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Abstract 

Pediatric high-grade gliomas (pHGG) are de v astating and incurable brain tumors with recurrent mutations in histone H3.3. These mutations 
promote oncogenesis by dysregulating gene expression through alterations of histone modifications. We identify aberrant DNA repair as an in- 
dependent mec hanism, whic h fosters genome inst abilit y in H3.3 mut ant pHGG, and opens new therapeutic options. The two most frequent H3.3 
mutations in pHGG, K27M and G34R, drive aberrant repair of replication-associated damage by non-homologous end joining (NHEJ). Aberrant 
NHEJ is mediated by the DNA repair enzyme polynucleotide kinase 3 ′ -phosphatase (PNKP), which shows increased association with mutant 
H3.3 at damaged replication forks. PNKP sustains the proliferation of cells bearing H3.3 mutations, thus conferring a molecular vulnerability, 
specific to mutant cells, with potential for therapeutic targeting. 
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Introduction 

Pediatric high-grade gliomas (pHGGs) are deadly brain tu-
mors with less than ten percent survival within two years of
diagnosis. Despite aggressive radio / chemotherapy regimens,
pHGGs remain incurable and are the leading cause of cancer-
related death in children ( 1 ). The toxicity of existing thera-
pies and the emergence of resistance hinder the efficacy of
current therapeutic protocols and call for the development of
alternative, targeted therapeutic strategies that exploit specific
molecular features of cancer cells ( 1 ,2 ). One such feature is ex-
emplified by heterozygous, dominant point mutations in the
H3F3A gene, which encodes the H3.3 histone variant. These
recurrent mutations are active players in the oncogenic pro-
cess in pHGG ( 3 ), with three mutually exclusive mutations
resulting in single amino-acid substitutions at lysine 27 to me-
thionine (H3.3 K27M), giving rise to midline tumors of the
central nervous system, or at glycine 34 to arginine or valine
(H3.3 G34R / V) in cerebrocortical tumors ( 4–6 ). These muta-
tions perturb histone post-translational modifications (PTMs)
in cis ( 7 ,8 ) or in trans ( 9 ,10 ), thus interfering with genome-
wide gene expression programs, stalling the differentiation of
interneuron progenitor cells at different stages ( 11–14 ) and
fueling cell transformation (reviewed in ( 3 , 15 , 16 )). 

Besides their effect on gene expression, pHGG H3.3 mu-
tations also promote genome instability ( 4 , 6 , 7 , 17–20 ), which
is one of the major drivers of cellular transformation ( 21 ). In
particular, H3.3 mutant pHGGs display increased copy num-
ber alterations and chromosomal rearrangements compared
to wild-type (WT) H3.3 tumors ( 4 , 17 , 22 ). Mechanistically,
H3 G34 mutations in fission yeast and mammals and the non-
pHGG H3.3 K36M mutation in human cells hijack the re-
sponse to DNA damage ( 7 , 10 , 19 , 20 , 23 ) by dominantly inter-
fering with the DNA repair-promoting function of WT H3.3
( 24 ,25 ) or by downregulating DNA damage response genes
( 18 ). Moreover, K27M and G34 mutations alter H3.3 associa-
tion with several DNA repair factors in human cells ( 7 , 26 , 27 ).
These observations expand the role of mutated H3.3 proteins
beyond their ability to dysregulate gene expression and pave
the way for the identification of additional oncogenic func-
tions. However, mechanistic understanding of the impact of 
pHGG H3.3 mutations on DNA repair and genome integrity 
in human cells is still lacking, and whether and how this func- 
tion can be exploited for therapy remains underexplored. 

Materials and methods 

Human cell lines 

U2OS (human osteosarcoma, female) and HeLa cells (hu- 
man cervical carcinoma, female) were cultured in Dulbecco’s 
modified Eagle’s medium DMEM Gluta-Max (Life Technolo- 
gies) supplemented with 10% foetal bovine serum (Euro- 
bio) and antibiotics (100 U / ml penicillin, 100 μg / ml strep- 
tomycin, Life Technologies) and maintained at 37 

◦C under 
5% CO 2 in a humified incubator. U2OS cells stably ex- 
pressing SNAP-tagged H3.1 or H3.3 wild-type or mutant,
and U2OS LacO H3.3-SNAP cells with integrated 256 tan- 
dem LacO repeats and stably expressing SNAP-tagged wild- 
type H3.3 ( 28 ) were cultured in the same medium supple- 
mented with 100 μg / ml G418 (Life Technologies). Flp-In T- 
REx HEK293 cells were cultured in DMEM (Gibco), supple- 
mented with 10% foetal bovine serum (Wisent) and antibi- 
otics (100 U / ml penicillin, 100 μg / ml streptomycin, Life Tech- 
nologies), at 37 

◦C in 5% CO 2 . SF9402 and SF9427 (wild- 
type H3.3) cell lines were from ( 29 ). SU-DIPG-XVII (H3.3 

K27M) were from ( 30 ). HSJD-002-GBM cells (H3.3 G34R) 
were from A. Carcaboso (Institut de Recerca Sant Joan de 
Deu, Barcelona, Spain). SF9402, SF9427, SU-DIPG-XVII and 

HSJD-002-GBM were cultured in Tumor Stem Medium ( 31 ),
which contains DMEM / F12 1:1 (Invitrogen), Neurobasal-A 

(Invitrogen), 10 mM HEPES (Invitrogen), 1 × MEM sodium 

pyruvate (Invitrogen), 1 × MEM non-essential amino acids 
(Invitrogen), 1% GlutaMax (Invitrogen), 20 ng / ml human 

basic fibroblast growth factor (CliniSciences), 20 ng / ml hu- 
man epidermal growth factor (CliniSciences), 20 ng / ml hu- 
man platelet-derived growth factor (PDGF)-A and PDGF- 
B (CliniSciences), 10 ng / ml heparin (StemCell Technologies) 
and 1 × B27 without Vitamin A (Invitrogen). pHGG lines 
were generally grown in suspension flasks as tumorspheres,
Gr aphical abstr act 
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except when they underwent transfection and proliferation 

assay, for which they were dissociated and plated on plates 
coated with laminin (10 μg / ml, Sigma-Aldrich). MGBM1 cells 
(H3.3 G34R) were cultured in DMEM Gluta-Max supple- 
mented with 10% foetal bovine serum and antibiotics (100 

U / ml penicillin, 100 μg / ml streptomycin, Life Technologies) 
( 32 ). All glioma cells were maintained at 37 

◦C under 5% CO 2 

in a humified incubator and verified for expression of the ex- 
pected H3.3 proteins by Western blot analysis with antibodies 
raised against H3.3 K27M or G34R ( Supplementary Table 
S1 ). No further cell line authentication was performed. Non- 
cancerous astrocytes CRL-8621 (ATCC) were grown in Ea- 
gle’s minimum essential medium (EMEM, ATCC 30-2003) 
supplemented with 10% foetal bovine serum (Eurobio) and 

antibiotics (100 U / ml penicillin, 100 μg / ml streptomycin, Life 
Technologies). 

Generation of U2OS stable cell lines 

U2OS cells stably expressing C-terminal, SNAP-tagged H3.3, 
either wild-type, K27M, G34R, G34V, G34W or K36M mu- 
tated were generated by transfection of plasmid encoding 
wild-type or mutated H3.3 and selection of clones in limit- 
ing dilution in medium supplemented with G418 (Life Tech- 
nologies) starting 48 hours after transfection. To verify the 
presence of mutations in the clones, genomic DNA was ex- 
tracted and subjected to PCR amplification with dedicated 

primers ( Supplementary Table S1 ). The amplification prod- 
uct was verified by Sanger sequencing (GATC Biotech). Sin- 
gle clones harboring each H3.3 mutation were expanded and 

evaluated for levels of expression of the exogenous SNAP- 
tagged H3.3 proteins and for the presence of histone PTM 

alterations described in tumor samples. 

Yeast strains 

Sc hizosacc haromyces pombe strains ( Supplementary Table 
S1 ) containing point mutations in histone H3, K27M in hht2 

+ , 
G34R and G34V in hht3 

+ , were generated by a PCR-based 

module method. pnk1 Δ and xrc4 Δ strains were derived from 

the fission yeast deletion library and the gene deletions were 
verified by PCR. All other strains were constructed through 

genetic crosses. For serial dilution plating assays (spot assays), 
ten-fold dilutions of a mid-log phase culture were plated on 

the indicated medium and grown for 3 days at 30 

◦C. For 
proliferation assays, overnight liquid S. pombe cultures were 
grown to saturation in YES media (yeast extract with sup- 
plement). Saturated cultures were equilibrated to an OD 600 

of 1.0, arrayed in a 96-well microtiter plate, and pinned in 

quadruplicate to achieve a 384-colony density (i.e. 4 tech- 
nical replicates for each position of the microtiter plate) us- 
ing a Singer RoToR robot (Singer Instruments, Inc., Somer- 
set, UK). Strains were grown on YES solid agar media with 

the indicated camptothecin concentrations. Plates with pinned 

colonies were incubated at 30 

◦C and scanned every 96 min for 
growth curves. Colony density was measured using screenmill 
( 33 ) and the values of the four technical replicates were aver- 
aged. Care was taken to minimize systematic bias in experi- 
ments (e.g. by distributing strains evenly throughout the 96- 
well plate to minimize position and neighboring strain effects). 

Drug treatments and inhibitors 

Camptothecin (CPT) was used at 0.1 μM for 3 h, or at 1 

μM for 1 or 3 h for iPOND in human cells, and at 5 or 10 

μM in yeast cells; hydroxyurea (HU) at 2 mM for 3 h; mito- 
mycin C (MMC) at 200 ng / ml for 24 h and 25 ng / ml for 48 

h for repair foci analyses and metaphase spreads, respectively; 
bleomycin (Bleo) at 20 μg / ml for 3 h. The PARP inhibitor Ola- 
parib (AZD2281) was used at the indicated concentrations. 
An overnight treatment with 2 mM thymidine followed by 3 

h release in fresh medium was used to enrich cells in S phase 
for iPOND experiments (70–75% of cells were in S phase as 
evaluated by FACS). The EZH2 inhibitor GSK126 (EZH2i) 
was used at 1 μM for 72 h. The SUV4-20H1 / 2 inhibitor A196 

was used at 2.5 μM for 48 h. 

Site-directed mutagenesis 

The H3F3A and H3F3B human cDNA sequences (GenScript) 
were cloned by using ClaI and EcoRI restriction enzymes 
into the pSNAPm plasmid (New England Biolabs), with the 
SNAP tag in the C-terminus of the insert. These plasmids were 
subjected to directed mutagenesis to introduce the cancer- 
associated mutations K27M, G34R / V / W and K36M ( 4 , 5 , 34 ). 
GFP-PNKP kinase (K378M) and phosphatase (D171N) mu- 
tants were generated by GenScript from GFP-PNKP wild-type 
plasmid ( Supplementary Table S1 ). Generation of the mutated 

plasmids was verified by Sanger sequencing (GATC Biotech). 

Immunofluorescence, image acquisition and 

analysis 

Cells grown on glass coverslips (Thorlabs) were either fixed 

directly with 2% paraformaldehyde (PFA) and permeabilized 

with 0.2% Triton X-100 in PBS or pre-extracted before fix- 
ation with 0.5% Triton X-100 in CSK buffer (Cytoskeletal 
buffer: 10 mM PIPES pH 7.0, 100 mM NaCl, 300 mM su- 
crose, 3 mM MgCl 2 ) to remove soluble proteins (not bound 

to chromatin) and then fixed with 2% PFA. Samples were 
blocked in 5% bovine serum albumin (BSA, Sigma-Aldrich) in 

PBS supplemented with 0.1% Tween 20 (Euromedex) before 
incubation with primary antibodies and secondary antibodies 
conjugated to Alexa Fluor 488 or 568 (Invitrogen). Cover- 
slips were mounted in Vectashield medium with DAPI (Vec- 
tor Laboratories) and observed with a Leica DMI6000 epi- 
fluorescence microscope using a Plan-Apochromat 40 ×/ 1.3 

or 63 ×/ 1.4 oil objective. Images were captured using a 
CCD camera (Photometrics) and Metamorph software. Im- 
ages were mounted with Adobe Photoshop applying the same 
treatment of fluorescence levels to all images from the same 
experiment. Fiji software was used for image analyses using 
custom macros. Nuclei were delineated based on DAPI stain- 
ing, and CPT-damaged replication forks based on γH2A.X 

staining. S phase, replicating cells were discriminated based 

on EdU staining. The position of the LacO array was deter- 
mined based on mCherry-LacR signal. DNA repair and PLA 

foci were identified and counted by using the find maxima 
function (Fiji software), on the best focal plane for DNA re- 
pair foci and on maximum intensity z-projections in the case 
of PLA foci. At least 70 cells / sample were scored in each ex- 
periment. Results of automatic foci counting were graphed as 
number of foci per cell or as number of cells with more than 

5 or 10 DNA repair foci that was set as a threshold. 

Eth yn yl-deoxyUridine (EdU) labeling of S phase 

cells 

For discrimination of S phase cells, 10 μM 5-ethynyl-2 

′ - 
deoxyUridine (EdU, Sigma-Aldrich) was incorporated into 
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cells for 15 min prior to DNA damage treatment and fixation. 
EdU was revealed using Click-It EdU Imaging kit (Invitrogen) 
according to manufacturer’s instructions. 

Random plasmid integration assay 

Cells grown in 6-well plates were transfected with siRNAs 
and, later the same day, the cells were transfected with 2 

μg / well gel-purified FspI-BspDI-linearized pEGFP-C1-IRES- 
puro plasmid. The cells were transfected once more with siR- 
NAs the following day. Cells were collected 48 h later, counted 

and seeded in 10 cm diameter dishes either lacking or con- 
taining 0.375 μg / ml puromycin. The transfection efficiency 
was determined on the same day by FACS analysis of EGFP- 
positive cells. The cell dishes were incubated at 37 

◦C to allow 

colony formation and medium was refreshed on days 4 and 8. 
On days 10–12, the cells were stained with 0.5% Crystal Vi- 
olet (Sigma-Aldrich) / 20% ethanol solution to score colonies 
with > 50 cells. Random plasmid integration events on the 
puromycin-containing plates were normalized to the plating 
efficiency (plate without puromycin) and to the transfection 

efficiency. 

Colony forming assays 

Cells seeded at low density were exposed to genotoxic treat- 
ment at the indicated concentrations (acute treatment of 1 

h for CPT and chronic treatment for PARPi). Colonies were 
stained 12 days later with 0.5% crystal violet / 20% ethanol 
and counted. Results were normalized to plating efficiencies 
(untreated cells). 

Metaphase spreads 

To prepare metaphase spreads, Colcemid (Gibco) was added 

to the culture medium at 0.1 μg / ml for 3 h before collect- 
ing the cells. Cells were washed in PBS, trypsinized, cen- 
trifuged at 1200 rpm for 5 min and resuspended in 75 mM 

KCl for 15 min at 37 

◦C. Cells were then fixed with fresh 

ethanol / acetic acid (v:v = 3:1) at –20 

◦C overnight. The next 
day, cells were centrifuged at 1200 rpm for 5 min and re- 
suspended in fresh fixative before dropping onto slides and 

then air dried. Slides were mounted with Vectashield Antifade 
Mounting Medium containing DAPI (Vector laboratories) and 

metaphase spreads were examined using an Axio Observer Z1 

epifluorescence microscope equipped with an ORCA-ER cam- 
era (Hamamatsu). Mitomycin (MMC) was added at a con- 
centration of 25 ng / ml for 48 h before harvesting cells for 
metaphase spread preparation. At least 30 metaphase spreads 
were scored per sample in each experiment for the presence of 
radial chromosomes. 

Mutational signature analysis on primary pHGG 

samples 

pHGG samples for single nucleotide variant (SNV) muta- 
tional signature analysis were acquired from previously 
published data available under EGAS00001000575, 
EGAS00001001139, EGAS00001000572 and 

EGAS00001000192. Novel data was generated from samples 
obtained from the DIPG-BATs clinical trial (NCT01182350), 
the Dana-Farber Tissue Bank or collaborating institutions, 
under protocols approved by the institutional review board of 
the Dana-Farber / Harvard Cancer Center with informed con- 
sent (DFCI protocols 10417, 10201 and DFCI 19293). DNA 

was extracted from single Diffuse Midline Glioma cores, 
pHGG biopsies and autopsy samples using Qiagen AllPrep 

DNA / RNA extraction kits. For whole-genome sequencing, 
genomic DNA was fragmented and prepared for sequencing 
to 60 × depth on an Illumina HiSeq 2000 instrument. Reads 
from both novel and published data were aligned to the refer- 
ence genome hg19 / GRCh37 with BWA83, duplicate-marked, 
and indexed using SAMtools and Picard. Base quality score 
was bias adjusted for flowcell, lane, dinucleotide context, and 

machine cycle and recalibrated, and local realignment around 

insertions or deletions (indels) was achieved using the Genome 
Analysis Toolkit. SNV signature analysis was performed us- 
ing Palimpsest ( https:// github.com/ FunGeST/ Palimpsest ) on a 
VCF containing somatic mutations identified by Mutect2. 

Extraction of cellular proteins and western blot 
analysis 

Total extracts were obtained by scraping cells in Laemmli 
buffer (50 mM Tris–HCl pH 6.8, 1.6% sodium dodecyl sul- 
fate (SDS), 8% glycerol, 4% β-mercaptoethanol, 0.0025% 

bromophenol blue) followed by 5–10 min denaturation at 
95 

◦C. For western blot analysis, extracts along with molecu- 
lar weight markers (Precision plus protein Kaleidoscope stan- 
dards, Bio-Rad) were run on 4–20% Mini-PROTEAN TGX 

gels (Bio-Rad) in running buffer (200 mM glycine, 25 mM 

Tris, 0.1% SDS) and transferred onto nitrocellulose mem- 
branes (Protran) with a Trans-Blot SD semi-dry or wet trans- 
fer cell (Bio-Rad). Proteins of interest were probed using 
the appropriate primary and horse radish peroxidase (HRP)- 
conjugated secondary antibodies (Jackson Immunoresearch), 
detected using SuperSignal West Pico or Femto chemilumi- 
nescence substrates (Pierce). The resulting signal was visu- 
alized on hyperfilms MP (Amersham) with a film processor 
(SRX105, Konica) or using the Odyssey Fc-imager (LI-COR 

Biosciences). ImageJ and Image Studio Lite softwares were 
used for densitometric quantification of protein bands. 

Quantification of mutant histones by mass 

spectrometry 

Total extracts from U2OS cells expressing SNAP-tagged H3.3, 
wild-type or mutant, were loaded on 4–20% Mini-PROTEAN 

TGX gels (Bio-Rad). Histone and SNAP-tagged histone pieces 
were excised from the gel after Coomassie staining. Gel pieces 
containing histones were washed with 100 mM ammonium 

bicarbonate, dehydrated with acetonitrile, chemically propi- 
onylated with propionic anhydride and digested overnight 
with trypsin. Tryptic peptides were extracted sequentially with 

70% acetonitrile / 0.25% TFA and acetonitrile, filtered using 
C8-StageTips, vacuum concentrated and reconstituted in 15 

μl of 0.1% FA. 
For LC–MS / MS purposes, desalted peptides were injected 

in an Ultimate 3000 RSLCnano system (Thermo) and sepa- 
rated in a 25-cm analytical column (75 μm ID, 1.6 μm C18, 
IonOpticks) with a 50-min gradient from 2 to 37% acetoni- 
trile in 0.1% formic acid. The effluent from the HPLC was 
directly electrosprayed into a Qexactive HF (Thermo) oper- 
ated in data dependent mode to automatically switch between 

full scan MS and MS / MS acquisition with the following pa- 
rameters: survey full scan MS spectra (from m / z 375–1600) 
were acquired with resolution R = 60 000 at m / z 400 (AGC 

target of 3 × 10 

6 ). The 10 most intense peptide ions with 

charge states between 2 and 5 were sequentially isolated to 
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a target value of 1 × 10 

5 , and fragmented at 27% normalized 

collision energy. Typical mass spectrometric conditions were: 
spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated 

capillary temperature, 250ºC; ion selection threshold, 33 000 

counts. 
Data analysis was performed with the Skyline (version 

21.2) by using doubly and triply charged peptide masses for 
extracted ion chromatograms. Automatic selection of peaks 
was manually curated based on the relative retention times 
and fragmentation spectra with results from Proteome Dis- 
coverer 1.4. Integrated peak values were exported for further 
calculations. The relative abundance of an observed modified 

peptide was calculated as percentage of the overall peptide. 
H3.1 and H3.3 27–40 peptides were used for the quantifica- 
tion of mutant H3.3 over total H3. 

GFP pull-down 

U2OS cells transiently expressing GFP or GFP-PNKP were 
collected in PBS 2 days after plasmid transfection (two 10 cm 

diameter plates per condition). Cell pellets were resuspended 

in 1 ml ice-cold lysis buffer (50 mM Tris pH 7.5, 150 mM 

NaCl, 0.5% NP-40, 2.5 mM MgCl 2 , Roche EDTA-free Pro- 
tease inhibitor and PhosStop phosphatase inhibitor) supple- 
mented with benzonase (0.5 U / μl final, Merck Millipore) and 

samples were incubated for 1 h at 4 

◦C under constant mixing. 
The cell lysates were cleared by centrifugation at full speed 

for 10 min at 4 

◦C and incubated overnight at 4 

◦C with 15 

μl of pre-washed GFP-Trap agarose beads (ChromoTek) in 

lysis buffer. Input samples were collected from cell lysates be- 
fore the addition of beads. After five washes in lysis buffer 
adjusted to 250 mM NaCl, beads were boiled for 5 min at 
95 

◦C in Laemmli buffer. Pull-down and input samples were 
analyzed by western blot. 

siRNA and plasmid transfections 

siRNAs purchased from Eurofins MWG Operon or Sigma- 
Aldrich ( Supplementary Table S1 ) were transfected into cells 
using Lipofectamine RNAiMAX (Invitrogen) following man- 
ufacturer’s instructions. Cells were analyzed and / or harvested 

48–72 h post-transfection except for proliferation assays, 
where cells were analyzed over a 7-day period after transfec- 
tion. Cells were transfected with recombinant plasmid DNA 

( Supplementary Table S1 ) using Lipofectamine 2000 (Invit- 
rogen) according to manufacturer’s instructions. For comple- 
mentation experiments, cells were concomitantly transfected 

with siRNA targeting PNKP 3 

′ UTR (50 nM final) and plasmid 

DNA (0.5 μg / ml final) using Lipofectamine 2000 (Invitrogen) 
according to manufacturer’s instructions. 

SNAP labeling of newly synthesized histones 

For labeling newly synthesized SNAP-tagged histones ( 35 ), 
parental histones were quenched with 10 μM SNAP-cell Block 

(NEB) for 30 min in culture medium followed by 30-min 

wash in fresh medium and a 2-h chase. To mark S phase 
cells / replication forks, EdU was incorporated for 30 min at 
the end of the chase period. The new SNAP-tagged histones 
synthesized during the chase were fluorescently labelled with 4 

μM of the green-fluorescent reagent SNAP-cell Oregon green 

(New England Biolabs) during a 15-min pulse step followed 

by 30-min wash in fresh medium. Alternatively, when com- 
bined with Proximity Ligation Assay (PLA), cells were pre- 
extracted using 0.5% Triton X-100 in cytoskeleton (CSK) 

buffer and fixed in 2% paraformaldehyde after the quench- 
chase steps. New SNAP-tagged histones were then pulse- 
labeled for 30 min with 5 μM final SNAP-biotin (New Eng- 
land Biolabs) diluted 1:200 in 10% Duolink blocking buffer 
(Sigma-Aldrich) in PBS. After washings, soluble proteins were 
removed by permeabilization with 0.5% Triton X-100 in cy- 
toskeleton (CSK) buffer, and cells were fixed and processed 

for immunostaining or PLA. 

P roximity lig ation assay (PLA) 

PLA ( 36 ) was performed to detect colocalization foci be- 
tween PNKP and γH2A.X or between newly synthesized 

H3.3-SNAP and γH2A.X at camptothecin-damaged replica- 
tion forks. The Duolink® In Situ PLA® detection kit (Sigma) 
was used following manufacturer’s recommendations. Briefly, 
cells on glass coverslips (Thorlabs) were incubated 1 h at 
37 

◦C in Duolink blocking buffer (Sigma-Aldrich) and then 

with primary antibodies directed against the target proteins 
(anti-PNKP, anti-biotin to detect new H3.3-SNAP-biotin and 

anti- γH2A.X to detect sites of DNA damage) diluted in an- 
tibody dilution reagent (Sigma-Aldrich). Anti-biotin and anti- 
γH2A.X were incubated for 1 h at room temperature and anti- 
PNKP overnight at 4 

◦C. Coverslips were then incubated for 1 

h at 37 

◦C with secondary antibodies each harboring a PLA 

probe (Duolink In Situ PLA MINUS / PLUS probes, Sigma- 
Aldrich). The PLA probes that bind to the constant regions 
of the primary antibodies contain a unique DNA strand. If 
the proteins of interest interact with each other, the DNA 

probes hybridize to make circular DNA during the 30 min 

ligation step at 37 

◦C. The resulting circle DNA can be am- 
plified (1 h 40 min amplification at 37 

◦C, Duolink In Situ 

Detection Reagents Green, Sigma-Aldrich) and visualized by 
fluorescently labeled complementary oligonucleotide probes 
incorporation. Coverslips were mounted in Duolink In Situ 

Mounting Medium with DAPI (Sigma-Aldrich). To study PLA 

foci in S phase cells, EdU labeling by click chemistry was per- 
formed before the blocking step. 

Isolation of proteins on nascent DNA (iPOND) 

iPOND was performed largely as described previously ( 37 ), 
with the following modifications. A total of 3 × 10 

7 log- 
arithmically growing cells per sample were labeled with 10 

μM EdU for 15 min. Following EdU incorporation, cells were 
treated or not with camptothecin, fixed with 1% formalde- 
hyde for 15 min at room temperature, followed by 5-min 

incubation with 0.125 M glycine to quench the formalde- 
hyde. Cells were harvested by scraping, washed three times 
with PBS, flash frozen in liquid nitrogen and kept at −80 

◦C. 
Within 2 weeks, samples were processed for EdU-based pull- 
down and purification of replication fork-associated pro- 
teins. Briefly, click chemistry reactions were performed on pre- 
permeabilized samples to conjugate biotin to the EdU-labeled 

DNA by using Biotin Picolyl azide (Sigma Aldrich). Sonica- 
tion was performed with a Bioruptor Pico sonicator (Diagen- 
ode) and DNA shearing was evaluated on an agarose gel. 
Shearing for optimal detection of the proteins of interest was 
set to an average DNA fragment size of 800 bp. Total input 
samples were taken after sonication and clearing of samples 
and kept at –20 

◦C until loading on SDS-PAGE gels. Strepta- 
vidin beads (Dynabeads MyOne Streptavidin-C1, Life tech- 
nologies) were used to capture the biotin-conjugated DNA–
protein complexes. Captured complexes were washed exten- 
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sively using SDS and high-salt wash buffers. Purified replica- 
tion fork proteins were eluted under reducing conditions by 
boiling in Laemmli sample buffer for 5 min. Total input and 

capture samples corresponding to equal amounts of cells were 
resolved on SDS-PAGE gels and analyzed by western blot. 

Flow cytometry and cell cycle analysis 

Cells were fixed in ice-cold 70% ethanol before DNA stain- 
ing with 50 μg / ml propidium iodide (Sigma-Aldrich) in 

PBS containing 0.05% Tween 20 and 0.5 mg / ml RNase A 

(USB / Affymetrix). DNA content was analyzed by flow cytom- 
etry using a FACSCalibur Flow Cytometer (BD Biosciences) 
and FlowJo Software (TreeStar). 

P roximity biotin ylation 

Flp-In T-REx HEK293 cells were induced for 24 h with 1 

μg / ml doxycycline and 50 μM biotin and snap frozen be- 
fore lysis in 10 ml lysis buffer (50 mM Tris–HCl pH 7.5, 150 

mM NaCl, 1 mM EDT A, 1 mM EGT A, 1% Triton X-100, 
0.1% SDS, 1:500 protease inhibitor cocktail (Sigma-Aldrich), 
1:1000 benzonase nuclease (Novagen)). Samples were rotated 

at 4 

◦C for 1 h, briefly sonicated and centrifuged at 45 000 × g 
for 30 min at 4 

◦C. Cleared supernatants were added to 30 μl 
of packed, pre-equilibrated Streptavidin sepharose beads (GE 

Healthcare) and incubated for 3 h at 4 

◦C with end-over-end 

rotation. Beads were centrifuged at 2000 rpm for 2 min, and 

in a fresh tube washed twice with 1 ml of lysis buffer and 

twice with 1 ml of 50 mM ammonium bicarbonate pH 8.3. 
Beads were transferred in ammonium bicarbonate to a fresh 

centrifuge tube and washed two more times. On-bead tryptic 
digestion was performed with 1 μg MS-grade TPCK trypsin 

(Promega, Madison, WI) dissolved in 200 μl of 50 mM am- 
monium bicarbonate pH 8.3 overnight at 37 

◦C. The follow- 
ing morning, 0.5 μg MS-grade TPCK trypsin was added, and 

beads were incubated two additional hours at 37 

◦C. Beads 
were pelleted by centrifugation at 2000 × g for 2 min, and the 
supernatant was transferred to a fresh Eppendorf tube. Beads 
were washed twice with 150 μl of 50 mM ammonium bicar- 
bonate, and the washes were pooled with the first eluate. The 
sample was lyophilized and resuspended in buffer A (0.1% 

formic acid). 1 / 5th of the sample was analyzed per mass spec- 
trometry run. 

Mass spectrometry was performed and analyzed as previ- 
ously described ( 38 ). Briefly, high performance liquid chro- 
matography was conducted using a 2 cm pre-column (Ac- 
claim PepMap 50 mm × 100 μm inner diameter (ID)), and 

50 cm analytical column (Acclaim PepMap, 500 mm × 75 

μm diameter; C18; 2 μm; 100 Å, Thermo Fisher Scientific, 
Waltham, MA), running a 120 min reversed-phase buffer gra- 
dient at 225 nl / min on a Proxeon EASY-nLC 1000 pump 

in-line with a Thermo Q-Exactive HF quadrupole-Orbitrap 

mass spectrometer. A parent ion scan was performed using a 
resolving power of 60 000, then up to the 20 most intense 
peaks were selected for MS / MS (minimum ion count of 1000 

for activation) using higher energy collision induced disso- 
ciation (HCD) fragmentation. Dynamic exclusion was acti- 
vated such that MS / MS of the same m / z (within a range of 
10 ppm; exclusion list size = 500) detected twice within 5 s 
were excluded from analysis for 15 s. For protein identifica- 
tion, Thermo .RAW files were converted to the .mzXML for- 
mat using Proteowizard ( 39 ), then searched using X!Tandem 

( 40 ) and COMET ( 41 ) against the human Human RefSeq Ver- 

sion 45 database (containing 36113 entries). Data were ana- 
lyzed using the trans-proteomic pipeline (TPP) ( 42 ,43 ) via the 
ProHits software suite (v3.3) ( 44 ). Search parameters speci- 
fied a parent ion mass tolerance of 10 ppm, and an MS / MS 
fragment ion tolerance of 0.4 Da, with up to two missed cleav- 
ages allowed for trypsin. Variable modifications of +16@M 

and W, +32@M and W, +42@N-terminus and + 1@N and Q 

were allowed. Proteins identified with an iProphet cut-off of 
0.9 (corresponding to ≤1% FDR) and at least two unique pep- 
tides were analyzed with SAINT Express v.3.3.1. Ten control 
runs (from cells expressing the FlagBirA* epitope tag) were 
collapsed to the two highest spectral counts for each prey and 

compared to the two biological and two technical replicates 
of histone BioID. High confidence interactors were defined as 
those with Bayesian false discovery rate (BFDR) ≤0.01. 

Human cell proliferation assays 

The effect of PNKP knockdown on cell proliferation in hu- 
man cells was measured as follows: 24 h after siRNA trans- 
fection, cells were seeded in 60-mm diameter tissue culture 
plates (20 000 cells / plate for U2OS, 40 000 to 80 000 for 
pHGG cells). pHGG cell lines were transfected with siRNAs 
twice, both 48 and 24 h before seeding. Cell viability was as- 
sessed after 3, 5 and 7 days in culture by staining with trypan 

blue (Invitrogen) or counting with an automated cell counter 
for viable cells (Fluidlab R-300 cell counter, Anvajo). 

Quantification and statistical analysis 

Statistical analyses were carried out using Graphpad Prism 

software. P values for mean comparisons between two groups 
were calculated with a Student’s t -test with W elch’ s correc- 
tion when necessary. Multiple comparisons were performed 

by one- or two-way ANO VA with Bonferroni, Tukey’ s, Holm–
Sidak or Dunnett’s post-tests or using the non-parametric 
Kruskal–Wallis’s test in case of non-Gaussian distributions. 
Comparisons of proliferation curves were based on non-linear 
regression with a polynomial quadratic model or exponential 
decay model (human cells) or with a sigmoidal dose response 
model with variable slope (yeast cells). ns: non-significant, 
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, **** P < 0.0001. Sta- 
tistical parameters including sample size (n) and dispersion of 
the data (SD or SEM) are indicated in the figure legends, as 
also analysis details. Figures were prepared with prism. 

Results 

H3.3 mutants drive aberrant DNA repair in S phase 

To study the impact of various H3.3 mutations on DNA 

repair in human cells in an isogenic context, we generated 

U2OS cell lines stably expressing SNAP-tagged WT or indi- 
vidual mutant H3.3 proteins (bearing K27M, G34R / V pHGG 

mutations, and G34W, K36M non-pHGG mutations) in an 

H3.3 WT background ( Supplementary Figure S1 A). The en- 
gineered cell lines have comparable expression of the dif- 
ferent H3.3-SNAP proteins ( Supplementary Figure S1 B, C). 
They also recapitulate some of the histone PTM changes 
(H3K27me3 and H3K36me3) and the mutant H3.3 to WT H3 

ratio, around 2–4%, that characterize H3.3 mutant pHGGs 
( 9 ,10 ) ( Supplementary Figure S1 B-D). In this system, we an- 
alyzed the focal accumulation of DNA repair factors upon 

treatment with different genotoxic agents. Similar to the pos- 
itive control H3.3 K36M ( 10 ), upon replication stress, two 
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pHGG mutants, H3.3 K27M and G34R, showed impaired 

foci formation of the RAD51 recombinase (RAD51) (Figure 
1 A), and also, to a lesser extent, of Fanconi Anemia Comple- 
mentation Group D2 (FANCD2)( Supplementary Figure S2 A), 
both of which are involved in pathways that preferentially 
repair replication-associated DNA damage ( 45 ). In addition 

to impaired FANCD2 focus formation in the mutants, we 
observed a modest reduction of the ratio between ubiqui- 
tylated and non-ubiquitylated FANCD2 in cells expressing 
H3.3 G34R ( Supplementary Figure S2 B), which likely re- 
sults in impaired retention of FANCD2 on chromatin and 

suggests an upstream defect in the Fanconi Anemia repair 
pathway. We evaluated a possible compensatory activation 

of the non-homologous end joining (NHEJ) repair pathway 
in the same cell lines and observed increased foci formation 

of TP53-binding protein 1 (53BP1), a positive regulator of 
NHEJ ( 46 ), in cells expressing H3.3 K27M, G34R or the non- 
pHGG G34W oncomutant (Figure 1 B). The altered recruit- 
ment of repair factors was significant upon interference with 

replication fork (RF) progression ( 47 ) by camptothecin (CPT), 
hydroxyurea (HU) or mitomycin C (MMC), but not upon 

treatment with the radiomimetic agent bleomycin, which trig- 
gers DNA damage throughout the cell cycle (Figure 1 A,B, 
Supplementary Figure S2 A, C, D), indicating that H3.3 K27M 

and G34R mutants skew the repair of RF-associated DNA 

lesions. Importantly, the observed defect is not due to a 
different cell cycle distribution of cells expressing mutant 
H3.3 ( Supplementary Figure S2 E), to differential signaling of 
DNA damage, as shown by comparable levels of γH2A.X 

( Supplementary Figure S2 F), nor to differential abundances of 
repair proteins ( Supplementary Figure S2 G, H). To function- 
ally analyze NHEJ activity, we exploited the random plasmid 

integration assay, which confirmed increased NHEJ activity in 

cells expressing the pHGG mutants H3.3 K27M and G34R, 
but not G34V (Figure 1 C, Supplementary Figure S2 I). Func- 
tional differences between the G34R and G34V histone H3 

mutants in DNA damage repair were also observed in fission 

yeast ( 20 ,23 ), a highly amenable model system exploited in 

DNA repair studies, albeit showing a different repair path- 
way balance as compared to higher eukaryotes. We used this 
model system to assess the possible conservation of the in- 
creased, aberrant NHEJ activity observed in cells expressing 
pHGG mutant histones. Fission yeast contains three identi- 
cal histone H3 genes and we introduced the K27M, G34R 

and G34V mutations into one of the H3 genes, while leaving 
the other two intact. Proliferation analyses showed that dele- 
tion of the core NHEJ factor Xrc4 ( xrc4 Δ) sensitized H3 WT 

and G34V strains to CPT damage, consistent with a protec- 
tive role of NHEJ in these strains, which was not observed 

in K27M and G34R strains (Figure 1 D). xrc4 Δ even rescued 

the CPT sensitivity of G34R yeast cells, as observed both in 

proliferation and serial dilution plating assays, indicating that 
aberrant NHEJ drives the sensitivity of this strain to CPT. 
While yeast strains expressing pHGG mutant histones, par- 
ticularly the G34R mutant strain, are hypersensitive to CPT 

treatment compared to the WT strain (Figure 1 D), this feature 
is not shared by human cells expressing H3.3 pHGG mutants 
( Supplementary Figure S2 J). Building on the observed RAD51 

focus formation defect in H3.3 K27M or G34R human U2OS 
cells, we investigated their sensitivity to PARP inhibition ( 48 ). 
In line with the RAD51 focus formation defect, H3.3 K27M 

or G34R but not G34V expressing cells exhibited mild hyper- 
sensitivity to PARP inhibition, albeit not to the same extent 

as H3.3 K36M mutant cells ( Supplementary Figure S2 K). To- 
gether, these findings illustrate that aberrant DNA repair in 

H3.3 K27M and G34R cells is associated with specific pat- 
terns of sensitivity to genotoxic stress. 

To test whether aberrant DNA repair in H3.3 K27M and 

G34R cells was associated with genome instability in hu- 
man cells, we examined the occurrence of radials, i.e. chro- 
mosomal aberrations that derive from mis-joining of bro- 
ken chromatids through aberrant NHEJ ( 46 ). We observed a 
marked accumulation of radials in H3.3 G34R U2OS cells 
upon MMC treatment, which were reduced upon knock- 
down of the core NHEJ factor XRCC4 (Figure 1 E). To con- 
clusively link the aberrant DNA repair in H3.3 K27M and 

G34R cells to genome instability onset in a glioma context, 
we analyzed the presence of mutational signatures generated 

by defects in DNA double-strand break repair pathways ( 49 ) 
in a panel of whole genome-sequenced, pre-treatment, TP53- 
mutant primary pHGGs. Both H3.3 K27M and G34R pHGGs 
presented higher levels of mutational signatures deriving from 

aberrant NHEJ (ID8) compared to WT H3.3 pHGGs, and 

H3.3 G34R also displayed a stronger signature activity of de- 
fective homologous recombination (SBS3) (Figure 1 F). Collec- 
tively, our data support a model where the pHGG mutations 
H3.3 K27M and G34R skew the repair of S phase DNA dam- 
age towards aberrant NHEJ, thus sustaining a specific pattern 

of genome instability. 

Aberrant NHEJ is independent of H3K27 / K36me3 

loss 

To test whether pHGG H3.3 mutants skew the repair of S 
phase damage through gain- or loss-of-function mechanisms, 
we first evaluated the impact of siRNA-mediated depletion of 
H3.3 on RAD51 and 53BP1 focus formation in CPT-damaged 

U2OS cells. Depletion of H3.3 did not affect the proportion 

of cells in S phase ( Supplementary Figure S3 A) nor γH2A.X 

induction in response to CPT ( Supplementary Figure S3 B). 
Contrary to H3.3 mutations, H3.3 loss did not alter RAD51 

and 53BP1 focus formation in response to CPT (Figure 2 A), 
despite an increase in 53BP1 nuclear levels ( Supplementary 
Figure S3 C). Thus, H3.3 K27M and G34R mutations do not 
phenocopy H3.3 loss but rather confer a new function to his- 
tone H3.3 upon CPT-induced damage, corroborating the gain- 
of-function hypothesis. 

Dysregulation of gene expression programs by H3.3 K27M 

and G34R mutations is mediated by reduced trimethylation 

at lysines 27 ( 9 ,50 ) and 36 ( 7 ,13 ) of histone H3 (H3K27me3 

and H3K36me3), respectively. To study whether the observed 

DNA repair defect is mediated by analogous perturbations 
of histone PTMs, we reduced H3K27me3 and H3K36me3 

by inhibiting or depleting the corresponding lysine methyl- 
transferases. The H3K27 methyltransferase Enhancer of Zeste 
2 (EZH2) is endogenously inhibited in U2OS cells ( 51 ,52 ), 
thus preventing further reduction of H3K27me3 upon ex- 
pression of H3.3 K27M ( Supplementary Figure S1 B and 

Supplementary Figure S3 D). Yet, aberrant DNA repair is still 
observed in H3.3 K27M U2OS cells (Figure 1 A, B), argu- 
ing against a contribution of H3K27me3 reduction to this 
repair defect. We confirmed this hypothesis in HeLa cells 
by chemical inhibition of EZH2 (EZH2i) (Figure 2 B), which 

did not recapitulate the DNA repair defect observed in H3.3 

K27M-expressing U2OS cells (Figure 1 A, B). Similarly, re- 
ducing H3K36me3 by depleting SET Domain Containing 2 
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Figure 1. H3.3 K27M and G34R pHGG mutations hijack DNA repair in S phase and harbor genomic inst abilit y features of aberrant NHEJ. (A, B) Analysis 
of RAD51 ( A ) and 53BP1 ( B ) repair foci by immunofluorescence in U2OS cells stably expressing wild-type H3.3 (WT_1) or the indicated mutants and 
treated with camptothecin (3 h, 0.1 μM). R epresentativ e images of repair foci in EdU 

+ cells are shown. Bar graphs depict the percentage of EdU 

+ and 
EdU 

− cells harboring more than 5 (RAD51) or 10 (53BP1) foci. Mean ± SEM from two to three independent experiments, with n > 117 per sample for 
each experiment. ( C ) Analysis of NHEJ activity by random plasmid integration assay in U2OS cells stably expressing wild-type (WT_1) or mutant H3.3. 
Vector –, negative untransfected control. ( D ) Serial dilution analyses and proliferation curves of S. pombe strains expressing wild-type or mutant H3, 
depleted for the core NHEJ factor Xrc4 ( xrc4 �) and grown in standard growth medium (control) or in the presence of camptothecin (10 μM). 
Mean ± SEM from three independent experiments. ( E ) Scoring of radials in metaphase spreads of U2OS cells stably expressing wildtype (WT_1) or 
mutant H3.3 and treated with Mitom y cin C (48 h, 25 ng / ml). Cells transfected with siRNA against F ANCD2 (siF ANCD2) and the core NHEJ factor XRCC4 
(siXRCC4) are used as positive and negative controls (siLUC, siLuciferase, control). A representative example of a radial chromosome is shown in the 
inset. T he w estern blots sho w siRNA efficiency (Tubulin, A ctin, loading controls). Mean ± SEM from three to four independent experiments, with n > 24 
per sample for each experiment. ( F ) Oncoprint representation of DNA repair-driven mutational signatures (ID8, indels 8; SBS3, single-base substitutions 
3) in whole-genome sequences of pre-treatment, TP53-mutated, primary pHGG samples harboring wild-type H3.3 (WT), H3.3 K27M or G34R. Statistical 
significance is calculated by two-way ANO V A (A, B), one-way ANO V A (C, E), non-linear regression analysis with a sigmoidal dose-response model (D) or 
the non-parametric Kruskal–Wallis test (F). * P < 0.05; ** P < 0.01; *** P < 0.001; ns: P > 0.05. Scale bars, 10 μm. 
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Figure 2. pHGG H3.3 mutants hinder DNA repair through a gain-of-function mechanism independently of h ypometh ylation at lysines 27 and 36 of 
histone H3. ( A ) Analysis of RAD51 and 53BP1 foci by immunofluorescence in U2OS cells transfected with siRNAs against Luciferase (siLUC, control) or 
H3.3 (siH3.3) and treated with camptothecin (3 h, 0.1 μM). The western blot shows siRNA efficiency (Tubulin, loading control). Representative images of 
RAD51 and 53BP1 foci in EdU 

+ cells are sho wn. B ar graphs depict the percentage of EdU 

+ and EdU 

− cells harboring more than 5 (RAD51) or 10 (53BP1) 
foci. Mean ± SEM from two independent experiments, with n > 113 per sample for each experiment. ( B ) Analysis of RAD51 and 53BP1 foci by 
immunofluorescence in HeLa cells treated with DMSO or the EZH2 inhibitor GSK126 (EZH2i, 72 h, 1 μM) and damaged with camptothecin (3 h, 
0.1 μM). T he w estern blot sho ws the efficiency of EZH2 inhibition b y analyzing H3K27me3 le v els. B ar graphs depict the number of RAD51 or 53BP1 foci 
per cell in EdU 

+ and EdU 

− cell populations. Mean ± SEM from three independent experiments, with n > 125 per sample for each experiment. ( C ) 
Analysis of RAD51 and 53BP1 foci by immunofluorescence in U2OS cells transfected with the indicated siRNAs (siLUC, negative control; siRNF168, 
positive control known to inhibit both RAD51 and 53BP1 foci formation) and treated with camptothecin (3 h, 0.1 μM). siRNA efficiencies and H3K36me3 
le v els are analyzed by western blot (Tubulin, loading control). Bar graphs depict the mean number of RAD51 or 53BP1 foci per cell relative to siLUC. 
Mean ± SEM from two and three independent experiments, with n > 131 for each experiment. Statistical significance is calculated by two-way ANO V A 

(A, B) or one-w a y ANO V A (C). * P < 0.05; ** P < 0.0 1; *** P < 0.00 1; ns: P > 0.05. Scale bars, 1 0 μm. 

(SETD2) did not result in increased 53BP1 foci formation but 
solely in the expected reduction of RAD51 foci formation 

( 19 , 53 , 54 ) in CPT-treated U2OS cells (Figure 2 C). Together, 
these experiments demonstrate that H3.3 K27M and G34R 

mutants skew DNA repair towards NHEJ in S phase by con- 
ferring a gain-of-function to histone H3.3, independently of 
hypomethylation of H3K27 and K36. 

Mutant H3.3 histones are deposited at damaged 

forks 

The impact of H3.3 mutations on the repair of S phase 
DNA damage and the reported de novo deposition of H3.3 

at sites of DNA damage ( 24 , 25 , 55 ) prompted us to investi- 
gate whether WT and pHGG H3.3 mutant proteins were de 
novo deposited at damaged RFs. First, we verified that, con- 
trary to the replicative histone variant H3.1, WT and mu- 
tant H3.3 histones were not deposited at undamaged RFs, as 
shown by SNAP-tag-based imaging of newly synthesized hi- 

stones ( Supplementary Figure S3 E). We next exploited fluo- 
rescent labeling of SNAP-tagged, newly synthesized histone 
H3.3 in a model of RF blockage, where stably integrated 

Lac operon (LacO) arrays generate an obstacle to DNA poly- 
merase progression when bound by the Lac repressor (LacR) 
(Figure 3 A) ( 56 ). Upon RF blockage, monitored by γH2A.X 

accumulation ( Supplementary Figure S3 F), we found a lo- 
cal enrichment of newly synthesized H3.3 on the LacO ar- 
ray specifically in S phase cells (Figure 3 A), revealing a pre- 
viously uncharacterized de novo deposition of H3.3 at sites 
of a replication block. To further study the deposition of 
newly synthesized H3.3 proteins in both WT and mutant cells, 
we setup a novel imaging-based method, SNAP-PLA (Prox- 
imity Ligation Assay), that measures by PLA ( 36 ) the colo- 
calization between biotin-labeled, newly synthesized SNAP- 
tagged histones and γH2A.X at CPT-damaged RFs (Figure 
3 B). Thus, we could detect de novo deposition of WT H3.3 

specifically in CPT-damaged, S phase cells (Figure 3 B and 

Supplementary Figure S3 G), recapitulating data obtained in 
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Figure 3. H3.3 K27M and G34R pHGG mutants are de no v o deposited and associated with increased H4K20me2 at damaged replication forks. ( A ) 
Scheme of the assay to monitor de novo deposition of wild-type H3.3-SNAP at the LacR-occupied LacO array fork barrier in U2OS LacO cells stably 
expressing SNAP-tagged H3.3 and transfected with mCherry-LacR. Images of a representative cell and 2.5 × zoom on the LacO array. Quantification of 
new H3.3-SNAP accumulation (% cells presenting an enrichment) at LacR-occupied LacO array in EdU 

+ and EdU 

− cells. Mean ± SEM from five 
independent experiments, with n > 20 per sample for each experiment. The H3.3 enrichment detected in EdU-negative cells likely reflects cells that 
were in S phase when the mCherry-LacR was already expressed and bound to the LacO array but before EdU addition since cells were transfected 24h 
bef ore harv esting . ( B ) Schematic represent ation of the SNAP-PLA assa y to visualiz e the colocalization of γH2A.X with ne wly synthesiz ed SNAP-tagged 
H3.3 (labeled with biotin) at RFs damaged with camptothecin (3 h, 0.1 μM). R epresentativ e images and quantification of SNAP-PLA colocalization foci 
betw een ne w H3.3 and γH2A.X in EdU 

+ U2OS cells stably e xpressing wild-t ype (WT_1) or mut ant H3.3-SNAP, or SNAP t ag only as a control (empt y). 
Mean ± SEM from three to se v en independent experiments, with n > 130 per sample for each experiment. ( C ) Western blot analysis of input and 
capture samples from iPOND experiments performed in U2OS cells expressing wild-type (WT_1) or mutant H3.3-SNAP, synchronized in S phase and 
damaged with camptothecin (1 h, 1 μM). Click -, negative control (no biotin). Total protein stain shows the position of the streptavidin monomer, 
detectable at similar le v els in all capture samples. Bar graphs depict H3.3-SNAP band intensity in capture samples relative to WT_1. Mean ± SEM from 

four independent experiments. ( D ) Immunofluorescence analysis of H4K20me2 levels at γH2A.X foci in EdU-positive U2OS cells stably expressing 
wild-type (WT_1) or mutant H3.3 and treated with camptothecin (3 h, 0.1 μM). Quantification of H4K20me2 intensity relative to WT_1. Mean ± SD from 

three independent experiments, with n > 17 per sample for each experiment. ( E ) Western blot analysis of input and capture samples from iPOND 

e xperiments perf ormed in U2OS cells e xpressing SNAP-t agged wild-t ype (WT_1) or mut ant H3.3, synchronized in S phase and damaged with 
camptothecin (1 h, 1 μM). Click -, negative control (no biotin). Bar graphs depict H4K20me2 band intensity in capture samples relative to WT_1. 
Mean ± SEM from three independent experiments. Statistical significance is calculated by paired t -test (A), one-way ANO V A (B–E). * P < 0.05; 
** P < 0.01; *** P < 0.001; ns: p > 0.05. Scale bars, 10 μm. 
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the LacO system (Figure 3 A) and validating the SNAP-PLA 

approach. Moreover, we detected de novo deposition of H3.3 

K27M and G34R mutant proteins at damaged RFs, which 

was comparable to that of WT H3.3, while the de novo de- 
position H3.3 G34V was significantly reduced (Figure 3 B). 
We validated these findings through the proteomic-based iso- 
lation of proteins on nascent DNA (iPOND) upon RF dam- 
age with CPT. The enrichment of SNAP-tagged H3.3 at CPT- 
damaged RFs was enhanced in S phase synchronized cells, 
supporting an S phase-specific deposition of H3.3 at dam- 
aged RFs ( Supplementary Figure S3 H). Using this method, we 
confirmed the deposition of H3.3 K27M and G34R mutant 
proteins at CPT-damaged RFs (Figure 3 C). The deposition of 
H3.3 G34V was detectable in this assay but with reduced lev- 
els compared to WT H3.3 (Figure 3 C). These findings unravel 
a local function of H3.3 in RF protection and repair and sug- 
gest that the deposition of pHGG H3.3 mutant proteins may 
locally affect the chromatin landscape and / or the recruitment 
of repair factors at damaged RFs, ultimately skewing fork re- 
pair. 

To evaluate the impact of pHGG H3.3 mutant proteins on 

the chromatin landscape at damaged RFs, we analyzed by im- 
munofluorescence the levels of H4K20me2, a histone mark 

known to drive 53BP1 foci formation on damaged chromatin 

( 57 ). H4K20me2 nuclear levels were consistently higher in 

H3.3 K27M and G34R mutant cells ( Supplementary Figure 
S3 I), which was not due to different cell cycle distributions 
between WT and mutant cells ( Supplementary Figure S2 E) 
and we observed higher H4K20me2 at CPT-damaged RFs 
marked by γH2A.X in S phase cells in the same mutants 
(Figure 3 D). These findings are in line with the increased 

capacity of those cells to form 53BP1 foci (Figure 1 B). Im- 
portantly, we also detected increased H4K20me2 at CPT- 
damaged RFs by iPOND in cells expressing H3.3 K27M and 

G34R compared to cells expressing WT H3.3 or the G34V 

mutant (Figure 3 E). Since the methyltransferases SETD8 and 

SUV4-20H1 / 2 methylate H4K20 in human cells ( 58 ), we em- 
ployed loss-of-function approaches against these enzymes to 

test their contribution to the increased H4K20me2 levels ob- 
served in H3.3 pHGG mutant cells. We focused our analy- 
sis on S-phase cells to circumvent any effect of those treat- 
ments on the cell cycle, H4K20me2 being a cell cycle-regulated 

mark. The H4K20me2 increase in cells expressing H3.3 G34R 

and K27M mutants compared to WT H3.3 was abrogated by 
SETD8 depletion while it remained detectable upon SUV4- 
20H1 / 2 inhibition ( Supplementary Figure S3 J, K). These 
results indicate that aberrant H4K20 monomethylation by 
SETD8 is the major step driving increased H4K20me2 in mu- 
tant cells. They also suggest that the H3.3 G34R and K27M 

mutants may affect H4K20 methylation by stimulating the 
recruitment and / or the activity of SETD8 methyltransferase. 
Together, these data establish that the deposition of H3.3 

K27M and G34R mutant proteins at damaged RFs is associ- 
ated with dysregulated methylation of histone H4 that may, in 

turn, affect fork repair by impacting the recruitment of repair 
factors. 

PNKP associates with mutant H3.3 

To identify DNA repair factors that preferentially asso- 
ciate with the H3.3 K27M and G34R mutants, we em- 
ployed proximity-dependent biotinylation (BioID) ( 59 ,60 ) in 

HEK293 human cells ectopically expressing WT, K27M or 

G34R H3.3 fused to the mutant BirA* biotin ligase, followed 

by mass spectrometry analysis (Figure 4 A, Supplementary 
Table S2 and ( 27 )). Validating this approach, we detected 

the expected preferential association of EZH2 with the H3.3 

K27M mutant ( 9 ), while Nuclear Receptor Binding SET Do- 
main Protein 1 (NSD1), responsible for H3K36 mono and 

dimethylation, showed reduced association to H3.3 G34R, 
in accordance with the reduced methylation of H3K36 by 
NSD1 in the presence of G34R ( 7 ) (Figure 4 A). Out of the 
21 proteins that preferentially associated with both K27M 

and G34R compared to WT H3.3, 6 were connected to the 
DNA damage response (HOXA10, GSK3B, PNKP, UBE2T, 
C3orf37 / HMCES, CGGBP1). Among those, we focused our 
attention on the DNA end processing enzyme Polynucleotide 
Kinase 3 

′ -Phosphatase (PNKP, Figure 4 A), which contributes 
to NHEJ among other DNA repair pathways by transfer- 
ring a phosphate group between broken DNA ends be- 
fore ligation ( 61 ). In addition, PNKP was identified as an 

H3.3 G34R interactor in a previous study ( 26 ) and plays 
a central role in neurodevelopment ( 62 ). PNKP total levels 
were not increased in cells expressing H3.3 K27M or G34R 

( Supplementary Figure S4 A). Nevertheless, we observed a 
stronger association of exogenously expressed GFP-tagged 

PNKP with both H3.3 mutants compared to WT H3.3 in 

pulldown experiments, which corroborates the BioID data 
( Supplementary Figure S4 B). Similarly, we observed increased 

binding of PNKP to CPT-damaged RFs in H3.3 K27M and 

G34R cells by iPOND (Figure 4 B) and by PLA between PNKP 

and γH2A.X (Figure 4 C and Supplementary Figure S4 C), fur- 
ther substantiating the preferential association of this DNA 

repair enzyme with chromatin harboring those H3.3 mutant 
proteins. 

PNKP promotes aberrant repair in mutant cells 

We hypothesized that the preferential association of PNKP 

with H3.3 K27M and G34R may drive the aberrant NHEJ 
observed in cells expressing these mutants. Thus, we mea- 
sured NHEJ activity by random plasmid integration assay 
upon knockdown of PNKP in U2OS cells expressing WT or 
mutant H3.3. In contrast to the depletion of the core NHEJ 
factor XRCC4, PNKP knockdown did not affect NHEJ activ- 
ity in WT H3.3 cells. However, knock-down of PNKP signifi- 
cantly reduced NHEJ in H3.3 K27M and G34R cells (Figure 
4 D), and radial chromosome formation in H3.3 G34R cells 
(Figure 4 E), showing that PNKP promotes aberrant NHEJ 
repair and contributes to genome instability in these cells. 
Similarly, in fission yeast, co-deletion of the PNKP ortholog 
pnk1 did not rescue CPT-sensitivity in the G34R xrc4 Δ strain, 
arguing that the aberrant xrc4-mediated NHEJ in a G34R 

background is dependent on pnk1 (Figure 4 F). Together, these 
data demonstrate that PNKP contributes to aberrant NHEJ 
in H3.3 mutant cells and that this process is evolutionarily 
conserved. Notably, PNKP depletion did not significantly re- 
duce H4K20me2 nuclear levels and 53BP1 foci formation in 

S-phase upon CPT damage in H3.3 K27M and G34R mutant 
cells ( Supplementary Figure S4 D-E). In contrast, 53BP1 deple- 
tion reduced PNKP accumulation at CPT-damaged replication 

forks in H3.3 mutant cells as shown by PLA between PNKP 

and γH2A.X ( Supplementary Figure S4 F). These findings sup- 
port a model where PNKP accumulation promoting aberrant 
NHEJ at damaged forks in H3.3 mutant cells is downstream 

of H4K20me2 and 53BP1. 
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Figure 4. PNKP mediates aberrant NHEJ in H3.3 K27M and G34R mutant cells. ( A ) Identification of proteins associated with wild-type (WT) and mutant 
H3.3 (K27M, G34R) by proximity-dependent biotinylation (BioID) in HEK293 cells expressing BirA*-tagged H3.3 proteins. Volcano plots show interactors 
enriched (red) or depleted (blue) in H3.3 K27M (left) or G34R (right) samples compared to WT H3.3 sample, with each dot representing an interactor. 
Significant interactors whose log2 fold change is > 1 and whose P -value is < 0.05 (–log 10 P -value > 1.30) are highlighted in colors and common interactors 
between H3.3 K27M and G34R are shown in dark colors. Positive controls are depicted in green. ( B ) Western blot analysis of input and capture samples 
from iPOND experiments performed in U2OS cells expressing wild-type (WT_1) or mutant H3.3-SNAP, synchronized in S phase and damaged with 
camptothecin (1 h, 1 μM). Click –, negative control (no biotin). Total protein stain shows the position of the streptavidin monomer, detectable at similar 
le v els in all capture samples. Bar graphs depict PNKP band intensity in capture samples relative to WT_1. Mean ± SEM from three independent 
e xperiments. T he representativ e e xperiment sho wn is the same as in Figure 3 C. ( C ) PNKP association with CPT-damaged replication f orks analyz ed b y 
PLA between PNKP and γH2A.X in EdU-positive cells. A scheme of the experiment is shown on the left. Mean ± SEM from three independent 
experiments. ( D ) Analysis of NHEJ activity by random plasmid integration assay in U2OS cells stably expressing wild-type (WT_1) or mutant H3.3 and 
transfected with siRNAs against Luciferase (siLUC, control) or PNKP (siPNKP). Samples siLUC–, siLUC+ and siXRCC4+ are the same shown in Figure 
S2I graph. Western blot analysis shows siRNA efficiency (Tubulin, loading control). Vector –, negative untransfected control. ( E ) Scoring of radials in 
metaphase spreads of U2OS H3.3 G34R cells transfected with siRNA against Luciferase (siLUC, control) or PNKP (siPNKP) and treated with Mitom y cin 
C (48 h, 25 ng / ml). The western blot shows siRNA efficiency (Actin, loading control). Mean ± SEM from four independent experiments, with n > 24 per 
sample for each experiment. ( F ) Proliferation curves of S. pombe strains expressing H3G34R, depleted for the core NHEJ factor Xrc4 ( xrc4 �) and for 
Pnk1 ( pnk1 Δ) and grown in the presence of camptothecin (5 μM). Statistical significance is calculated by one-way ANO V A (B–D), by non-linear 
regression analysis with a sigmoidal dose-response model (D). * P < 0.05; ** P < 0.01; *** P < 0.001; ns: P > 0.05. 
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PNKP as a therapeutic target in pHGG 

We next assessed the importance of aberrant PNKP func- 
tion for H3.3 mutant cell growth. PNKP knockdown specif- 
ically impaired the growth of H3.3 K27M and H3.3 G34R 

U2OS cells, but not of WT H3.3 or H3.3 G34V mutant cells 
( Supplementary Figure S5 A). To expand our findings to state- 
of-the-art pHGG cellular models, we exploited a panel of 
patient-derived glioma cells lines ( Supplementary Figure S5 B) 
and two different siRNAs against PNKP. We corroborated the 
specific effect of PNKP knockdown on the proliferation of 
glioma cells harboring endogenous H3.3 K27M or G34R mu- 
tations (Figure 5 A). PNKP knockdown significantly reduced 

the growth of all H3.3 mutant cell lines examined in contrast 
to H3.3 WT glioma cell lines and non-cancerous astrocytes, 
which were unaffected (Figure 5 A and Supplementary Figure 
S5 C). Collectively, these data put forward PNKP as a poten- 
tial therapeutic target in pHGG cells expressing specific H3.3 

mutations. 
We next sought to determine if the vulnerability to PNKP 

loss related to its function in NHEJ or to other genome main- 
tenance activities, such as base damage repair and / or a re- 
cently proposed function in Okazaki fragment maturation 

( 63 ,64 ). To determine if NHEJ was responsible for sustaining 
H3.3 mutant cell growth, we examined whether the loss of 
the core NHEJ factor XRCC4 would recapitulate the growth 

defect observed upon PNKP loss. However, XRCC4 depletion 

had only a very marginal impact on cell growth if at all, and 

thus did not phenocopy the effect of PNKP loss, as observed 

both in yeast and human cells ( Supplementary Figure S5 D, E). 
While PNKP drives aberrant NHEJ in H3.3 mutant cells, the 
vulnerability to PNKP loss is therefore NHEJ-independent. 

To explore a possible involvement of base damage re- 
pair in sustaining H3.3 mutant cell growth, we examined 

the impact of depleting the base excision repair factor and 

PNKP interactor XR CC1. XR CC1 depletion did not pheno- 
copy the effect of PNKP loss on H3.3 mutant cell growth 

( Supplementary Figure S5 F). Expression of the H3.3 mutants 
also did not result in more single-stranded DNA, which is 
prone to base damage, as shown by the number of foci of 
the single-strand DNA binding complex Replication Protein A 

(RPA) that is comparable to that of cells expressing wild-type 
H3.3 ( Supplementary Figure S5 G). Thus, the vulnerability to 

PNKP loss is independent of base damage repair and presum- 
ably relates to PNKP recently proposed function in Okazaki 
fragment maturation ( 64 ). 

To conclusively link the anti-proliferative effect to PNKP 

targeting, we performed complementation experiments in 

U2OS H3.3 G34R cells treated with an siRNA against PNKP 

3 

′ UTR and observed that exogenous expression of GFP- 
tagged PNKP rescued cell growth in PNKP knocked-down 

cells (Figure 5 B). In contrast, expressing PNKP mutated in 

the kinase (K378M) or phosphatase (D171N) catalytic do- 
mains ( 63 ) did not restore cell growth (Figure 5 B). These re- 
sults demonstrate that both catalytic activities of PNKP are 
required to sustain cell growth in H3.3 mutant cells. 

Discussion 

By dissecting how H3.3 mutants skew DNA repair, we show 

that mutations in core chromatin components induce genome 
instability by dysregulating the recruitment of repair factors 
at damaged RF (Figure 5 C). Aberrant repair of damaged RF, 

leading to mitotic aberrations ( 47 ) as recently reported in cells 
expressing the H3.3 K27M mutant ( 17 ), is the likely cause of 
genome instability. However, the contribution of oncohistone- 
dependent genome instability to pHGG oncogenesis should 

be evaluated in future studies, as well as the influence of co- 
occurring genetic alterations ( 22 ) on aberrant repair. 

By identifying a new, local function of H3.3 in the repair 
of damaged RFs, the present study expands our knowledge 
about histone variant deposition at these sites ( 65 ,66 ). De 
novo H3.3 deposition may operate through a DNA synthesis- 
independent mechanism on the regressed arms of damaged 

RFs, which have been shown to be chromatinized ( 67 ). 
H3.3 K27M and G34R affect RF repair through a mech- 

anism that is distinct from their interference with gene ex- 
pression programs ( 3 , 15 , 18 ). The aberrant use of NHEJ in S 
phase indeed does not rely on H3K27me3 and H3K36me3 al- 
terations, but may involve other PTM changes in mutant nu- 
cleosomes, possibly through the activity of histone modifying 
enzymes, which could in turn affect the binding of repair fac- 
tors. For instance, the observed increase in H4K20me2 at RFs 
likely contributes to the enhanced 53BP1 foci formation and 

the channeling of repair towards NHEJ. We still miss mecha- 
nistic details on how H3.3 mutants promote aberrant PNKP 

binding to chromatin, contributing to aberrant NHEJ. Future 
work will determine if H4K20 methyltransferases stimulate 
PNKP association with RFs in H3.3 mutant cells. Since PNKP 

does not harbor known histone binding motifs, we favor an 

indirect mechanism of recruitment to chromatin bearing mu- 
tant H3.3 histones. The increased engagement of PNKP may 
also explain the lack of CPT sensitivity in human cells express- 
ing H3.3 K27M and G34R because PNKP is known to be in- 
volved in the repair of CPT-induced damage ( 68 ). 

The similarity of DNA repair phenotypes between H3.3 

K27M and G34R mutant cells may indicate a common gain or 
loss of histone modifying activity on nucleosomes. The consis- 
tently stronger phenotype observed with the G34R mutant re- 
flects the more efficient response to PNKP loss-of-function in 

H3.3 G34R mutant cells. In contrast, H3.3 G34R and G34V 

mutants display strikingly opposite DNA repair phenotypes, 
conserved from yeast to human, the molecular basis of which 

is still elusive. Perhaps the bulkier and positively charged argi- 
nine side chain of the G34R mutant protein causes a more 
drastic disruption of the H3.3 interactome. In addition, the 
G34V mutant is much rarer than G34R so maybe less onco- 
genic. 

The K27M mutation is also found in the H3.1 histone 
variant (H3.1 K27M) in some pHGG and, as observed with 

H3.3 mutants, PNKP also shows a preferential association 

with H3.1 K27M compared to H3.1 WT ( Supplementary 
Figure S5 H), suggesting that common mechanisms may be at 
play. However H3.1 K27M inhibits NHEJ in human fibrob- 
lasts ( 69 ), which is opposite to the phenotype of H3.3 K27M 

in U2OS cells. Although a true comparison requires that the 
H3.1 K27M and H3.3 K27M phenotypes be studied in the 
same cellular background, differences in their DNA repair 
function can be anticipated since they show distinct distribu- 
tion patterns in chromatin ( 70 ), present different co-occurring 
mutations ( 22 ,71 ) and clinical features in pHGG ( 72 ,73 ). 

Targeting DNA repair defects is the most developed ap- 
proach so far to induce tumor cell death through synthetic 
lethality, even if weakly exploited beyond BRCA-mutated tu- 
mors ( 74 ). By providing molecular understanding of the aber- 
rant DNA repair capacities of H3.3 mutant pHGGs, we pro- 
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Figure 5. PNKP represents a therapeutic target in pediatric pHGG. ( A ) Proliferation assays in patient-derived pHGG cell lines harboring wild-type or 
mutant H3.3 and transfected with siRNAs against Luciferase (siLUC, control) or PNKP (siPNKP_1 and siPNKP_2). Mean ± SEM from n independent 
e xperiments. T he w estern blots sho w siRNA efficiencies (Tubulin or tot al protein st ain, loading control). ( B ) P roliferation assa y s in U2OS H3.3 G34R 

transfected with an siRNA against PNKP 3 ′ UTR (siLUC, control) and expressing the indicated GFP-tagged constructs. Mean ± SEM from n independent 
e xperiments. T he w estern blots sho w PNKP knock-do wn efficiency and the e xpression le v els of each construct (Tubulin, loading control). ( C ) Current 
model depicting PNKP-mediated misrepair of S phase DNA damage in H3.3 K27M and G34R mutant cells (left) and the consequences of PNKP targeting 
in these cells (right). Statistical significance is calculated by a polynomial quadratic model (A, B). * P < 0.05; ** P < 0.01; *** P < 0.001; ns: P > 0.05. 
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pose here that a synthetic interaction approach for the treat- 
ment of these tumors is warranted by targeting the PNKP en- 
zyme. Since PNKP inhibition is already exploited to kill other 
cancers ( 75 ), we suggest that it be used to sensitize pHGG cells 
to current radio / chemotherapeutic regimens ( 1 ), for which 

there is very limited response. Our findings indicate that both 

the kinase and phosphatase activities of PNKP can be targeted 

to affect the growth of H3.3 mutant cells. Moreover, the speci- 
ficity towards H3.3 K27M and G34R mutant cells may limit 
toxicity-related side effects in future treatments and opens up 

the possibility of employing a similar strategy in other cancers 
bearing the same H3.3 mutations ( 3 ). 

Data availability 

Raw mass spectrometry data is available for 
download from https:// massive.ucsd.edu/ , acces- 
sion numbers MSV000087736 and MSV000089173 

( 27 ) and from ProteomeXchange with identifier 
PXD041132. Whole genome sequencing data is avail- 
able under EGAS00001000575, EGAS00001001139, 
EGAS00001000572, EGAS00001000192, and un- 
der dbGaP accession number phs002380.v1.p1 ( 76 ). 
Other raw data files are deposited on figshare: https: 
// doi.org/ 10.6084/ m9.figshare.23259920.v1 . 

Supplementary data 

Supplementary Data are available at NAR Online. 
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