phosphatase substrates in cells. (A) Parental U20S or U20S-WIP1-KO cells were exposed to ionizing radiation
(3 Gy) and WCLs were collected at indicated times. Where indicated, cells were incubated with WIP1 inhibitor. Levels of protein
phosphorylation were detected by immunoblotting. Loading controls were performed on every protein gel. For simplicity, only one
representative staining of TFIIH is shown. (B) U20S transfected with control or DNA-PK siRNA were treated with mock or etoposide and
WOCLs were probed for total DNA-PK and DNA-PK-pS2056 using immunoblotting. Staining for importin served as a loading control. (C) U20S
transfected with control or DBC1 siRNA were treated with WIP1 inhibitor, etoposide or combination of both and WCLs were probed for
total DBC1 and DBC1-pT454 using immunoblotting. Staining for histone H3 served as a loading control. (D) Parental U20S or U20S-WIP1-
KO cells were exposed to UVC radiation (10 J-m~2) and WCLs were collected at indicated times. Where indicated, cells were incubated
with WIP1 inhibitor. Levels of protein phosphorylation were detected by immunoblotting. (E) Parental U20S or U20S-WIP1-KO cells were
treated as in D, and WCLs were collected at 1, 2, 6 and 24 h after exposure to UVC.
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pS33, MREI11-pS676, and CHK1-pS317 showed com-
parable dynamics in WIP1 deficient and control cells,
suggesting that these proteins are not physiological
substrates of endogenous WIP1 although they can be
dephosphorylated in vitro (Figs 1B and 2A). Similar
pattern of WIPI-dependent dephosphorylation was
observed in cells after induction of genotoxic stress by
UVC radiation, only the DNA-PK-pS2056 autophos-
phorylation was below the detection limit reflecting the
poor activation of DNA-PK by UVC (Fig. 2D). As
expected, exposure of parental U20S cells to UVC
induced phosphorylation of p38 at T180/Y182 corre-
sponding to its activation. Surprisingly, we observed a
slight reduction (rather than expected increase) of p38
phosphorylation in cells treated with WIPI inhibitor
or in WIPl knock-out cells following exposure to
UVC (Fig. 2D). Importantly, inhibition or deletion of
WIPI did not increase p38 phosphorylation even after
24 h exposure to UVC, suggesting that WIP1 does not
affect the late p38/MK2 response triggered by geno-
toxic stress (Fig. 2E) [35]. The lack of effect of WIPI
on the level of phosphorylated p38 in cells is consistent
with the in vitro assay and suggests that p38 is not a
physiological substrate of WIP1.

To exclude the possibility that WIP1 may target p38
only after specific type of stress, we tested activation
of p38 also after treatment of cells with a topoiso-
merase II inhibitor doxorubicin or after induction of
hyperosmotic stress. As expected, extended incubation
of U20S cells with doxorubicin activated p38§/MK2
pathway [8]; however, inhibition of WIPI did not lead
to further induction of the p38-pT180-pY182 signal
(Fig. 3A). Similarly, incubation of cells in hypertonic
media containing 350 mm NaCl caused comparable
stimulation of p38/MK2 pathway in RPE cells and
RPE-WIP1-KO cells (Fig. 3B). Inhibition of WIP1 did
not affect the activation of p38 also in MCF7 cells,
suggesting that the inability of WIPI to target p38 rep-
resents a general phenomenon and cannot be explained
by a cell type specific defect (Fig. 3C). Finally, we
tested the ability of WIP1 to dephosphorylate p38 in
cells with tetracycline-inducible expression of FLAG-
WIPI [19]. Whereas high overexpression of the
WT WIPIL, but not of the phosphatase-dead D314A
mutant, decreased p53-pS15 phosphorylation in cells
exposed to UVC, we did not observe any effect on the
level of active p38 and its downstream target MK2-
pT334 (Fig. 3D).

One of the possibilities why WIPI1 fails to dephos-
phorylate p38 in cells could be a lack of protein-
protein interactions between WIP1 and p38. To test
this, we immunoprecipitated overexpressed enhanced
green fluorescent protein (EGFP) or EGFP-WIPI
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using GFP trap in the presence of EtBr and Benzonase
to efficiently extract WIP1 from the chromatin. Nota-
bly, we did not observe co-immunoprecipitation
between EGFP-WIP1 and p38 (Fig. 3E). In contrast,
EGFP-WIP1 formed a complex with its previously
described substrate KAP1 and with DBCI1, a new
putative substrate identified in this study (Fig. 3E). We
speculated that distinct subcellular localization might
be a contributing factor for the lack of interaction
between WIPI and p38. We fractionated cells into
cytosolic, nuclear soluble, and chromatin fractions and
probed for subcellular distribution of both proteins.
As expected, WIP1 was dominantly enriched at chro-
matin (Fig. 3F) [14]. In contrast, p38 was enriched in
the cytosol and nucleoplasm but was not present in
the chromatin fraction (Fig. 3F). We conclude that
WIPI does not regulate the activity of p38/MK2 path-
way in cells.

WIP1 stably interacts with DBC1

Next, we aimed to independently confirm the identified
interaction between DBC1 and WIP1 using a proximity
ligation assay (PLA) [36]. Indeed, we observed a nuclear
PLA signal between DBC1 and WIPI in basal condi-
tions that was not further enhanced after exposure of
cells to etoposide, suggesting that DBC1 and WIP1 sta-
bly interact even in the absence of DNA damage
(Fig. 4A). The specificity of the PLA signal was con-
firmed using WIP1-KO cells where PLA signal was dra-
matically reduced (Fig. 4A). Similarly, depletion of
DBCI1 by RNAI reduced the immunofluorescence signal
confirming the specificity of the antibody (Fig. 4B). In
addition, we observed a strong PLA signal between p53
and WIPI in etoposide treated cells (Fig. 4C,D). Speci-
ficity of the signal was confirmed in p53-KO and WIP1-
KO cells (Fig. 4C,D). In contrast to the WIP1-DBCl1
interaction, we observed only low level of PLA signal
for p53 and WIP1 in basal conditions but it was strongly
enhanced upon induction of DNA damage (Fig. 4C,D).
Finally, we tested the PLA between WIPI and p38 but
we did not observe any specific signal under basal condi-
tions or after DNA damage (data not shown), which is
in agreement with the lack of interaction observed by
immunoprecipitation.

WIP1 regulates p53 acetylation independently of
DBC1

DBCI was previously implicated in acetylation of p53
at K382 through inhibition of the NAD-dependent
protein deacetylase sirtuin-1 (SIRT1) deacetylase [37-
39]. Interaction between DBCI1 and SIRT1 deacetylase
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Fig. 3. p38 is not dephosphorylated by WIP1. (A) U20S cells were treated with mock or WIP1 inhibitor and incubated with doxorubicin
(0.5 um) for 24 h. WCLs were analyzed by immunoblotting with indicated antibodies. (B) Parental RPE and RPE-WIP1-KO cells were
incubated in media containing 350 mm NaCl for 15 min. WCLs were analyzed by immunoblotting with indicated antibodies. (C) MCF7 cells
were pretreated with mock or with WIP1 inhibitor and incubated in media containing 350 mm NaCl for 15 min. WCLs were analyzed by
immunoblotting with indicated antibodies. (D) U20S cells with Tet-ON inducible WT or phosphatase dead (D314A) FLAG-WIP1 were treated
or not with tetracycline for 12 h. Cells were harvested 1 h after exposure to mock or UVC (20 J-m ) and analyzed by immunoblotting. (E)
EGFP or EGFP-WIP1 was immunoprecipitated from transfected HEK293 cells and bound proteins were analyzed by immunoblotting. (F)
U20S cells were fractionated to cytosolic (C), nuclear soluble (N) and chromatin (Ch) fractions and distribution of proteins was analyzed by
immunoblotting. H3 is a marker of chromatin. WCL of U20S cells is shown as control.
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was reported to be regulated through an ATM- WIP1 knockout cells and after WIP1 inhibition in
dependent phosphorylation of DBCI1 at T454 [37]. unchallenged conditions as well as after exposure to
Here, we noted increased p53 K382 acetylation in ionizing radiation or UVC (Fig. 2A,B). Based on the

Fig. 5. DBC1-pT454 is a new substrate of WIP1. (A) EGFP and WT EGFP-DBC1 were immunoprecipitated from stably transfected HEK293
cells using GFP trap and bound proteins were analyzed by MS (n = 3). Hits showing FDR < 0.05 are shown. (B) EGFP, WT EGFP-DBC1 and
mutant EGFP-DBC1-T454A (TA) were immunoprecipitated from stably transfected HEK293 cells 2 h after treatment with mock (NT) or
etoposide (40 pm, eto) and bound proteins were analyzed by MS (n = 3). Shown are log, intensities of DBC1 and SIRT1 + SD. (C) EGFP,
WT EGFP-DBC1-WT, EGFP-DBC1-T454A, or EGFP-DBC1-T454D was immuno-precipitated from HEK293 cells using GFP trap and bound
SIRT1 was analyzed by immunoblotting. (D) Endogenous DBC1 was immunoprecipitated from U20S cells treated with mock, etoposide or
combination of etoposide and WIP1 inhibitor. IgG was used as negative control. Proteins were analyzed by immunoblotting with indicated
antibodies. (E) HEK293 cells were transfected with empty plasmid or myc-SIRT1, were treated with mock or WIP1 inhibitor, and were
exposed to ionizing radiation (10 Gy, upper panel). Cell extracts were immunoprecipitated using anti-myc antibody and proteins were
analyzed by immunoblotting. Alternatively, immunoprecipitation was performed from cells that were not exposed to IR (lower panel). (F)
U20S cells were transfected with a control siRNA or siRNA to DBC1. Cells were treated with mock or WIP1 inhibitor and were exposed or
not to ionizing radiation (3 Gy). After 4 h, cells were lysed and analyzed by immunoblotting.
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WIP1 phosphatase does not target the p38/MK2 pathway

published data, we hypothesized that WIP1 might con-
trol p53 acetylation through regulating the interaction
between SIRT1 and its inhibitor DBCI. Using mass
spectrometry analysis of immunoprecipitated EGFP or
EGFP-DBCI-WT from stably transfected HEK293
cells, we confirmed that SIRT1 was a major interacting
partner of DBC1 (Fig. SA). However, the proteomic
analysis did not show any induction of the interaction
between DBC1-WT and SIRT1 after exposure of cells
to etoposide (Fig. 5B). In addition, the interaction
between SIRTI and DBCI-WT or DBCI-T454A
mutant was comparable suggesting that the two pro-
teins formed a stable complex and the interaction did
not require phosphorylation of DBC1 (Fig. 5B). In
agreement with this possibility, we observed a compa-
rable interaction of the nonphosphorylable EGFP-
DBCI1-T454A and phospho-mimicking EGFP-DBCI-
T454D mutant with endogenous SIRT1 (Fig. 5C). In
addition, we found that endogenous SIRTI interacted
with DBC1 under basal conditions in U20S cells when
phosphorylation of T454 was not detected (Fig. 5D).
This interaction was only slightly increased after
induction of genotoxic stress by etoposide, but it did
not further increase in the presence of WIPI inhibitor
despite a dramatic induction of DBCI1 phosphorylation
at T454 (Fig. 5D). Conversely, myc-SIRT1 co-
immunoprecipitated comparable levels of endogenous
DBC1 from cells exposed to ionizing radiation and
treated or not with WIP1 inhibitor (Fig. SE). In addi-
tion, DBCI1 co-immunoprecipitated with SIRT1 also in
cell extracts from cells that were not exposed to IR
(Fig. S5E). Our data are thus consistent with the forma-
tion of a stable complex between SIRTI and DBCI
that is not controlled through phosphorylation of
DBCI1 by ATM. Finally, we noted that depletion of
DBC1 did not prevent induction of p53 acetylation by
ionizing radiation and also that WIP1 potentiated p53-
K382 acetylation regardless the presence or absence of
DBCI1 (Fig. SF). As we did not find any evidence for
the role of WIPI in p53 de-acetylation through DBCI-
SIRTI1, we asked if WIPI could control p53 acetyla-
tion through the acetyltransferase p300/CBP. Indeed,
we found that depletion of p300 reduced the effect of
WIPI inhibition on p53-K382 acetylation (Fig. 6A). In
addition, the level of p53-K382 acetylation induced by
ionizing radiation was further increased by inhibition
of WIPI and this effect was suppressed upon depletion
of p300 (Fig. 6A).

To address a potential mechanism of action, we tested
the interaction between p53 and p300 by a PLA assay.
First, we validated two sets of antibodies to p53 and
p300 by RNAI (Fig. 6B,C). Next, we performed PLA
after treating cells with GSK2830371, etoposide, or
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combination of both. Treatment with etoposide
increased the PLA signal between p53 and p300, sug-
gesting that this interaction is induced by DNA damage
(Fig. 7A,B). Similarly, we observed that WIP1 inhibi-
tion increased the interaction between p53 and p300
(Fig. 7A,B). Importantly, the interaction between the
pS3 and p300 further increased after combined treat-
ment with etoposide and WIP1 inhibitor (Fig. 7A,B).
The same phenotype was confirmed by using another
combination of antibodies to p53 and p300 (Fig. 7C,D).
Conversely, tetracycline-induced expression of the active
WIPI1 reduced the interaction between p53 and p300
(Fig. 7E). We conclude that WIP1 activity counteracts
the acetylation of p53 at K382 by counteracting the
interaction of p53 with the acetyltransferase p300.

Discussion

Here, we established a phosphatase assay for testing
the substrates of WIP1 in NEs isolated from cells after
exposure to genotoxic stress. Many of the previously
reported targets of WIP1 were independently confirmed
using this technique whereas others were identified as
poor substrates. In particular, we have found that
WIP1 fails to dephosphorylate p38 in vitro and to sup-
press p38 activity in various cell types. This finding
challenges the current view of WIP1 as a direct nega-
tive regulator of p38/MK2 pathway. We find that high
overexpression of active WIP1 does not prevent activa-
tion of the p38 pathway in response to acute exposure
to UVC. Similarly, inhibition or loss of WIP1 did not
increase the level of p38 activation after UVC or other
forms of stress. Most of the studies describing the effect
of WIPI on p38 pathway relied on shRNA-mediated
depletion of WIPI in the stable cell lines or on pro-
longed treatment with WIP1 inhibitor [40]. For
instance, Deng et al. [40] reported that treatment of
AS549 cells with GSK2830371 for 24-48 h increased the
level of active p38. In the short treatment with an effi-
cient dose of GSK2830371, we did not observe any
effect on the basal level of active p38. Extended inhibi-
tion of WIPl may lead to changes in the transcrip-
tional  program  and  thus  increased  p38
phosphorylation observed under such conditions could
be caused indirectly. In addition, fractionation of cells
revealed that WIP1 and p38 were distributed in distinct
subcellular compartments and we failed to detect
interaction between WIP1 and p38 by co-
immunoprecipitation from whole-cell extracts. As
expected, we found that the majority of WIP1 was pre-
sent at chromatin, whereas p38 distributed to the sol-
uble fraction. Based on these observations, we propose
that p38 is not a direct substrate of WIP1 phosphatase.
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DAPI p300 (mAb) p53 (rbAb)

Fig. 6. WIP1 activity counteracts p53 acetylation at K382. (A) U20S cells were transfected with control siRNA or siRNA to p300. Cells were
treated with mock or WIP1 inhibitor and were exposed or not to ionizing radiation (3 Gy). After 4 h, cells were lysed and analyzed by
immunoblotting. Level of p53 acetylation was quantified and normalized to importin (loading control) and to control siRNA-transfected cells
treated with WIP1 inhibitor. Statistical significance was determined by ttest (n =3, *P < 0.05). (B) MCF7 cells were transfected with
control siRNA or siRNA to p300 or to p53. Cells were fixed after 48 h and probed with a mouse monoclonal antibody against p300 and a
rabbit polyclonal antibody to p53. Representative images are shown, scale bar indicates 30 um. (C) MCF7 cells were transfected with
control siRNA or siRNA to p300 or to p53. Cells were fixed after 48 h and probed with a rabbit polyclonal antibody to p300 and a mouse
monoclonal antibody to p53. Representative images are shown, and scale bar indicates 30 pm.

Based on the pioneering work in WIP1 knock-out
mice, loss of WIP1 was originally believed to suppress
tumorigenesis through targeting p38 leading to indirect
induction of p53 and Ink4a pathways [23,41]. Forma-
tion of the mammary tumors induced by Errb2 and
WIP1 expression was suppressed by the presence of a
constitutively active MKK6 acting as an upstream acti-
vator of p38 [42]. On the other hand, WIPI was later

demonstrated to target p53 directly through dephospho-
rylating S15 and also indirectly through its effect on
ATM and MDM2 [18,43,44]. In addition, WIPI activity
interferes with acetylation of the C-terminal part of p53
that is involved in DNA-binding and stimulating tran-
scription of the target genes [45-48]. Here we tested the
possibility that WIP1 may control p53 acetylation
through its newly recognized substrate DBC1. However,
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we did not observe any differences between T454A,
T454D, and WT DBCI in the ability to form a complex
with SIRTI1 deacetylase. Further, we noted that deple-
tion of DBCI1 did not prevent an increased acetylation
of p53 upon treatment with WIP1 inhibitor. Our data
thus favor a DBCl-independent impact of WIP1 on
p53. Indeed, we found that WIP1 controls formation of
the complex between p53 and p300 acetyltransferase.
The N-terminal region of p53 has been reported to inter-
act with Tazl and Taz2 domains of p300 and this inter-
action is positively regulated by phosphorylation of the
transactivation domain of p53, including S15 and other
residues [49-53]. As expected, we find that WIP1 effi-
ciently dephosphorylates S15 of p53 in vitro and in vivo.
In addition, ATM-induced modification of BRCA1 has
recently been implicated in facilitating p53-p300 com-
plex formation, although the precise mechanism under-
lying this interaction remains to be described. In
agreement with recent reports, we observe that WIP1
efficiently dephosphorylates S1524 of BRCA1 [15,54].
We propose a model in which WIP1 counteracts acety-
lation of p53 through dephosphorylating its N-terminal
domain and BRCA1-pS1524 jointly leading to dissocia-
tion of the p53-p300 complex (Fig. 7F).

In summary, we have developed a simple assay for
testing of WIPI phosphatase substrates in NEs. Besides
validation of several established targets of WIPI1, we
report DBCI1 as novel substrate of WIP1. Contrary to
our expectations, we did not observe any impact of
DBCI1 on p53 acetylation and the function of DBCI1
phosphorylation remains to be addressed by future
research. As the T454 residue locates within the newly
described Nudix domain implicated in NAD" binding [],
it will be interesting to investigate a potential impact of
DBC1 phosphorylation on NAD" metabolism. Finally,
we report the ability of WIP1 to interact with and

R. Storchova et al.

dephosphorylate DNA-PK. Autophosphorylation of
DNA-PK was originally proposed to facilitate NHEJ
repair by regulating the dynamics of DNA-PK at DNA
double-strand breaks [56]. Whereas importance of phos-
phorylation of the T2609 cluster for classical nonhomol-
ogous end-joining has recently been confirmed, function
of DNA-PK-pS2056 remains elusive [57-59]. Develop-
ment of novel assays will be necessary for addressing a
functional relevance of DNA-PK phosphorylation
mediated by ATM and removed by WIPI.

Materials and methods

Cell lines

U20S, U20S-WIP1-KO, Hek293, MCF-7 and RPE cells
were grown at 37 °C and 5% CO, in DMEM containing 6%
FBS, Penicillin (100 UmL™"), and Streptomycin
(0.1 mg-mL~"). U20S-WIP1-KO and RPE-WIPI-KO cell
lines with inactivated PPMID by CRISPR/Cas9 were
described and validated previously [15,21]. U20S-TR-WIP1
cells with tetracycline inducible expression of FLAG-tagged
WIP1-WT or phosphatase dead WIPI-D314A were
described previously [19]. All cell lines were regularly tested
for mycoplasma infection and were confirmed as negative.

Antibodies and chemicals

Following antibodies were used: mouse monoclonal WIPI
antibody (clone F-10, sc-376257), rabbit polyclonal WIP1
antibody (sc-20712), mouse monoclonal p53 (clone D01, sc-
126), rabbit polyclonal anti-p53 (sc-6243), Chkl (sc-8408),
importin (sc-137016) and TFIIH (sc-293) from Santa Cruz
Biotechnology (Dallas, TX, USA); pT180-Y182-p38 MAPK
(#9216), p38 MAPK (#9212), DBC1 (#5857), pT454-DBCI
(#4880), pS15-p53 (#9284), pS392-p53 (#9281), acK382-p53

Fig. 7. WIP1 activity impairs interaction between p53 and p300 acetyltransferase. (A) U20S cells were treated with mock, etoposide
(40 pm), Wip1 inhibitor (1 um), or combination of both and were fixed after 2 h. PLA assay was performed using a rabbit polyclonal antibody
to p53 and mouse monoclonal to p300 and cells were imaged using ScanR station. Representative images are shown, size of each field is
22 x 22 pum. (B) Quantification of the PLA signal from A. Each dot represents a single cell (n = 900). Statistical significance was evaluated
using Mann-Whitney test (****P < 0.0001). Shown is mean number of p300/p53 PLA foci per nucleus + SD. Presented data are from one
of three biological replicates that showed comparable results. (C) U20S cells were treated with WIP1 inhibitor, etoposide or combination of
both. PLA assay was performed using mouse monoclonal to p53 and rabbit polyclonal antibody to p300 and cells were imaged using ScanR
station. Representative images from one of the three independent replicates are shown, size of each field is 22 x 22 um. (D) Quantification
of the nuclear PLA signal from C. Each dot represents a single cell (n=900). Plotted is mean number of p300/p53 PLA foci per
nucleus + SD. Statistical significance was evaluated using Mann-Whitney test (****P < (0.0001). (E) U20S-TR-WIP1-WT cells were
incubated or not with tetracycline for 12 h and treated with etoposide (40 pwm) for additional 2 h. After fixation, PLA assay was performed
with indicated combination of antibodies. Shown is mean number of p300/p53 PLA foci per nucleus + SD. Presented data are from one of
two biological replicates that showed comparable results. Statistical significance was evaluated using Mann-Whitney test (****P < 0.0001).
(F) Proposed model of WIP1 impact on p53 acetylation. ATM activated by genotoxic stress induces interaction between p53, p300, and
BRCA1 by phosphorylation of the N-terminal domain of p53 and S1524 of BRCA1. WIP1 dephosphorylates p53 and BRCAT, inhibits the
p53-p300 interaction, and decreases acetylation of p53 at K382. Phosphorylation events shown in yellow, acetylation in green.
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WIP1 phosphatase does not target the p38/MK2 pathway

(#2525), pS343-NBS1 (#3001), pS676-MREI11 (#4859),
pS296-Chk1 (#2349), pS317-Chkl (#12302), pS345-Chkl
(#2341S), pT68-Chk2 (#2661), H3 (#14269), SIRT1 (#2493),
pT334-MK2 (#3007) from Cell Signalling Technology (Dan-
vers, MA, USA); RPA2 (clone 9H8, ab2175), pS2056-DNA-
PKcs (ab124918), pT2609-DNA-PKcs (ab18356), pS1524-
BRCA1 (ab2401), and pS1423-BRCA1 (ab-90528) from
Abcam (Cambridge, UK); pS33-RPA2 (NB100-544), mouse
monoclonal and rabbit polyclonal p300 antibody (NBS500-
161 and NB100-507), pT2609-DNA-PKcs (NB600-897) from
Novus Biologicals (Centennial, CO, USA); pS139-H2AX
(05-636), pS4/8-RPA2 (PLAO0071), and flag (F 1804) from
Merck Millipore (Burlington, MA, USA); pS824-KAPI
(GTX63711), KAP1 (GTX62973) from GeneTex (Irvine,
CA, USA); pS473-KAP1 (clone 11G10SC, 654102) from
Biolegend (San Diego, CA, USA); His (A00186-100) from
GenScript (Piscataway, NJ, USA); secondary Alexa Fluor
conjugated antibodies from Thermo Fisher Scientific (Wal-
tham, MA, USA). Antibodies against pS564-DAXX and
pS688-Mrell were described and validated previously
[33,60]. WIPI inhibitor GSK2830371 was obtained from
MedchemExpress (Monmouth Junction, NJ, USA), dis-
solved in DMSO and used at final concentration 1 pm
[21,27], doxorubicin and etoposide were from Merck (Darm-
stadt, Germany).

Protein purification

N terminally His-tagged full-length human Wipl was
expressed from pET21b vector in BL21 Escherichia coli. Pro-
tein expression was induced by 0.5 mm IPTG at OD = 0.6
for 16 h at 21 °C. After centrifugation, bacteria were resus-
pended in lysis buffer [S0 mm HEPES (pH 7.5), 200 mm
NaCl, 10% (v/v) glycerol, 10 mm MgCl,] freshly supple-
mented with 0.5 mm TCEP, 1 mgmL™' lysozyme and
EDTA-free protease inhibitors (Sigma-Aldrich, St. Louis,
MO, USA). Lysate was sonicated on ice and kept on ice for
15 min. Afterward, benzonase 0.1 pL-mL~' (25 U-uL™")
was added and the mixture was incubated for 15 min at RT.
Lysate was centrifuged 48 000 g for 1 h at 4 °C, filter by 0.45-
um one-off filter. The clarified eluate was purified using the
FPLC purification with His-Trap HP column (Sigma-
Aldrich, St. Louis, MO, USA) by gradient elution by 10—
500 mm imidazole. The fraction enriched with Wipl was
desalted with HiTrap column (Sigma-Aldrich) into exchange
buffer (50 mm HEPES pH 7.5, 10 mm MgCl,, 200 mm NaCl,
5% glycerol) and further purified by ion exchange chro-
matography on 1 mL SP HiTrap column (Sigma-Aldrich)
with gradient elution 200-1000 mm NaCl. Peak fractions
were pooled, aliquoted, and stored at —80 °C.

In vitro phosphatase assay

U20S-WIP1-KO cells treated with etoposide or exposed to
UVC were washed with PBS and swollen in hypotonic lysis
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buffer (10 mm HEPES-KOH pH 7.9, 1 mm MgCl2, 2.5 mm
KCl, 0.5 mm DTT, supplemented with EDTA-free protease
and phosphatase inhibitors) for 5 min, centrifuged and
dounce homogenized in the same buffer using tight pestle
on ice. Nuclei were spun down at 500 g for 5 min at 4 °C
and extracted in buffer C (20 mm HEPES pH 7.9, 1.5 mm
MgCl,, 0.2 mm EDTA, 25% glycerol, 0.5 mm DTT) sup-
plemented with 600 mm KCI on ice for 15 min before cen-
trifugation at max speed 15 min 4 °C. Supernatants were
diluted with buffer C to final concentration 150 mm KClI,
clarified by centrifugation at max speed 15 min 4 °C, and
stored at —80 °C. For in vitro phosphatase assay, 100 pg
of NE was incubated with 250 ng of purified His-WIP1 for
15 min at 37 °C. Reactions were stopped by addition of
4x sample buffer. Protein phosphorylations were deter-
mined using phospho-specific antibodies by western blot-
ting. Alternatively, purified His-WIP1 (100 ng) was
incubated with synthetic phosphopeptides (100 pm) and
DMSO or Wipl inhibitor for 60 min at 37 °C and released
phosphate was measured using PiPer Phosphatase Assay
Kit (Thermo Fisher Scientific).

Immunoprecipitation

HEK293 cells were transfected with GFP-tagged plasmids
using linear polyethylene-imine MAX 40 kDa (Polysciences,
Warrington, PA, USA). Cells were treated as indicated,
washed with PBS, and harvested in lysis buffer (50 mm Tris
pH 8.0, 120 mm NaCl, 1% Tween-20, 0.1% NP-40, 10%
glycerol, 2 mm EDTA, 3 mm EGTA, 10 mm MgCl,, com-
plete protease and phosphatase inhibitors). After sonication,
EtBr (50 pg-mL~") and benzonase (100 U-mL~") were added
and cell extract was centrifuged at 20,000 g for 20 min at
4 °C. Supernatant was incubated with GFP-Trap beads
(Chromotek, Planegg, Germany) for 1 h. After washing 4 x
with lysis buffer, proteins were eluted with SDS/PAGE load-
ing buffer and analyzed by western blotting. Alternatively,
endogenous proteins were immunoprecipitated from U20S
cells using DBCI or control antibodies immobilized on pro-
tein A/G UltraLink resin (Thermo Fisher Scientific).

Mass spectrometry

HEK?293 cells stably transfected with EGFP, EGFP-DBCI-
WT, and EGFP-DBCI1-T524A were treated or not with
etoposide (40 pum) for 2 h and immunoprecipitation using
GFP Trap was performed as described above. Three inde-
pendent experiments were performed for every condition.
Beads were resuspended in 100 mm TEAB containing 2%
SDC. Cysteins were reduced with 5 mm TCEP (60 °C for
60 min) and blocked with 10 mm MMTS (10 min at room
temperature). Samples were cleaved on beads with 1 pg of
trypsin at 37 °C overnight. After digestion, samples were
centrifuged and supernatants were collected and acidified
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with 1% TFA and SDC was removed by extraction to
ethylacetate [61]. Peptides were desalted using in-house
made stage tips packed with Empore C18 SPE disks (CDS
Analytical, Oxford, PA, USA). Nano-reversed phase col-
umn (EASY-Spray column, 50 cm x 75 um ID, PepMap
C18, 2 pm particles, 100 A pore size) was used for LC/MS
analysis. Eluting peptide cations were converted to gas-
phase ions by electrospray ionization and analyzed on a
Thermo Orbitrap Fusion (Q-OT-qIT; Thermo Scientific).
All data were analyzed and quantified with the MAXQUANT
software (version 1.6.2.1) [62].

Proximity ligation assay

Cells were treated with mock, WIP1 inhibitor (1 pm), eto-
poside (40 um) or combination of both for 2 h, fixed with
PFA, and permeabilized with 0.2% Triton X-100. PLA was
performed using indicated antibodies and Duolink red
detection reagent (Sigma-Aldrich) according to the manu-
facturer’s protocol. Images were acquired by Olympus
ScanR station equipped with 40x/1.3 UPLFN objective
(Olympus, Tokyo, Japan). PLA signal was quantified as a
number of spots per nucleus. More than 900 cells were
quantified per condition, and statistical difference was eval-
uated using Mann—-Whitney test.
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Abstract: Genotoxic stress triggers a combined action of D N A repair and cell cycle checkpoint
pathways. Protein phosphatase 2C delta (referred to as WIP1) is involved in timely inactivation of D
N A damage response by suppressing function of p53 and other targets at chromatin. Here we
show that WIP1 promotes D N A repair through homologous recombination. Loss or inhibition of
WIP1 delayed disappearance of the ionizing radiation-induced 53BP1 foci in S/G2 cells and promoted
cell death. We identify breast cancer associated protein 1 (BRCA1) as interactor and substrate of
WIP1 and demonstrate that WIP1 activity is needed for correct dynamics of BRCA1 recruitment to
chromatin flanking the DN A lesion. In addition, WIP1 dephosphorylates 53BP1 at Threonine 543 that
was previously implicated in mediating interaction with RIF1. Finally, we report that inhibition of
WIP1 allowed accumulation of DN A damage in S/G2 cells and increased sensitivity of cancer cells to a
poly-(ADP-ribose) polymerase inhibitor olaparib. We propose that inhibition of WIP1 may increase
sensitivity of BRCA1-proficient cancer cells to olaparib.

Keywords: DN A repair; phosphatase; genotoxic stress; chemotherapy; PARP inhibitor; olaparib

1. Introduction

Cells are constantly challenged with DNA damage that comes both from endogenous and
exogenous sources. The most deleterious type of D NA damage is double strand breaks (DSBs) that
aect both strands of DN A and if not repaired correctly could lead to chromosomal rearrangements.
DSBs are repaired by two major pathways—homologous recombination (HR) and non-homologous
end joining (NHEJ). NHEJ operates throughout the cell cycle and results in ligation of two ends of
D N A that are not extensively processed [1]. HR is restricted to S and G2 phases of the cell cycle as
the homologous sequence required as template for repair usually comes from the sister chromatid
and the whole process depends on activity of cyclin-dependent kinases [1,2]. Formation of DSBs
triggers a highly organized network of protein phosphorylation mediated by PI3-like kinases ATM,
ATR and DNA-PK; and ubiquitination mediated by ubiquitin ligases RNF8 and RNF168 [3,4]. DSBs
are recognized by either DNA-PK to allow NHEJ or MRE11-RAD50-NBS1 (MRN) complex that starts
the process of DN A end resection to allow HR. After initial incision, exonuclease activity of MRE11
removes the DN A towards DSB ends that is followed by long-range resection mediated by Exol and
DNAZ2 [2,5]. Resection generates long stretches of single-stranded DN A (ssDNA) that are immediately
bound by replication protein A (RPA) that protects it from nucleolytic cleavage [6]. ssDNA-RPA
facilitates activation of ATR kinase that further supports repair by HR [7]. In the next step, RPA is
exchanged for RAD51 in process mediated by PALB2-BRCA?2 that is recruited to sites of damage by
BRCA1 orin case of BRCA1 haploinsuciency by RNF168 [8,9]. RAD51 nucleofilament is stabilized by
BRCA1-BARD1 complex and invades the sister chromatid to search for homology that is facilitated
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by RAD54 [10]. Once homologous sequence is found, D N A is extended using sister chromatid as
template. The second end of D N A is eventually captured forming a double holiday junction that is
resolved or dissolved yielding either non-crossovers or crossovers.

Two major factors involved in repair pathway choice are TP53-binding protein 1 (53BP1) and
Breast cancer type 1 susceptibility protein (BRCA1) [11,12]. BRCA1 association with DSBs is mediated by
its interactors RAP80 and BARD1 that mediate binding of the complex to the ubiquitinated histone H2 A
and histone H4 non-methylated at lysine 20 (H4K20me0), respectively [13,14]. 53BP1 is recruited to DSBs
by its BRCT domains that bind phosphorylated histone H2AX (H2AX), by UDR domain that
recognizes histone H2A ubiquitinated at lysine 13/15 by RNF168, and by Tudor domains that
recognize dimethylated lysine 20 at histone H4 [14-17]. After ATM-mediated phosphorylation of
53BP1 on multiple SQ/TQ sites (including Threonine 543), Rapl-interacting factor 1 homolog (RIF1)
binds 53BP1 through its Heat repeats and restricts DN A end resection [18-20]. Binding of BRCA1 and
53BP1 is not exclusive as in S and G2 phases of the cell cycle BRCA1 can be present at the same DSB as
53BP1. 53BP1 is repositioned from the end of DSB by T543 dephosphorylation mediated by PP4C that is
brought to the site by BRCA1 and disrupts interaction between 53BP1 and RIF1 [21]. In addition,
BRCA1-BARD1 complex promotes 53BP1 repositioning by ubiquitination of the C-terminal lysines of
histone H2 A and recruitment of a chromatin remodeler SMARCAD1 [22].

Mutations in BRCA1 and other DN A repair genes are common cause of cancer but deficient HR
can be also exploited as target for cancer therapy [23]. Inhibition of poly-(ADP-ribose) polymerase
(PARP), a key enzyme in base excision repair, eciently kills cancer cells with defective HR and
PARP inhibitors (including olaparib) are now used for treatment of BRCA1/2-deficient breast and
ovary cancer [24]. Combinations of PARPi with other drugs are now being intensively investigated to
prevent development of resistance to PARPi and to extend their use beyond the BRCA1/2
negative tumors [24-29].

WIP1 is a monomeric magnesium-dependent, chromatin-bound phosphatase encoded by PPM1D
gene and its expression is increasing towards the G2 phase of the cell cycle [30-32]. WIP1 terminates the
DNA damage response by dephosphorylation of H2AX, ATM pS1981 and KAP1 pS824 and promotes
release from the cell cycle checkpoint by dephosphorylation of p53 pS15 [30,33-37]. PPM1D locus is
amplified in about 10% of breast cancers, in medulloblastoma and ovary cancer [38—40]. Importantly,
PPM1D amplifications occur mostly in tumors harboring wild-type p53 [38,41]. Activity of WIP1
can be specifically inhibited by a small-molecule compound GSK2830371 and WIP1 was proposed as
perspective pharmacological target particularly in p53-proficient cancers [42-46].

Here we report a novel role of WIP1 in DSB repair through HR. We find that WIP1 stably interacts
with BRCA1-BARD1 complex and inhibition of WIP1 delays recruitment of BRCA1 to DSBs. Consistent
with WIP1 function in HR, inhibition of WIP1 leads to accumulation of DNA damage in S/G2 cells and
sensitizes cancer cells to olaparib. Thus, inhibition of WIP1 may promote eciency of PARP inhibitors in
tumors with normal BRCA1 function.

2. Results

2.1. WIP1 Promotes DSB Repair by Homologous Recombination

WIP1 phosphatase was shown to counteract ATM kinase activity at chromatin to terminate
DNA damage response and to facilitate recovery form the G2 checkpoint [30,34,35]. In addition,
overexpression of WIP1 aects DSB repair eciency through dephosphorylation of H2AX leading to
disruption of DDR signaling [30,47]. To evaluate the role of WIP1 in more physiological condition we
used dierent established cell based reporter assays together with a recently described specific WIP1
inhibitor GSK2830371 [42,44]. To this end we generated stable Trac light reporter cell lines in U20S
and RPE that allowed us to analyze the overall repair eciency as well as the ratio of repair eciency by
homologous recombination (GFP+) and non-homologous end joining (RFP+) (Figure S1A) [48]. As
expected, inhibition of DNA-PK increased the HR/NHEJ ratio reflecting its essential role in NHEJ



Cells 2019, 8, 1258

30f18

(Figure S1B). Conversely, inhibition of ATM decreased the HR/NHEJ ratio which is consistent with
involvement of ATM in mediating DN A resection (Figure S1B) [49]. Interestingly, inhibition of WIP1
lowered DSB repair eciency by homologous recombination while NHEJ was not aected and thus
decreased the HR/NHEJ ratio in two independent clones of both U20S and RPE cells (Figure 1A-D).
To further confirm this phenotype, we used established U20S DR-GFP and E5J reporter cell lines and
consistently we observed decreased HR eciency after inhibition of WIP1 (Figure S1C) [50].
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Figure 1. Inhibition of WIP1 impairs homologous recombination (HR). (A) Trac light reporter assay in
U20S cells. Two independent stable cell lines (clones #10 and #12) were transfected with IScel
together with BFP-donor vector with or without pretreatment with 1 M WIP1i. Eciency of repair was

analyzed 3 days after transfection by FACS. Plotted is mean of normalized ratio of GFP*/RFP™* cells.
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Barsindicate SD, n 3. Statistical significance evaluated by two-tailed t-test. (B) Trac light reporterassay in
two independent clones of RPE cells (#3 and #4). Same as A. (C) Eciency of repair by HR (GFP*) and
NHEJ (RFP*) in TLR assay in U20S cells from A. (D) Eciency of repair by HR (GFP*) and NHEJ (RFP*) in
TLR assay in RPE cells from B. (E) Cell survival after irradiation of parental U20S and two independent
U20S-WIP1-KO cell lines treated or not with WIP1 inhibitor was evaluated after 7 days using resazurin
viability assay. Plotted is mean and SD, n 3. Statistical significance evaluated by two-way ANOVA (*P <
0.05; ***P < 0.001). (F) Cell survival of parental U20S and two independent U20S-WIP1-KO cell lines
treated with indicated doses of camptothecin with or without combined treatment with WIP1
inhibitor was evaluated after 7 days using resazurin viability assay. Plotted is mean and SD, n 3.
Statistical significance evaluated by two-way ANOVA (* P < 0.05; **P < 0.001). (G) Cell survival after
irradiation of parental RPE and RPE-WIP1-KO cell lines assayed as in E. (H) Cell survival of parental RPE
and RPE-WIP1-KO cell lines with treated with camptothecin and analyzed as in F. (I) Percentage of dead
cells was evaluated by Hoechst 33258 staining and FACS analysis 7 days after treatment with
camptothecin or after irradiation in U20S cell line with or without combined treatment with WIP1i.
Plotted is mean +/ SD. Statistical significance evaluated by two-tailed t-test.

Next, we employed CRISPR/Cas9 technology and generated WIP1 knockout U20S and RPE cell
lines (Figure S1D,E) and tested their sensitivity to gamma irradiation (IR). As reported previously,
U20S-WIP1 knockout cells were more sensitive to IR and their sensitivity was comparable to
WIP1 inhibition (Figure 1E,G) [44]. Importantly, increased sensitivity was partially rescued
by complementation of knockout cells with wild-type WIP1 but not catalytically inactive mutant
D314A (Figure S1F,G). Treatment of cells by topoisomerase | inhibitor camptothecin was shown to
induce DN A damage that is repaired by HR [51]. Both RPE and U20S WIP1 knockout cell lines were
found to be more sensitive to camptothecin treatment to similar extent as after WIP1 inhibition
(Figure 1F,H). Decreased cell proliferation after inhibition of WIP1 was accompanied by increased cell
death after IR or camptothecin treatment (Figure 11). Consistent with potential role of WIP1 in HR,
U20S-WIP1-KO cells were more sensitive to DN A crosslinking agent mitomycin C (Figure S1H).

Next, we followed DSB repair kinetics in parental U20S or U20S-WIP1-KO cells by quantifying
53BP1 foci formation and disassembly after exposure to IR. Interestingly, knockout or inhibition of
WIP1 lead to persistence of 53BP1 foci mainly in cells that were in S-phase (EdU+, Figure 2A, and
Figure S2A) at time of irradiation and to lesser extent in cells irradiated in G1 or G2 phases of the cell
cycle (EdU-, Figure 2B and Figure S2A). Persistence of 53BP1 foci was fully rescued in WIP1 knockout
cells complemented with the wild-type WIP1 but not with D314A mutant (Figure 2C,D and Figure
S2B). Moreover, persistence of 53BP1 foci in cells irradiated in S-phase was recapitulated in MCF7 cells
treated with WIP1 inhibitor (Figure S3A-C).

D N A repair pathway choice is controlled by a balance between 53BP1 and BRCA1 at DN A double
strand breaks that have opposing eects on DNA end resection [11,19]. To evaluate possible impact of
WIP1 on these proteins, we employed the Trac light reporter assay and depleted 53BP1/RIF1 and/or
BRCA1/BARD1 using siRNA in combination with WIP1 inhibition. As expected, depletion of BRCA1 or
BARD1 decreased HR frequency, whereas depletion of 53BP1 or RIF1 increased the HR/NHE)J ratio
[19,48,52,53]. Importantly, HR was not further decreased upon WIP1 inhibition in BRCA1 and BARD1-
depleted cells (Figure 2E-G and Figure S1lI). In contrast, increased HR observed in 53BP1 and RIF1-
depleted cells was reduced back to normal after inhibition of WIP1 (Figure 2E-G). Combined these
data suggest that WIP1 may promote HR through regulation of BRCA1/BARD1 complex.
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Figure 2. WIP1 plays role in DN A double-strand break repair in S-phase cells. (A) Quantification of 53BP1

foci in replicating (EdU+) cells after irradiation. U20S parental cell lines with or without combined treatment

with WIP1i and two independent WIP1 knockout cell lines were pulse-labeled with EAU for 30 min before

irradiation. Cells were fixed after pre-extraction at indicated time-points and stained with 53BP1 antibody.

Click chemistry was used to visualize EdU. Mean of median foci number +/- SD is plotted (n 3).
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Statistical significance evaluated by two tailed t-test. (B) Quantification of 53BP1 foci in non-replicating
(EdU-) cells after irradiation. As in A. (C) Quantification of 53BP1 foci in replicating (EdU+) cells
after irradiation. U20S parental, WIP1 knockout and cell lines complemented with wild-type or
phosphatase-dead (D314A) mutant of WIP1 were irradiated and analyzed as in A. (D) Quantification
of 53BP1 foci in non-replicating (EdU-) cells after irradiation. U20S parental, WIP1 knockout and cell
lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 were irradiated and
analyzed asin A. (E) Trac light reporter assay in U20S cells after transfection with indicated siRNA.
Cells were transfected with IScel together with BFP-donor vector with or without pretreatment with 1
M WIP1i 2 days after siRNA transfection. Eciency of repair was analyzed by FACS 3 days after IScel and
BFP-donor transfection. Plotted is mean +/ SD. Statistical significance evaluated by two-tailed t-test.
(F) Eciency of repair by HR and NHEJ in Trac light reporter assay as in E. (G) Representative plots from
Trac light reporter assay in E.

2.2. WIP1 Interacts with BRCA1 and Promotes its Recruitment to DSBs

To investigate the impact of WIP1 on BRCA1, we first performed a set of immunoprecipitation
assays. We observed that WIP1 co-immunoprecipitated with BRCA1 and BARD1 in non-treated
HEK293 and U20S cells suggesting that WIP1 forms a stable interaction with BRCA1-BARD1 complex
(Figure 3A—C). BRCA1 and BARD1 were previously reported to be extensively phosphorylated by
ATM/ATR after DNA damage [54-58]. To determine BRCA1 phosphorylation after DNA damage we
validated the phosphospecific BRCA1-pS1524 antibody for both immunofluorescence and Western
blotting (Figure S4A-D). As expected, total intensity of BRCA1-pS1524 at chromatin was increased in
response to IR in both S and G2 cells whereas RNAi-mediated depletion of BRCA1 reduced the signal to
the basal level (Figure S4A,B). Next, we performed in vitro phosphatase assay and established that
recombinant His-WIP1 was able to dephosphorylate BRCA1 S1524 with a comparable eciency to
other substrates including ATM S1981, KAP1 S824 and p53 S15 (Figure S4E). In addition, purified WIP1
dephosphorylated BRCA1 S1524 in the presence of ATM inhibitor and also in fixed cells indicating
that removal of the signal was not caused by modulation of ATM activity (Figure S4J,K). Interestingly,
basal BRCA1 phosphorylation at S1524 was increased in WIP1 knockout cells and there was no further
increase in BRCA1-pS1524 signal after IR compared to untreated condition (Figure 3D,E and Figure
S5A). Similar eect was observed in MCF7 cells treated with WIP1 inhibitor confirming that WIP1
dephosphorylates BRCA1 not only after IR but also in unchallenged conditions (Figure 3F). Next, we
assayed the recruitment of BRCA1 to the foci formed in S phase cells after exposure to IR. We observed
delayed formation of BRCA1 foci in early time-points in WIP1 knockout cell line that could be rescued by
complementation with the wild-type WIP1 but not with inactive D314A mutant (Figure 3G and
Figure S5B). Combined these data indicate that WIP1 forms a stable complex with BRCA1-BARD1 and its
activity is needed for timely recruitment of BRCA1 to DSBs.
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Figure 3. WIP1 interacts with BRCA1 and dephosphorylates S1524. (A) Co-immunoprecipitation of
WIP1 and BRCA1. HEK293 cells were transfected with either empty GFP or GFP-WIP1, subjected
to immunoprecipitation using GFP-Trap and analyzed by Western blotting with BRCA1 antibody.
(B) Co-immunoprecipitation of WIP1 and BARD1. HEK293 cells were co-transfected with either empty
GFP or GFP-BARD1 and Flag-WIP1, subjected to immunoprecipitation using GFP-Trap and analyzed
by Western blotting with indicated antibodies. Ponceau staining with indicated positions of GFP
(empty arrowhead) and GFP-BARD1 (full arrowhead) are shown. (C) Co-immunoprecipitation of
endogenous WIP1 and BRCA1. U20S cell lysates were incubated with 2 g of a control antibody (1gG) or
anity-purified antibody against WIP1 for 2 h. Protein complexes wereisolated by protein A/G resin and
analyzed by immunoblotting. (D) Quantification of BRCA1 pS1524 signal intensity in replicating
(EdU+) cells after irradiation. U20S parental and WIP1 knockout cell lines were pulse-labeled with
EdU for 30 min before irradiation. At indicated time-points, cells were pre-extracted, fixed and stained
with pBRCA1 S1524 and BRCA1 antibodies. Click chemistry was used to visualize EAU. Median total
intensity of BRCA1 pS1524 was normalized tototal BRCA1 andis plotted +/ SD. Statistical significance
evaluated by two-way ANOVA. (E) Western blot analysis of U20S parental and U20S-WIP1-KO cell
lines afterirradiation. Cells wereirradiated and whole cell lysates wereanalyzed using Western blotting
with indicated antibodies. Arrowheads indicate two isoforms of WIP1 presentin U20S. (F) Western
blot analysis of MCF7 cells after irradiation with or without combined treatment with WIP1i. Cells
were pretreated with WIP1 inhibitor for 30 min before irradiation and whole cell lysates were analyzed
by Western blotting with indicated antibodies. (G) Quantification of BRCA1 foci in replicating (EdU+)
cells after irradiation. Parental U20S and U20S-WIP1-KO cells and cell lines complemented with
wild-type or phosphatase-dead (D314A) mutant of WIP1 were pulse-labeled with EdU for 30 min before
irradiation. Cells were fixed after pre-extraction at indicated time-points and stained with BRCA1
antibody. Click chemistry was used to visualize EAU. Mean of median total intensity +/ SD is plotted.
Statistical significance evaluated by two-tailed t-test.
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2.3. WIP1 Dephosphorylates 53BP1 at T543 Residue Needed for Interaction with RIF1

Next, we aimed to test possible impact of WIP1 on 53BP1. Using immunoprecipitation, we found
that WIP1 interacted with 53BP1 (Figure 4A). However, in contrast to the stable interaction with BRCA1,
we observed increased interaction between WIP1 and 53BP1 after exposure to ionizing
radiation (Figure 4B). BRCA1 was recently implicated in 53BP1 repositioning after IR by
mediating 53BP1 dephosphorylation at threonine 543 and releasing its interaction with RIF1 [21].
Using siRNA of 53BP1 we validated the specificity of the pT543 53BP1 antibody for
immunofluorescence and Western Blotting (Figure S4F—H). In addition, we found that WIP1 eciently
dephosphorylated 53BP1 at T543 in vitro (Figure S41-K). Whereas PP4C was originally reported to
mediate pT543 dephosphorylation [21], we noted a significant increase of 53BP1 phosphorylation at
T543 in WIP1 knockout cell line in response to IR by immunofluorescence and in cells treated with
WIP1 inhibitor by immunoblotting (Figure 4C,D and Figure S6). Partial overlap in substrate
specificity between PP4C and WIP1 has previously been reported for other substrates including H2 AX
and KAP1 [30,35,59,60] and similarly both phosphatases may collaborate to control the phosphorylation
status of 53BP1. Indeed, at later time-points after IR we observed a more pronounced 53BP1 T543
phosphorylation after combining depletion of PP4C and knockout of WIP1 (Figure 4E).

As WIP1 interacts with and dephosphorylates BRCA1 and 53BP1, we aimed to evaluate its role in
D N A resection that is controlled by the balance between BRCA1 and 53BP1 at DSBs. Surprisingly,
we did not observe any dierence in formation of RPA2 foci in S-phase cells after inhibition of WIP1
(Figure 4F). Similarly, formation of RAD51 filament was largely unaected in early time-points after
irradiation (Figure 4G) suggesting that WIP1 does not influence D N A end resection.
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Figure 4. WIP1 delays recruitment of BRCA1 and dephosphorylation of 53BP1 at T543. (A) Co-
immunoprecipitation of WIP1 and 53BP1. HEK293 cells were transfected with either empty GFP or
GFP-WIP1, subjected to immunoprecipitation using GFP-Trap 24 h after transfection and by Western
blotting with 53BP1 antibody. Ponceau staining with indicated positions of GFP (empty arrowhead)
and GFP-WIP1 (full arrowhead) are shown.
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(B) HEK293 cells transfected with EGFP or EGFP-WIP1 were exposed to 3 Gy of IR, collected at indicated
times and proteins were immunoprecipitated by GFP Trap. (C) Quantification of 53BP1 pT543 signal
intensity in replicating (EdU+) cells after irradiation. U20S parental and WIP1 knockout cell lines were
pulse-labeled with EAU for 30 min before irradiation. Cells were fixed after pre-extraction at indicated
time-points after IR and stained with p53BP1 T543 antibody. Click chemistry was used to visualize
EdU. Mean of median total intensity +/ SD is plotted. (D) Western blot analysis of whole cell lysates
of U20S cells transfected with GAPDH or PP4C siRNA in response to irradiation and/or WIP1 inhibitor.
(E) Quantification of 53BP1 pT543 signal intensity in replicating (EdU+) cells after irradiation. U20S
parental and WIP1 knockout cell lines were transfected with control or PP4C siRNA 2 days before
irradiation. Cells were processed and analyzed as in C. (F) Quantification of RPA2 foci in replicating
(EdU+) cells after irradiation. U20S parental cell lines with or without combined treatment with WIP1i
were pulse-labeled with EdU for 30 minutes before irradiation. Cells were fixed after pre-extraction
at indicated time-points and stained with RPA2 and RAD51 antibodies. Click chemistry was used to
visualize EdU. Mean of median foci number +/ SD is plotted. (G) Quantification of RAD51 foci in
replicating (EdU+) cells after irradiation as in F.

2.4. WIP1 Deficient Cells are Sensitive to PARP Inhibition in BRCA1 Dependent Manner

Mutations in BRCA1/2 that impair HR are commonly found in breast and ovarian cancers and
increase sensitivity to PARP inhibitors. Since inhibition of WIP1 impaired HR, we tested if WIP1
deficiency would lead to sensitization of cells to PARP inhibitors. Indeed, we found that U20S WIP1
knockout cell lines were more sensitive to olaparib (Figure 5A). Importantly, WIP1 inhibition decreased
cell proliferation to the similar extent as the knockout cell lines (Figure 5A) and loss of WIP1 could be
rescued by complementation with the wild-type WIP1 but not catalytically inactive D314A mutant
(Figure 5B). Decreased cell proliferation after combined treatment with WIP1 inhibitor and olaparib
was associated with increased cell death in U20S cells (Figure 5C). Moreover, similar increase in
sensitivity to olaparib and another PARPi A-966492 [61] was observed after inhibition of WIP1 in
MCF7 and RPE cell lines (Figure 5D, Figure S7A). Combined depletion of PP4C and inhibition of WIP1
further increased sensitivity of cells to olaparib, suggesting that both phosphatases may target similar
substrates involved in regulation of HR (Figure 5E).

WIP1 inhibition increased the number of 53BP1 foci in U20OS and MCF7 cells in response to PARP
inhibition (Figure 5F, Figure S7B,C) and was accompanied by increased H2AX intensity suggesting that
DNA lesions accumulate after the combined treatment (Figure S7D,E). The increase of 53BP1 foci number
was observed mainly in S/G2 phases of the cell cycle which is consistent with accumulation of DN A
damage due to failed HR (Figure S7F,G). Importantly, accumulation of 53BP1 foci in S/G2 cells was rescued by
complementation with the wild-type WIP1 but not catalytically inactive D314A mutant (Figure 5G).

Next, we analyzed the response of U20S and WIP1 knockout cells to olaparib treatment.
As expected, treatment of U20S cells with olaparib induced CHK1 and RPA2 phosphorylation
after 24 h and was followed by a slight increase of H2AX and p21 levels after 2-3 days (Figure 5H). In
contrast, treatment of U20S WIP1 knockout cells with olaparib lead to additional increase of H2 AX
and RPA2 phosphorylation accompanied by a strong induction of p21 protein levels which is consistent
with an increased load of DN A damage leading to a profound activation of the cell cycle checkpoint
(Figure 5H). Indeed, we found that cells treated with a combination of olaparib and WIP1 inhibitor
accumulated in the G2 (Figure S7F). Cells that entered mitosis in the presence of olaparib and WIP1
inhibitor showed increased frequency of abnormal anaphases likely reflecting a presence of unrepaired
DNA (data not shown). To test if the sensitivity of U20S WIP1 knockout cells to PARP inhibitors is due to
the increased activation of the cell cycle checkpoint mediated by p21, we generated p21 knockout cell
line (Figure S7H). Interestingly, the eect of WIP1 inhibition was found to be p21 independent in cell
survival assays (Figure S71). Moreover, inhibition of WIP1 further increased the number of 53BP1
fociinduced by olaparib in p21 deficient U20S cells (Figure S7J). We conclude that the increased
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sensitivity of cells observed after combined treatment with WIP1 and PARP inhibitors is not caused by a
stronger activation of the cell cycle checkpoint caused by inhibition of WIP1. To test whether the
increased load of DN A damage after combined inhibition of PARP and WIP1 was BRCA1 dependent,
we depleted MCF7 cells of BRCA1 using siRNA and analyzed number of 53BP1 foci in S/G2 phases of
cell cycle. Indeed, we found that depletion of BRCAL1 is epistatic with inhibition of WIP1 after olaparib
treatment (Figure 51).
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Figure 5. WIP1 deficient cells are more sensitive to PARP inhibition. (A) Cell survival of parental
U20S, two independent U20S-WIP1-KO cell lines with or without combined treatment with WIP1i was
evaluated 7 days after treatment with indicated doses of olaparib using resazurin viability assay. Plotted is
mean +/ SD, n 3. Statistical significance evaluated by two-way ANOVA. (B) Cell survival of
parental U20S, U20S-WIP1-KO cells and cell lines complemented with wild-type or phosphatase-dead
(D314A) mutant of WIP1 in response to 5 M olaparib as in A. Statistical significance evaluated by
two-tailed t-test (n 3).
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(C) Percentage of dead cells was evaluated by Hoechst 33258 staining and FACS analysis 7 days after
treatment with 5 M olaparib in U20S cell line with or without combined treatment with WIP1i. Plotted is
mean +/ SD. (D) Cell survival of RPE and MCF7 cell lines with or without combined treatment with
WIP1i was evaluated 7 days after treatment with indicated doses of olaparib using resazurin
viability assay. Plotted is mean +/ SD. N 3. Statistical significance evaluated by two-way ANOVA. (E)
Cells were transfected with control siRNA (siNC) or siRNA to PP4C (siPP4C). Cell survival was
evaluated after 7 days of treatment with olaparib and DMSO or WIP inhibitor. Statistical significance
evaluated by two-tailed t-test (n = 3). (F) Quantification of 53BP1 foci number 3 days after treatment
with olaparib. U20S cells were treated with indicated doses of olaparib together with or without
WIP1i for 3 days, fixed, stained with 53BP1 antibody and percentage of cells having 0-3, 3-10 and >10
foci were quantified. Mean +/ SD is plotted, n 3. (G) Quantification of 53BP1 foci after treatment with
olaparib. U20S-WIP1-KO cells and cell lines complemented with wild-type or phosphatase-dead
(D314A) mutant of WIP1 were treated with WIP1i and olaparib for 3 days, fixed after pre-extraction and
stained with 53BP1 antibody. Number of 53BP1 foci in S/G2 cells was evaluated using DAPI content of >2 n
to gate S-G2 cells. Mean of median foci number +/ SD is plotted, n 3. Statistical significance
evaluated by two-tailed t-test. (H) Response of U20S and U20S-WIP1-KO cell lines to treatment with 5 M
olaparib for 24-72h was analyzed by Western blotting using indicated antibodies. 1) Quantification of
53BP1 foci 3 days after treatment with olaparib. MCF7 cells were transfected with indicated siRNAs and
treated after 2 days with WIP1i and olaparib alone or combined for further 3 days. Cells were fixed
after pre-extraction and stained with 53BP1 antibody. Number of 53BP1 foci in S/G2 cells was
evaluated using DAPI content of >2 n to gate S-G2 cells. Mean of median foci number +/ SD is plotted.
Statistical significance evaluated by two-tailed t-test.

3. Discussion

WIP1 phosphatase prevents induction of senescence in cells exposed to genotoxic stress and
promotes recovery from the G2 checkpoint through targeting the p53 pathway and a nuclear co-repressor
KAP1 [35,36,62]. In addition to this established role in checkpoint silencing, WIP1 was also reported
to impact on the nucleotide and base excision repair pathways by targeting XPA and UNG2 at
chromatin [63,64]. Here we identified a novel role of WIP1 in promoting repair of DSBs through HR
in S/G2 cells. Using two distinct reporter assays we showed that HR (but not NHEJ) eciency was
decreased upon inhibition of WIP1. This was accompanied by a delayed clearance of the 53BP1 foci
indicating the persistent DN A damage in S/G2 cells lacking WIP1. We found that WIP1 interacted with
and dephosphorylated BRCA1 whereas loss of WIP1 delayed recruitment of BRCA1 to the DSBs. Loss
of WIP1 delayed dephosphorylation of 53BP1 at a residue previously reported to mediate interaction
with RIF1 and promote chromatin remodeling. Although we observed a higher impact on T543 53BP1
phosphorylation by inhibiting WIP1 than by depletion of PPAC that was previously reported to target
53BP1, we failed to detect any significant dierence in the D N A resection upon inhibition of WIP1. It
is plausible that WIP1 aects 53BP1 repositioning only in a small but physiologically meaningful
fraction of DN A lesions depending on the context of the chromatin. Alternatively, WIP1 may fine-tune
HR through additional substrates involved in the late steps of HR. One of the candidates is the
BRCA1-BARD1 complex thatis phosphorylated at multiple sites by ATM/ATR, stably interacts with
WIP1 and was recently shown to be important for invasion step of HR [10]. Accumulation of 53BP1
fociin G2 cells caused by a combined treatment with olaparib and WIP1 inhibitor was independent
on the ability of cells to activate the cell cycle checkpoint. However, we cannot exclude that WIP1
modulates HR also through inhibition of p53 that was previously shown to directly interact with
RAD51 and RAD54 and to suppress RAD51 expression [65—67]. The precise molecular mechanism of
WIP1 function in HR will need to be addressed by future research.

PARP inhibitors are currently approved for treatment of BRCA1/2-deficient tumors and new
drug combinations are under investigation. Consistent with the WIP1 role in HR, we observed that
loss of WIP1 promoted sensitivity of cancer cells to PARP inhibitors. Combined treatment with
olaparib and WIP1 inhibitor increased the DN A damage load in G2 cells and significantly increased
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cell death. In contrast to other phosphatases, WIP1 activity can be specifically suppressed by a
specific inhibitor GSK2830371 and WIP1 inhibition is well tolerated in normal cells. Based on the
newly identified role of WIP1 in HR, we propose WIP1 phosphatase as potential pharmacological
target in BRCA1l-proficient tumors (Figure 6). Inhibition of WIP1 was previously reported to be
ecient mainly in p53-proficient cancer types including neuroblastoma, breast adenocarcinoma and
melanoma [44,68-70]. We hypothesize that inhibition of HR and stimulation of the p53 response could
synergize to eradicate the cancer cells treated with WIP1 inhibitors.
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Figure 6. Putative model for the role of WIP1 in HR and in PARP inhibitor sensitivity. (A) Under
normal conditions, endogenous DN A lesions are eciently repaired by HR and BER. WIP1 promotes
eciency of HR and limits the extent of p53 pathway activation allowing cells to proliferate. (B) After
inhibition of PARP1, BER pathway is impaired (dashed lines) but DN A lesions are eciently repaired by
HR. (C) Combined inhibition of PARP1 and WIP1 impairs both BER and HR (dashed lines) and
enhances p53 response leading to accumulation of D N A lesions in G2 cells. Increased D N A damage
load triggers the DN A damage response and allows full activation of p53 pathway leading to cell death.

4. Material and Methods

4.1. Cell Lines

All cell lines used were maintained in DMEM containing 6% FBS, Penicillin (100 U/mL) and
Streptomycin (0.1 mg/mL). All cell lines were regularly checked for mycoplasma contamination and
were confirmed as negative. U20S-WIP1-KO cells were described previously [44] and here were
stably complemented by transfection of EGFP-WIP1-wt or EGFP-WIP1-D314A followed by three
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weeks selection by zeocin and expansion of individual GFP+ clones. WIP1 knockout in RPE cells
was generated by transfection of pCMV-CAS9-2A-GFP (Sigma-Aldrich, St. Louis, MO, USA) carrying
gRNA sequence tgagcgtcttctccgaccaggg, followed by sorting of single GFP+ cells 48 h after transfection to
96-well plate. Loss of WIP1 was validated by Western blotting in single clones. Knockout of
CDKN1A/p21 in U20S cells was generated using CRISPR-Cas9 and HDR reporter vector (Santa Cruz
Biotechnology, Dallas, TX, USA) as described [44]. Cells were sorted as GFP+/RFP+ 48 h after plasmid
transfection as single cells to 96-well plate and knockout was validated by Western blotting in single
clones. Trac light reporter cell lines were generated by transfection of linearized pCVL Trac Light
Reporter 1.1 Efla Puro plasmid (Addgene, Watertown, MA, USA, Plasmid #31482) [48] to U20S or
RPE cells using polyethylenimine. Single clones were picked after selection with puromycin for three
weeks. Integration of the reporter was confirmed using IScel with BFP-donor plasmid transfection
by FACS. Silencer Select siRNA was transfected at 5 nM final concentration using RNAiMAX using
manufacturer’s guidelines (Thermo Fisher Scientific, Waltham, MA, USA). Where indicated, cells
grown on culture plates were exposed to the indicated dose of ionizing radiation generated by X-RAD
225XL instrument with Cu filter 0.5 mm (Precision X-Ray, North Branford, CT, USA).

4.2. Antibodies and Chemicals

Following antibodies were used: WIP1 antibody (clone F-10, sc-376257), p21 (sc-397), p53
(clone D01, sc-126), BRCA1 (sc-6954), rabbit-53BP1 (sc-22760), RAD51 (sc-6862) and TFIIH (sc-293,
used as loading control) from Santa Cruz Biotechnology (Dallas, TX, USA); phoshpo-Thr543-53BP1
(#3428), phospho-S15-p53 (#9284) from Cell Signaling Technology (Danvers, MA, USA); RPA2
(clone 9H8, ab2175), and phospho-Ser1524-BRCA1 (ab2401) from Abcam (Cambridge, UK), H2AX
(05-636), and mouse monoclonal 53BP1 (MAB3802) from Merck Millipore (Burlington, MA, USA);
phospho-S824-KAP1 (GTX63711), KAP1 (GTX62973) and PPAC (GTX114659) from Genetex (Irvine, CA,
USA); secondary Alexa Fluor conjugated antibodies from Thermo Fisher Scientific (Waltham, MA, USA).
WIP1 inhibitor GSK2830371 (here referred to as WIP1i and used at 0.5 M unless stated otherwise),
olaparib and camptothecin (all Medchemexpress, New York, NJ, USA) and mitomycin C (Santa Cruz
Biotechnology, Dallas, TX, USA) were dissolved in DMSO and used at indicated concentrations.

4.3. Immunoprecipitation

HEK293 or U20S-WIP1-KO cells were transfected with GFP-WIP1 plasmid using polyethylenimine.
Cells treated as indicated were extracted in lysis buer [50 mM Tris pH 8.0, 120 mM NaCl, 1% Tween-20,
0.1% NP-40, 1.0% glycerol, 2 mM EDTA, 3 mM EGTA, 10 mM MgCl,, complete protease and phosphatase
inhibitors (Sigma-Aldrich, St. Louis, MO, USA)] supplemented with benzonase (100 U/mL), briefly
sonicated and EtBr (50 g/mL) was added before centrifugation 30 min 4 C at 20,000 g. GFP-Trap
beads (Chromotek, Planegg, Germany) were added to lysate for 1 h before washing 4 with lysis buer.
Alternatively, endogenous WIP1 was immunoprecipitated from U20S cells by a rabbit anity-purified
antibody generated against human WIP1 and immobilized on protein A/G UltralLink resin (Thermo
Fisher Scientific, Waltham, MA, USA). Bound proteins were eluted with 2 loading buer and analyzed by
Western Blotting.

4.4. Immunofluorescence

Cells were seeded on coverslips one day before treatment. Where indicated, cells were pre-extracted
5 min on ice before fixation. Cells were fixed with 4% PFA 15 min RT. Cells were permeabilized using
0.5% Triton-X100 in PBS 5 min and blocked in 1% BSA for 30 min. Where indicated, cells were pulse
labeled with EdU 30 min before irradiation and click reaction was performed before primary antibody
incubation in 0.1 M Tris pH 8.5, 0.1 M sodium ascorbate, 2 mM CuSO4 and 10 M AlexaFluor 647
azide (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at RT. Coverslips were incubated with
primary antibodies for 2 h in RT, washed 3 in PBS, incubated with secondary antibody for 1 h in RT,
washed 3 in PBS, stained with DAPI in PBS for 2 min, washed in dH, O and dried before mounting
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with Vectashield. Images were acquired using Olympus ScanR system equipped with 40/1.3 UPLFN or
40/0.9 objective (Olympus, Tokyo, Japan). Nuclei were segmented based on DAPI intensity and foci
were identified using Spot detection module. Total and mean intensities of staining per nucleus were
determined. FlowJo v10.6.1 software (TreeStar, Ashland, OR, USA) was used to determine of
intensity or foci number in particular cell population.

4.5. Flow Cytometry

For cell cycle analysis, cells were incubated with EdU 30 min before harvesting by trypsinization
and fixation in 70% EtOH. Cells were permeabilized with 0.5% Triton-X100 in PBS 15 min RT, washed
in BSA, click reaction was performed before incubation with primary and secondary antibodies. DAPI
was added in final concentration of 5 g/mL in PBS. Percentage of dead cells was determined 3 days
after treatment using Hoechst33258 [71]. To analyze repair eciency by DR-GFP and EJ assays, cells
were pretreated 15 min with WIP1i before IScel transfection using PEl. Percentage of GFP+ cells
was determined 3 days after transfection. For trac light reporter, cells stably expressing Trac light
reporter 1.1 were seeded at 20,000/well one day before transfection with 5 nM siRNA for 2 days. WIP1i
was added 15 min before transfection IScel and pRRL-SFFV-d20GFP.T2A.mTagBFP Donor
plasmid (Addgene, Watertown, MA, USA, ID 31485) [48]. Percentage of GFP and mCherry positive
cells in BFP positive singlet cells were analyzed three days after IScel transfection as described
[48]. Data were acquired using BD LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA) and analyzed using FlowJo (TreeStar, Ashland, OR, USA).

4.6. Cell Survival Assays

Cells were seeded 1 day before treatment to 96 well plates at 50-500 cells per well, incubated seven
days with treatment before resazurin was added in fresh media at final concentration 30 g/mL [44].
Fluorescence at excitation wavelength 560 nm and emission 590 nm was measured using Envision
plate reader (PerkinElmer, Waltham, MA, USA) after 2 h incubation.

4.7. Western Blot

Cells were lysed in 2 lysis buer, sonicated and protein concentration was determined using BCA
protein assay. A total of 20-50 g lysate was resolved on SDS-PAGE, transferred to nitrocellulose
membrane, blocked in 5% milk, incubated with primary and secondary antibodies and developed
with ECL.

4.8. In Vitro Phosphatase Assay

U20S-WIP1-KO cells were treated as indicated and nuclear extracts were prepared using hypotonic
lysis as previously described [72]. Briefly, cells were washed with PBS, incubated in buer A (10 mM
HEPES-KOH (pH 7.9), 1 mM MgCl,, 2.5 mM KCI, 0.5 mM DTT) for 5 min, centrifuged, resuspended in
buer A containing EDTA-free protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO,
USA) and dounce homogenized using tight pestle on ice. Nuclei were spun down at 500 g 5 min
4 C and extracted in buer C (20 MM HEPES pH 7.9, 1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol, 0.5
MM DTT) supplemented with 600 mM KCI on ice for 15 min before centrifugation at max speed 15
min 4 C. Supernatants were diluted with buer C to final concentration 150 mM KClI, clarified by
centrifugation max speed 15 min 4 C and stored at 80 C. For in vitro phosphatase assay 100 g of
nuclear extract was incubated with 250 ng of purified full-length His-WIP1 phosphatase 15 min at
37 C [30]. Where indicated ATM (KU-55933, 100 M) or DNA-PK (NU-7441, 50 M) inhibitor were
added into the phosphatase reaction. Reaction was stopped by addition of 4 sample buer. Protein
phosphorylation was determined using phospho-specific antibodies by Western blotting.
Alternatively, U20S cells grown on coverslips were exposed or not to 5 Gy of IR, fixed with
4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and in situ phosphatase assay using
purified WIP1-His was performed as described previously [35]. Reaction was stopped by addition
of 20 mM
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NaF and 20 mM -glycerolphosphate in PBS, samples were stained with H2AX, BRCA1 S1524 or
53BP1 T543 antibodies and total nuclear intensity was determined using Olympus ScanR.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/10/1258/s1,
Figure S1: WIP1 inhibition impairs HR and increases sensitivity to DN A damage, Figure S2: Loss of WIP1 delays
removal of 53BP1 foci in U20S cells, Figure S3: WIP1 inhibition delays removal of 53BP1 foci in MCF7 cells,
Figure S4: WIP1 dephosphorylates BRCA1 and 53BP1 in vitro and in situ, Figure S5: Loss of WIP1 increases
BRCA1 phosphorylation at S1524, Figure S6: Loss of WIP1 increases IR-induced phosphorylation of 53BP1 at T543.
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