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ABSTRACT

Poly(ADP-ribose) polymerase-1 (PARP-1) is a DNA
damage sensor and contributes to both DNA re-
pair and cell death processes. However, how PARP-
1 signaling is regulated to switch its function from
DNA repair to cell death remains largely unknown.
Here, we found that PARP-1 plays a central role
in alkylating agent-induced PARthanatic cancer cell
death. Lysine demethylase 6B (KDM6B) was iden-
tified as a key regulator of PARthanatos. Loss of
KDM6B protein or its demethylase activity conferred
cancer cell resistance to PARthanatic cell death
in response to alkylating agents. Mechanistically,
KDM6B knockout suppressed methylation at the pro-
moter of O6-methylguanine-DNA methyltransferase
(MGMT) to enhance MGMT expression and its direct
DNA repair function, thereby inhibiting DNA damage-
evoked PARP-1 hyperactivation and subsequent cell
death. Moreover, KDM6B knockout triggered sus-
tained Chk1 phosphorylation and activated a second
XRCC1-dependent repair machinery to fix DNA dam-
age evading from MGMT repair. Inhibition of MGMT or
checkpoint response re-sensitized KDM6B deficient
cells to PARthanatos induced by alkylating agents.
These findings provide new molecular insights into
epigenetic regulation of PARP-1 signaling mediating
DNA repair or cell death and identify KDM6B as a
biomarker for prediction of cancer cell vulnerability
to alkylating agent treatment.

INTRODUCTION

Poly(ADP-ribose) polymerase-1 (PARP-1) is a ubiquitously
expressed nuclear enzyme and plays a critical role in DNA
damage response in human cancers (1–3). Upon DNA dam-
age, PARP-1 senses DNA single-strand breaks and uti-
lizes NAD+ as the substrate to catalyze the addition of
poly(ADP-ribose) (PAR) toward different acceptor pro-
teins, including PARP-1 itself (1–3). As a result, PARP-
1 activation leads to the recruitment of DNA repair pro-
teins and nucleases to sites of DNA damage, thereby fa-
cilitating DNA damage repair (4). Inhibition of PARP-
1 impairs DNA single-strand break repair and eventu-
ally causes DNA double-strand breaks, which are primar-
ily repaired through homologous recombination and/or
non-homologous end joining mechanisms (5). Blockade of
DNA double-strand break repair in BRCA-deficient can-
cer cells can synergize with PARP inhibitor to induce can-
cer cell death (6). Accumulating studies reveal a dual func-
tion of PARP-1 in cell death and survival. PARP-1 hy-
peractivation promotes cell death, also known as PARP-
1-dependent cell death (PARthanatos), in neurological dis-
eases (7). After PARP-1 is activated by oxidative stress un-
der neuronal injury, PAR functions as a death signal trig-
gering apoptosis-inducing factor (AIF) translocation from
mitochondria to the nucleus, where it interacts with the nu-
clease macrophage migration inhibitory factor (MIF) lead-
ing to large DNA fragmentation and neuronal cell death (8,
9). However, whether PARthanatos also occurs in cancer
cells and how PARP-1 signaling is regulated and switched
between DNA repair and cell death remain poorly under-
stood.
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Alkylating agents are the most common and old-
est chemotherapy drugs currently used in the clinic to
kill cancer (10–12). Alkylating agents are divided into
five categories: nitrogen mustard, nitrosoureas, alkyl sul-
fonates, triazines, and ethylenimines. N-Methyl-N′-nitro-N-
nitrosoguanidine (MNNG), belonging to the nitrosourea
category, was first discovered in 1950s as an anti-cancer
drug through a national cooperative cancer drug screen
(12). MNNG contains the most basic structure simi-
lar to several commonly used alkylating chemotherapy
drugs Temozolomide (TMZ), Streptozotocin, Lomustine
and Carmustine (10). It acts by producing an intermediate
product methyldiazonium ion and adds alkyl groups specif-
ically to the O6 of guanine and O4 of thymine, leading to
DNA damage and cell death (12). Previous studies identi-
fied that mitochondrial dysfunction and NAD+ depletion
contribute to alkylating agent-induced cell death (13,14).
Human AlkB homolog 7 (ALKBH7) promotes loss of mi-
tochondrial function and energy depletion in response to
alkylating agents, leading to cell death (14). DNA damage
repair proteins including O6-methylguanine-DNA methyl-
transferase (MGMT), exonuclease 1, and DNA mismatch
repair (MMR) protein MutS Homolog 6 (MSH6) also play
an important role in alkylating agent-induced cell death
(15). Alkylating agents induce PARP-1 activation, but an
early report suggests that PARP-1 activation is not suffi-
cient to mediate cell death (13). Interestingly, alkyladenine
DNA glycosylase (MPG) is involved in alkylating agent-
induced tissue damage in vivo, which is prevented by PARP-
1 loss (16). Together, the precise role of PARP-1 in alkylat-
ing agent-induced cancer cell death and its signaling regu-
lation are far not clear.

In the present study, we showed that PARP-1 is re-
quired for alkylating agents-induced PARthanatic cancer
cell death and identified lysine demethylase 6B (KDM6B)
as a key regulator of PARthanatos. Upon alkylating agent
treatment, KDM6B increased DNA damage by repressing
both MGMT-mediated direct DNA repair and checkpoint
response associated DNA repair, leading to PARP-1 hy-
peractivation and subsequent PARthanatic cell death. In-
hibition of MGMT or checkpoint response sensitized cells
to PARthanatos induced by alkylating agents. These find-
ings unravel an epigenetic mechanism that controls PARP-
1-dependent DNA repair vs. cell death pathways and pre-
dicts cancer cell vulnerability to alkylating agents.

MATERIALS AND METHODS

Plasmid constructs

Full-length and C-terminal truncated KDM6B cDNA
was amplified by PCR from KDM6B plasmids (Ad-
dgene, #21212 and #21214) and subcloned into pLVX-
Ubc-FLAG vector. Full-length MGMT cDNA was am-
plified by PCR and cloned into cFUGW-3xFlag-N vec-
tor. Catalytically inactive MGMT mutant was generated
by site-directed mutagenesis PCR. Full-length human X-
Ray Repair Cross Complementing 1 (XRCC1) cDNA
was amplified by PCR and cloned into pLVX-Ubc-FLAG
vector. DNA oligonucleotides of the single guide RNA
(sgRNA) targeting human KDM6B, PARP-1, MGMT or

XRCC1 (Supplementary Table S1) were annealed and lig-
ated into BsmBI-linearized lentiCRISPRv2 vector (Ad-
dgene, #52961). Other plasmids have been described pre-
viously (8,17). All recombinant plasmids were verified by
Sanger sequencing.

Cell culture

HeLa (ATCC, CCL-2), MCF-7 (ATCC, HTB-22), MDA-
MB-231 (gift from Rolf Brekken, UT Southwestern, Dallas,
TX, USA), HEK293T and SUM159 cells (gifts from Gregg
L. Semenza, Johns Hopkins University, Baltimore, Mary-
land, USA) were cultured in DMEM or DMEM/Ham’s
F-12 supplemented with 10% heat-inactivated fetal bovine
serum at 37◦C in a 5% CO2/95% air incubator. All KO
cell lines were generated using the CRISPR/Cas9 technique
and genotyped as described (18). All cell lines were annually
tested to be mycoplasma-free and authenticated by STR
DNA profiling analysis during 2016–2017.

Clonogenic assay

300 cells/well were seeded on a 24-well plate and treated
with indicated drugs for 10 days. Colonies were washed
with phosphate-buffered saline (PBS), fixed with 100%
methanol, and stained with 0.01% crystal violet. Colony
numbers were counted for quantification.

Cell death assay

2 × 105 cells/well were seeded on a 12-well plate and pre-
treated with vehicle, cell death inhibitors, PARP inhibitors,
or Chk1 inhibitor GDC0575 (50 nM) for 30 min, or MGMT
inhibitor O6-benzylguanine (BG, 200 �M) for 24 h, fol-
lowed by the treatment of MNNG (50 �M, 15 min) or
methyl methanesulfonate (MMS, 2 mM, 1 h) in the pres-
ence or absence of indicated inhibitors. After the treatment
with alkylating agents, cells were changed to fresh medium
with or without indicated inhibitors for continuous incuba-
tion for 24–96 h. Cells were stained with 2 �M propidium
iodide (PI) and 7 �M Hoechst 33342 (ThermoFisher) for 5–
10 min and imaged under a Zeiss Observer Z1 microscope.
The numbers of total and PI-positive cells were quantified
as described (8,9).

CRISPR screening and bioinformatics analysis

HeLa cells were transduced overnight at a MOI of 0.4 with
a pooled genome-wide CRISPR KO (GeCKO v2) library
A or B (Addgene) containing a total of 122 411 sgRNAs
(6 sgRNAs per gene, 4 sgRNAs per miRNA and 1000 con-
trol sgRNAs). After puromycin (1 �g/ml) selection, cells
were treated with MNNG (75 �M) for 15 min, followed by
continuous incubation with fresh medium for 3 days. The
majority of cells died 24 h after treatment. The survived
cells were pooled and subjected to genomic DNA extrac-
tion. The sgRNA library was amplified by two steps of PCR
as described previously (19). Samples were sequenced on
Illumina NextSeq 500 with read configuration as 150 bp,
single end. The fastq files were subjected to quality check
using fastqc (version 0.11.2, http://www.bioinformatics.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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babraham.ac.uk/projects/fastqc) and fastq screen (version
0.4.4, http://www.bioinformatics.babraham.ac.uk/projects/
fastq screen), and adapters trimmed using an in-house
script. The reference sgRNA sequences for human GeCKO
v2.0 (A and B) were downloaded from Addgene (https://
www.addgene.org/pooled-library/). The trimmed fastq files
were mapped to reference sgRNA library using MAGeCK
(20). Further, read counts for each sgRNA were gener-
ated and median normalization was performed to adjust
for library sizes. Positively and negatively selected sgRNA
and genes were identified using the default parameters of
MAGeCK.

RNA-seq

RNA-seq was performed as described previously (17). To-
tal RNA was isolated from parental, KDM6B KO2, and
KDM6B rescue HeLa cells using the RNeasy mini kit (Qi-
agen) and treated with DNase (Qiagen). The quality of to-
tal RNA was confirmed with a RNA integrity number score
8.5 or higher by the Agilent Tapestation 4200. mRNAs were
used for library preparation with a Kapa mRNA Hyper-
Prep kit (Roche) and sequenced on the Illumina NextSeq
500 with the read configuration as 76 bp, single end. Reads
were mapped to the hg19 (UCSC version from igenomes)
using Tophat and annotated using a custom R script using
the UCSC known Genes table as a reference. Read counts
were generated using feature Counts and the differential ex-
pression analysis was performed using edgeR (false discov-
ery rate (FDR) < 0.05 and mRNA fold change > 2 as cut-
offs), as described previously (17).

Immunoblot assay

Cells were lyzed in modified lysis buffer (50 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 1 mM �-mercaptoethanol,
1% Igepal and protease inhibitor cocktail) on ice for
30 min. The equal amount of proteins were sepa-
rated on SDS-PAGE gel and transferred to nitrocellu-
lose membrane. The membrane was blocked with 5%
milk and incubated overnight with primary antibodies:
anti-Flag antibody (Sigma, F3165), anti-MGMT anti-
body (Proteintech, 17195-1-AP), anti-PAR antibody (Tre-
vigen, 4336-BPC-100), anti-PARP-1 antibody (Protein-
tech, 22999-1-AP), anti-�H2AX antibody (Millipore, 05-
636), anti-H2AX antibody (Proteintech, 10856-1-AP), anti-
phospho-Chk1 (Ser345) antibody (Cell Signaling Tech-
nology, 2348), anti-phospho-RPA32 (Ser33) (Fisher, 50-
155-7198), anti-RPA70 (Santa Cruz, SC166023), anti-
phospho-ATR (Thr1989) antibody (Cell Signaling Technol-
ogy, 30632S), anti-ATR antibody (Cell Signaling Technol-
ogy, 13934S), anti-phospho-ATM (Ser1981) (D6H9) (Cell
Signaling Technology, 5883S), anti-ATM (Cell Signaling
Technology, 92356S), anti-phospho-Chk1 (Ser296) anti-
body (Cell Signaling Technology, 2349S), anti-Chk1 anti-
body (Santa Cruz, sc-8408), anti-phospho-Chk2 (Thr68)
(C13C1) antibody (Cell Signaling Technology, 2197S), anti-
phospho-Chk2 (D9C6) antibody (Cell Signaling Technol-
ogy, 6334S), anti-PP2A antibody (Proteintech, 10321-1-
AP), anti-H3K27me3 (Cell Signaling Technology, 9733S),

anti-XRCC1 antibody (Proteintech, 21468-1-AP), anti-
MSH2 antibody (25D12) (Santa Cruz, sc-56163), anti-
MSH6 antibody (F-1) (Santa Cruz, sc-271979), or anti-
actin antibody (Proteintech, 66009-1-AP) at 4◦C, followed
by donkey anti-mouse or goat anti-rabbit IgG conjugated
to HRP for 1 h at room temperature. After washing, the
immune complexes were detected by the SuperSignal West
Pico Chemiluminescent Substrate (Fisher, P134578) and
imaged by ChemiDoc system (Bio-Rad).

Immunostaining assay

Cells were fixed with 4% paraformaldehyde, permeabilized
with 0.05% Triton X-100, and blocked with 3% BSA in
PBS. For O6 methylguanine (O6 MeG) staining, cells were
fixed with methanol for 15 min at room temperature, re-
hydrated in saline sodium citrate buffer (300 mM NaCl,
30 mM sodium citrate), and treated with RNase A (200
�g/ml) plus RNase T (50 units/ml) for 1 h at 37◦C. Cells
were then washed with NaCl (140 mM) and denatured
by alkali treatment (70 mM NaOH, 140 mM NaCl in
40% ethanol) for 5 min at 0◦C. After washing with PBS,
cells were blocked with 20% BSA in PBS for 20 min.
Next, cells were incubated overnight with anti-Flag anti-
body (Sigma, F3165,1:2000), anti-MGMT antibody (Pro-
teintech, 67476-1-lg, 1:500), anti-apoptosis-inducing fac-
tor (AIF) E-1 (Santa Cruz, sc-13116) or anti-O6-Methyl-
2-deoxyguanosine (EM2-3) (AxxoRA, SQX-SQM003.1) at
4◦C, washed with PBS with 0.1% Tween-20 for 3 times, and
incubated with Alexa488 donkey anti-mouse IgG (1:1000)
or Cy3 donkey anti-rabbit IgG (1:1000) for 90–120 min in
dark. After washing for three times, cells were incubated
with DAPI (1:1000) for 10 min. Cells were washed again and
mounted with anti-fade mounting medium. Immunofluo-
rescent analysis was carried out with a Zeiss Observer Z1
fluorescence microscope.

MGMT promoter methylation assay

MGMT promoter methylation was determined as de-
scribed previously (21). Briefly, genomic DNA was iso-
lated from parental and KDM6B KO2 HeLa cells and
subjected to bisulfite modification by EpiMark® Bisul-
fite Conversion Kit according to the manufacturer’s in-
structions (New England Biolabs, E3318S). The converted
DNA was eluted in DNase/RNase-free water and exam-
ined by PCR using SYBR Green PCR Master Mix (Bio-
Rad) and primers listed in Supplementary Table S2. Ge-
nomic DNA treated with a CpG Methyltransferase M.SssI
(New England Biolabs) served as positive control. Genomic
DNA without bisulfite conversion was used as a negative
control. PCR products were separated on nondenaturated
6% polyacrylamide gels and imaged by ChemiDoc system
(Bio-Rad).

In vitro MGMT methyltransferase activity assay

MGMT methyltransferase activity was determined by
MGMT assay kit (MD0100, Sigma-Aldrich). Briefly,
scrambled control (SC) and KDM6B KO2 HeLa cells were
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pretreated with vehicle or BG (200 �M) for 30 min and
lysed in the modified lysis buffer (50 mM Tris, pH 7.5, 1mM
EDTA, 1 mM DTT, 5% Glycerol, 50 mM NaCl). The result-
ing lysates were incubated with a 23-bp customized biotin-
labeled DNA substrate containing an O6 MeG next to the
PstI cleavage site (Sigma) for 2 h at 37◦C. Then the reac-
tion was stopped at 65◦C for 5 min. The resulting DNA
purified via phenol/chloroform/isoamyl alcohol (25:24:1)
with 10 �g yeast tRNA serving as a carrier was incubated
with PstI at 37◦C for 1 h (10 �l reaction system). The re-
action was stopped by 5 �l FBXE buffer (90% Formamide,
0.1% (w/v) Bromophenol blue, 0.1% xylene cyanole, 20 mM
EDTA), heated at 95◦C for 5 min and quickly chilled on ice,
followed by separation on 20% 7 M urea SDS-PAGE gel
and immunoblot assay with anti-Biotin antibody (Thermo
Fisher Scientific, 692033).

Cell cycle analysis

HeLa cells (1.5 × 105/well) were seeded overnight onto
a 12-well plate. Next day, cells were treated with 50 �M
MNNG for 15 min at 37◦C, washed, and incubated with
fresh complete media. Then cells were trypsinized and fixed
at 2, 4, 6, 8, 15 and 22 h after MNNG treatment. All cells
were labeled with 10 �M EdU at 37◦C for 2 h right be-
fore the fixation and further conjugated to Alexa Fluor
488 azide by CuSO4-mediated click chemistry reaction for
30 min at room temperature in dark using the Click-iT
Plus EdU Alexa Fluor 488 Flow Cytometry Assay Kit in
a 500 �l reaction volume per sample (Thermo Fisher Sci-
entific, C10632). After washing, cells were resuspended in
500 �l buffer containing 50 �g/ml RNase (Sigma, 70856)
and 2 �g/ml PI (Sigma, P4864), and incubated for 30
min at room temperature in dark. Cells were analyzed
on a CytoFlex Flow Cytometer (Beckman Coulter), and
the acquired cell cycle data were analyzed using FlowJo
version 10.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) assay

Total RNA was isolated using TRIzol reagent (Ther-
moFisher) and cleaned with RNase-free DNase I (Ther-
moFisher). cDNA was synthesized with M-MuLV Reverse
Transcriptase (200 U/�l, New England Biolabs). Real-time
PCR was performed by a CFX-96 real-time system (Bio-
Rad) using iTaq universal SYBR green supermix (Bio-Rad)
with primers listed in Supplementary Table S2. mRNA ex-
pression was quantified as described previously (17).

Statistical analysis

Statistical evaluation was performed by unpaired two-tailed
Student’s t test between two groups and by one- or two-
way ANOVA with Tukey’s multiple comparisons, Dun-
nett’s multiple comparisons or Sidak’s multiple compar-
isons within multiple groups as indicated using Graph-
Pad Prism 8.0 software. Data are shown as mean ± SEM.
P < 0.05 is considered significant.

RESULTS

PARP-1 is required for alkylating agent-induced cell death in
cancer cells

Alkylating agents including SN1-type alkylating agent
MNNG and SN2-type alkylating agent MMS induced
DNA damage and cell death in cancer cells (Supplemen-
tary Figure S1A–D). To determine which cell death path-
way is responsible for alkylating agent-induced cancer cell
death, we screened cell death inhibitors in human cervi-
cal cancer HeLa cells treated with DMSO or MNNG (50
�M). Inhibitors for apoptosis (z-VAD, 10 �M), necroptosis
(necrostatin-1, 10 �M), and autophagy (3-methyladenine
[3-MA], 10 mM) all failed to inhibit MNNG-induced cell
death (Figure 1A). In contrast, MNNG-induced cell death
was fully prevented by PARP inhibitor DPQ (30 �M) or
Olaparib (10 �M) (Figure 1A). PARP-1 senses DNA dam-
age for its activation. PAR formation determined by anti-
PAR antibody showed that MNNG treatment for 15 min
robustly induced PARP-1 activation in HeLa cells, which
was completely blocked by DPQ (30 �M) (Figure 1B). To
further confirm the role of PARP-1 in alkylating agent-
induced cell death, we generated and validated PARP-1 pro-
tein knockdown (KD) in HeLa cells using its small interfer-
ing RNAs (siRNAs) (Figure 1C). Similar to pharmacolog-
ical interventions, PARP-1 KD also fully blocked MNNG-
induced HeLa cell death (Figure 1D and E).

We next studied whether this PARP-1-dependent cell
death is also applied to other human cancer cells. Hu-
man breast cancer MDA-MB-231 cells were treated with
MNNG (100 �M) for 15 min in the presence or absence
of PARP inhibitor DPQ (30 �M) and cell death was as-
sessed by PI/Hoechst staining 24 h after treatment. In line
with results in HeLa cells, MNNG treatment killed MDA-
MB-231 cells, which was blocked by DPQ (Figure 1F). Sim-
ilar effects were also observed in MCF-7 and SUM159 cells
(Supplementary Figure S1C). DPQ treatment also abol-
ished MNNG-induced PARP-1 activation in MDA-MB-
231 cells (Figure 1G). Again, genetic knockout (KO) of
PARP-1 prevented MNNG-induced PAR formation and
cell death in MDA-MB-231 cells (Figure 1H and I). Finally,
we studied the effect of PARP-1 on other alkylating agents-
induced cell death. To this end, we treated MDA-MB-231
cells with MMS (2 mM) or vehicle. Treatment of MMS
rapidly increased PAR formation in a time-dependent man-
ner with peak observed at 40 min and caused DNA dam-
age as �H2AX was remarkable increased 6 h after treat-
ment (Supplementary Figure S1B and E). Pretreatment of
DPQ (30 �M) blocked MMS-induced PARP-1 activation
and cell death in MDA-MB-231 cells (Supplementary Fig-
ure S1D and F). Collectively, these findings indicate that
alkylating agents activates PARP-1 to induce cancer cell
death (PARthanatos).

Identification of KDM6B as a key cell death regulator of
PARthanatos

To unbiasedly identify key mediators controlling
PARthanatos in response to alkylating agents, we per-
formed a genome-wide CRISPR/Cas9 screening in HeLa
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Figure 1. PARP-1 is required for alkylating agent-induced cancer cell death. (A) Representative cell death images in HeLa cells treated with DMSO or
MNNG (50 �M, 15 min) for 24 h in the presence or absence of cell death inhibitors DPQ (30 �M), Olaparib (10 �M), z-VAD (10 �M), necrostatin-1
(10 �M), 3-methyladenine (3-MA, 10 mM). Scale bar, 20 �m. (B) Immunoblot analysis of PARP-1 activation in HeLa cells treated with vehicle (−) or
MNNG (50 �M) for 15 min in the presence or absence of DPQ (30 �M). (C) Immunoblot analysis of PARP-1 knockdown (KD) in HeLa cells (top).
PARP-1 protein levels are quantified (bottom, mean ± SEM, n = 3). ****P < 0.0001 versus control by one-way ANOVA Dunnett’s multiple comparisons
test. CTL, control. NT, non-target. (D and E) Representative cell death images in control, NT, and PARP-1 KD HeLa cells treated with DMSO or MNNG
for 24 h (D). Cell death is quantified in E (mean ± SEM, n = 3). Scale bar, 20 �m. ****P < 0.0001 vs. control by two-way ANOVA Sidak’s multiple
comparisons test. (F) Representative cell death images in MDA-MB-231 cells treated with DMSO or MNNG (75 �M, 15 min) for 24 h in the presence or
absence of DPQ. Scale bar, 20 �m. PI/H, propidium iodide/Hoechst staining. TL, transmission light. (G) Immunoblot analysis of PARP-1 activation in
MDA-MB-231 cells treated with vehicle (−) or MNNG for 15 min in the presence or absence of DPQ. (H) Representative cell death images in wildtype
(WT) and PARP-1 KO MDA-MB-231 cells treated with MNNG (75 �M, 15 min) for 24 h. Scale bar, 20 �m. (I) Immunoblot analysis of PARP-1 activation
in WT and PARP-1 KO MDA-MB-231 cells treated with MNNG for 15 min.

cells (Figure 2A). HeLa cells were transduced with pooled
genome-wide CRISPR KO (GeCKO v2) libraries A and B
containing 122 411 sgRNAs. After puromycin selection,
cells were then treated with MNNG (75 �M) for 15 min
to trigger PARthanatos. The survived cells resistant to
PARthanatos were harvested for genomic DNA isolation
and deep sequencing, which identified 18 enriched sgRNA
hits (Figure 2B). Given that two highly enriched KDM6B
sgRNAs were identified from the screening, KDM6B,
which is a histone H3K27 demethylase, was selected as a
top candidate for further studies. To validate the screening
results, we generated two independent KDM6B KO HeLa

cell lines by the CRISPR/Cas9 technique and these KO
cells were confirmed by Sanger sequencing (Figure 2C;
Supplementary Figure S2A). KDM6B KO1 or KO2 signif-
icantly inhibited MNNG-induced PARthanatos in HeLa
cells (Supplementary Figure S2B and C).

To determine whether the H3K27 demethylase activ-
ity of KDM6B is required for alkylating agent-induced
PARthanatos, we next generated KDM6B rescue cells ex-
pressing C-terminal wildtype (WT-C) or catalytically in-
active (H1390A) KDM6B truncate (mut-C) (Figure 2D,
Supplementary Figure S2D) (22). KDM6B KO2 increased
H3K27me3 in HeLa cells (Supplementary Figure S2E). In
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Figure 2. Identification of KDM6B as a key regulator of PARP-1-dependent cell death. (A) The scheme of the CRISPR screening. (B) Top 18 hits including
KDM6B were identified from the screening. Red, >105 000 reads. Pink, > 200 reads. Purple, >10 reads. Gray,≥1 read. (C) Genotyping of KDM6B KO2
HeLa cells. (D) Immunoblot analysis of scrambled control (SC), KDM6B KO, and C-terminal WT-KDM6B (WT-C) as well as its H1390A mutant (mut-
C) rescue HeLa cells. Numbers indicate the signal intensity. (E and F) Representative cell death images in SC, KDM6B KO2, and rescued HeLa cells 24
h after the treatment with DMSO or MNNG (50 �M, 15 min) (E). PI-positive cells are quantified in (F) (mean ± SEM, n = 4–7). Scale bar, 20 �m.
PI/H, propidium iodide/Hoechst staining. TL, transmission light. ****P < 0.0001 by two-way ANOVA Sidak’s multiple comparisons test. (G and H)
Representative colony survival in SC, KDM6B KO2, and rescued HeLa cells treated with vehicle, MNNG (2 �M), TMZ (250 �M), Cyclophosphamide
(CP, 500 �M), and Carmustine (25 �M) for 10 days (G). Colony numbers are quantified in H (mean ± SEM, n = 2–12). *P < 0.05; ***P < 0.001;
****P < 0.0001 versus DMSO by two-way ANOVA Tukey’s multiple comparisons test.

line with previous studies (23), WT-C but not H1390A
KDM6B mut-C showed the H3K27 demethylase activity
because it eliminated H3K27me3 in HeLa cells (Figure
2D), indicating the specificity of these KO and rescued
cell lines. As expected, MNNG treatment robustly induced
PARthanatos in HeLa cells, which was blocked by KDM6B
KO2 (Figure 2E and F). Ectopic expression of KDM6B
WT-C sensitized KO2 cells to MNNG treatment, whereas

catalytically inactive KDM6B-C mutant failed to do so
(Figure 2E and F).

Clonogenic assay showed that KDM6B KO preserved
HeLa cell survival against MNNG treatment, which was re-
versed by KDM6B WT-C but not H1390A mut-C (Figure
2G and H). Similarly, alkylating agents, which are currently
used in the clinic, including TMZ (250 �M), Cyclophos-
phamide (500 �M), and Carmustine (25 �M), significantly
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reduced colony numbers. KDM6B KO conferred HeLa cells
resistance to the treatment of these alkylating agents (Fig-
ure 2G and H). Overexpression of WT, but not catalyt-
ically inactive KDM6B-C H1390A mutant, re-sensitized
KDM6B KO cells to these alkylating agents (Figure 2G
and H). In parallel, we also generated HeLa cells expressing
empty vector (EV) or full-length WT-KDM6B or catalyt-
ically inactive KDM6B H1390A (Supplementary Figure
S2D and F). Consistent with H1390A mut-C, full-length
KDM6B H1390A mutant lost its H3K27 demethylase ac-
tivity as indicated by high H3K27me3 staining in cells and
blocked MNNG-induced PARthanatos in HeLa cells (Sup-
plementary Figure S2G and H). Taken together, these find-
ings identified KDM6B as a key regulator of PARthanatos,
which requires its H3K27 demethylase activity.

KDM6B suppresses MGMT expression via its H3K27
demethylase activity and regulates alkylating agent-induced
PARP-1 activation and DNA damage

To dissect the mechanism by which KDM6B facilitates
PARthanatos in response to alkylating agents, we analyzed
KDM6B transcriptome in parental, KDM6B KO2, and
rescued WT or mutant KDM6B HeLa cells by RNA-seq.
KDM6B upregulated 811 genes but downregulated 690
genes (FDR < 0.05 and fold change > 2 as cutoffs, Figure
3A). 290 out of 811 upregulated genes and 250 out of 690
downregulated genes were rescued by WT KDM6B (fold
change > 1.5 as cutoff, Figure 3B). Importantly, the ma-
jority of rescued genes were regulated by H3K27 demethy-
lase activity (Figure 3C). In parallel with RNA-sequencing
study, we found that KDM6B regulated PARP-1 activa-
tion following MNNG treatment in a time-dependent man-
ner in HeLa SC cells (Figure 3D). KDM6B KO signifi-
cantly reduced PARP-1 activation and PAR formation (Fig-
ure 3D). In line with that, DNA damage marker �H2AX
was also elevated in a time-dependent manner after MNNG
treatment, which was greatly inhibited in KDM6B KO2
cells (Figure 3D). Thus, MGMT was identified as a top
gene candidate that was repressed by KDM6B through the
H3K27 demethylase activity (Figure 3B). MGMT is a key
de-alkylating enzyme that transfers a methyl group from
the O6 MeG to its own active residue cysteine 145 lead-
ing to a direct repair of guanine, and subsequently methy-
lated MGMT protein is degraded at the proteasome (24).
We speculated that MGMT impairs the effect of alkylating
agents on DNA damage response, PARP-1 activation, and
PARthanatos in KDM6B KO cells.

To validate RNA-seq results, we performed qRT-PCR
assay in SC and KDM6B KO2 HeLa cells and found
KDM6B KO2 remarkably increased MGMT mRNA ex-
pression, which was not altered upon MNNG treatment
(Figure 3E; Supplementary Figure S3A). MGMT protein
levels were also upregulated in KDM6B KO2 HeLa cells
but declined 4 h after MNNG treatment (Figure 3D), which
is consistent with the previous finding that MGMT is de-
graded at the proteasome after repairing damaged DNA
(24). In contrast, other nucleic acid demethylases includ-
ing ALKBH1-9, DNA glycosylase MPG, and endonucle-
ase APE1, which are also known to be involved in alkylat-
ing agent-induced DNA damage (16), were not regulated

by KDM6B in HeLa cells (Figure 3E). Further, our rescue
study showed that expression of WT KDM6B-C but not
H1390A mutant reversed induction of MGMT mRNA and
protein conferred by KDM6B KO2 in HeLa cells (Figure 3F
and G). Similarly, ectopic expression of full-length KDM6B
but not H1390A mutant inhibited MGMT mRNA and pro-
tein expression (Figure 3H and I). Immunostaining assay
further confirmed inhibition of MGMT expression at the
nucleus by KDM6B through its H3K27 demethylase ac-
tivity (Figure 3J). We next employed KDM6B inhibitor
GSK-J4 and found that treatment of GSK-J4 (1–10 �M)
increased MGMT protein levels in both HeLa and A549
cells (Figure 3K; Supplementary Figure S3B). In line with
these in vitro results, KDM6B expression was negatively
correlated with MGMT expression in 1210 human pan tu-
mors (r = −0.20) and 160 glioblastoma multiforme tu-
mors (r = −0.32) from the TCGA cohort as determined by
Pearson correlation analysis (P < 0.0001) (Supplementary
Figure S3C and D). These findings support that KDM6B
suppresses MGMT expression via its H3K27 demethylase
activity.

KDM6B regulates DNA methylation at the MGMT pro-
moter and inhibits MGMT expression and methyltransferase
activity

To understand the mechanism underlying KDM6B-
repressed MGMT transcription, we assessed whether
KDM6B controls DNA methylation at the MGMT
promoter. Strong DNA methylation was detected at the
MGMT promoter in WT HeLa cells, but not KDM6B KO2
cells (Figure 3L and M). Consistently, the PCR product of
the unmethylated MGMT promoter was significantly in-
creased in KDM6B KO2 cells (Figure 3L and M). KDM6B
KO2 had no effect on promoter methylation of the ACTB
gene (encoding �-actin), indicating the specific role of
KDM6B in MGMT methylation (Figure 3L). Together,
these findings indicate that KDM6B increases methylation
of the MGMT promoter to repress MGMT expression.

We next studied whether MGMT repression by KDM6B
leads to a reduction of MGMT methyltransferase activ-
ity. Whole cell lysates from KDM6B KO2 and SC HeLa
cells were incubated with a biotin-labeled DNA substrate
with a methylated guanine at its O6-position. Once the
methylated DNA substrate is converted by MGMT into un-
methylated form, it can be cut by the restriction enzyme
PstI, leading to reduced biotin signal. We found that biotin-
labeled DNA levels were decreased by about 40% when in-
cubated with KDM6B KO2 cell lysates as compared with
SC cell lysates, which was completely reversed by a specific
MGMT inhibitor BG, a pseudo substrate for MGMT (Fig-
ure 3N). These results indicate that KDM6B loss leads to
the increased expression and methyltransferase activity of
MGMT.

MGMT inhibition re-sensitizes KDM6B-deficient cells to
alkylating agent-induced PARthanatos

To determine the role of MGMT in KDM6B KO-induced
resistance to PARthanatos in response to alkylating agents,
we treated SC and KDM6B KO2 HeLa cells with MGMT
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Figure 3. KDM6B regulates PARP-1 activation and MGMT expression. (A and B) Volcano plots of KDM6B target genes in HeLa cells. Log2FC represents
the fold change of mRNA expression in SC/KDM6B KO. n = 2. (C) Venn diagram of KDM6B rescued target genes in HeLa cells. (D) Immunoblot analysis
of PAR and DNA damage-related proteins in SC and KDM6B KO2 HeLa cells treated with vehicle (−) or MNNG for indicated time. (E) RT-qPCR
analysis of indicated genes in SC and KDM6B KO2 HeLa cells (mean ± SEM, n = 3–6). **P < 0.01 by unpaired two-tailed Student’s t test. (F) RNA-seq
analysis of MGMT expression in SC, KDM6B KO2, and rescued HeLa cells (mean ± SEM, n = 4). ****P < 0.0001 by one-way ANOVA Sidak’s multiple
comparisons test. (G) Immunoblot analysis of MGMT in SC, KDM6B KO2, and rescued HeLa cells. (H) RT-qPCR analysis of MGMT expression in
HeLa cells expressing EV, WT KDM6B, or catalytically mutant (mut) KDM6B (mean ± SEM, n = 6–12). *P < 0.05; ****P < 0.0001 vs. EV by one-way
ANOVA Dunnett’s multiple comparisons test. (I) Immunoblot analysis of indicated proteins in HeLa cells expressing full-length WT or H1390A KDM6B.
(J) Representative KDM6B and MGMT immunostaining images in HeLa cells expressing WT or catalytically mutant KDM6B. Scale bar, 20 �m. (K)
Immunoblot analysis of MGMT in HeLa cells treated with or without GSK-J4 for 72 h. (L and M) Representative DNA PAGE gels of methylated and
unmethylated MGMT promoters in WT and KDM6B KO2 HeLa cells (L). DNA intensity is quantified in M (mean ± SEM, n = 4). ****P < 0.0001 by
two-way ANOVA Sidak’s multiple comparisons test. (N) In vitro MGMT activity assay. The assay strategy is shown on the top. Immunoblot analysis of
biotin is shown at the bottom. Numbers indicate the signal intensity.
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inhibitor BG (200 �M) with or without MNNG. As ex-
pected, pre-treatment of BG for 24 h specifically depleted
MGMT protein in HeLa cells, as MNNG treatment did
(Figure 4A). MNNG effectively caused death of SC but not
KDM6B KO2 HeLa cells 24 h after treatment (Figure 4B
and C). MGMT inhibition by BG treatment robustly killed
MNNG-resistant KDM6B KO2 HeLa cells at 72 h, but not
24 h, after MNNG treatment (Figure 4B and C). Treat-
ment of BG alone for up to 96 h had the marginal effect on
death of both SC and KDM6B KO2 cells (Figure 4B and
C). In line with pharmacological inhibition, genetic dele-
tion of MGMT also significantly reversed HeLa cell sur-
vival conferred by KDM6B loss under MNNG treatment
conditions (Figure 4D–F). In contrast, MNNG-induced
PARthanatos was significantly reduced by overexpression
of WT MGMT but not DNA methyltransferase inactive
MGMT C145A mutant (Supplementary Figure S4A and
B). In parallel, we found that BG treatment reduced endoge-
nous MGMT protein levels and also re-sensitized KDM6B
KO2 cells to MMS (Supplementary Figure S4C and D).
Likewise, genetic deletion of MGMT also significantly re-
sensitized KDM6B KO cells to MMS treatment (Supple-
mentary Figure S4E and F). However, MMS treatment
alone had little if any on MGMT or MPG protein levels
(Supplementary Figure S4G). Together, these findings indi-
cate that MGMT contributes to KDM6B KO cell resistance
to alkylating agents.

AIF translocation from mitochondria to nucleus follow-
ing PARP-1 hyperactivation is a hallmark of PARthanatos
(7,8,25). To further study whether KDM6B represses
MGMT expression to promote alkylating agent-induced
PARthanatos, AIF nuclear translocation was studied in
KDM6B KO cells in the presence or absence of MGMT
inhibitor BG following MNNG treatment. As expected,
MNNG treatment (50 �M, 15 min) caused AIF nuclear
translocation 4 h post treatment as indicated by the pur-
ple overlay of AIF (red) and a nuclear marker DAPI (blue)
(Figure 4G and H), which is highly consistent with our pre-
vious reports (8,26). KDM6B KO significantly reduced AIF
nuclear translocation, which was robustly reversed by the
treatment of MGMT inhibitor BG (200 �M, pretreatment
for 24 h) (Figure 4G and H). The treatment of PARP in-
hibitor Olaparib (10 �M) inhibited MNNG-induced AIF
nuclear translocation in both SC and KDM6B KO cells
with BG treatment (Figure 4G and H). These data sup-
port that KDM6B regulates PARthanatos via repressing
MGMT expression.

KDM6B regulates O6 MeG-triggered PARP-1 activation
and PARthanatos via controlling MGMT expression

We next studied the effect of low and high doses of alkylat-
ing agents including MNNG, MMS and TMZ on O6 MeG
levels (Supplementary Figure S5A and B). We found that
MNNG (25 �M, 15 min) efficiently increased O6 MeG lev-
els in all HeLa cells, whereas MMS (2 mM) increased O6

MeG to a much lesser degree (<10% positive cells, Sup-
plementary Figure S5A and B). The low dose of MNNG
(2 �M, 15 min) had a comparable capacity with TMZ at
the concentration of 250 �M, but not 2 �M, which moder-
ately increased O6 MeG levels 2 h post treatment (Supple-
mentary Figure S5A and B). Further, we studied the time-

line of O6 MeG generation at 0 min, 20 min, 45 min, 2 h
and 6 h post 25 �M MNNG treatment in SC cells (Figure
5A and B, Supplementary Figure S5A and B). We found
that O6 MeG levels were immediately increased at 0 min
post MNNG treatment and cannot be completely cleared
for at least 6 h in SC cells (Figure 5A and B, Supplemen-
tary Figure S5A and B). At 20 min post 25 �M MNNG
treatment, KDM6B KO, which enhanced MGMT expres-
sion and methyltransferase activity, significantly reduced O6

MeG levels and further reduced at 2 and 6 h post MNNG
treatment (Figure 5A and B). Inhibition of MGMT by BG
(200 �M, 24 h pre-treatment) or genetic deletion completely
prevented O6 MeG removal in KDM6B KO HeLa cells dur-
ing 0–6 h post treatment (Figure 5A and B). In contrast,
PARP inhibitor Olaparib had no obvious effect on MNNG-
induced O6 MeG levels (Figure 5A and B). These data indi-
cate that KDM6B suppresses O6 MeG removal after alky-
lating agent exposure via repressing MGMT expression.

Next, we studied whether MGMT blocks PARP-
1 activation by directly eliminating alkylating agent-
induced O6 MeG in KDM6B KO cells. To this end,
PARP-1 activation was determined in MGMT-deficient
and MGMT-upregulated (KDM6B KO) cells as well as
KDM6B/MGMT double KO (DKO) cells at different time
points post MNNG treatment. PAR formation was in-
creased immediately (0 min) after the treatment of MNNG
(25 �M, 15 min) and then quickly decreased after 20 min in
HeLa SC cells (Figure 5C). PAR levels were much higher in
MGMT KO cells at 20 min (>2-fold increase) and 40 min
(1.4-fold increase) post MNNG treatment, whereas PAR
levels at 0 min induced by MNNG treatment in MGMT
KO cells were saturated with only moderate increase than
that of SC cells (Figure 5C), indicating that inhibition of
O6 MeG removal by MGMT KO prolongs PARP-1 acti-
vation and PAR clearance. We then employed a high dose
of MNNG (50 �M) that was used for cell death assay.
MNNG-induced PAR formation was robustly decreased
in KDM6B KO2 HeLa cells that mimics MGMT overex-
pression, which was reversed by MGMT KO 30 min af-
ter MNNG treatment (Figure 5D). A weak PAR signal
was even detected in KDM6B/MGMT DKO cells 4 h af-
ter MNNG treatment (Figure 5D). Likewise, BG treatment
moderately increased PAR levels in KDM6B KO2 cells im-
mediately after MNNG treatment (Supplementary Figure
S5C), although BG or MGMT KO alone marginally in-
creased PAR formation (Figure 5D; Supplementary Figure
S5C). In line with PARP-1 activation, MNNG treatment
increased DNA damage in SC cells as indicated by higher
�H2AX levels 2–4 h after treatment, which was enhanced
by MGMT KO but attenuated by KDM6B KO (Figure 5C
and D). Importantly, MGMT KO or BG treatment restored
MNNG-induced �H2AX levels in KDM6B KO2 cells (Fig-
ure 5D; Supplementary Figure S5D). Lastly, we found that
treatment of PARP-1 inhibitor DPQ dramatically inhibited
MNNG-induced PAR formation in SC and KDM6B KO2
HeLa cells even in the presence of BG and prevented cell
death not only from MNNG alone but also from MNNG
plus BG in HeLa cells (Supplementary Figure S5C and E),
indicating that PARP-1 activation is a downstream event of
O6 MeG formation. Collectively, these data indicate that
alkylating agent-induced O6 MeG triggers PARP-1 acti-
vation and subsequent PARthanatos, which is augmented
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Figure 4. Pharmacological inhibition or deletion of MGMT sensitizes KDM6BKO cells to alkylating agents. (A) Immunoblot analysis of MGMT in SC
and KDM6B KO2 HeLa cells 6 h after the treatment of MNNG (50 �M, 15 min) and/or BG (200 �M). (B and C) Representative cell death images in SC
and KDM6B KO2 HeLa cells 72 h after treatment with MNNG and/or BG (B). PI-positive cells are quantified in C (mean ± SEM, n = 3). ****P < 0.0001
by two-way ANOVA Tukey’s multiple comparisons test. ns, not significant. (D) Immunoblot analysis of MGMT in SC, KDM6B KO2, MGMT KO, and
KDM6B/MGMT DKO HeLa cells 4 h after MNNG treatment. Numbers indicate the signal intensity. (E and F) Representative cell images in SC, KDM6B
KO2, MGMT KO, KDM6B/MGMT DKO HeLa cells 24 h after MNNG treatment (E). Cell death is quantified in F (mean ± SEM, n = 3). ****P < 0.0001
by two-way ANOVA Sidak’s multiple comparisons test. (G, H) Representative images (G) and quantification (H) of AIF nuclear translocation in SC and
KDM6B KO cells in the presence or absence of BG (200 �M, pretreatment 24 h) and PARP inhibitor Olaparib (10 �M, 30 min pretreatment) at 4 h
post MNNG (50 �M, 15 min) treatment. Red, AIF staining; Blue, DAPI staining; Purple, overlay of AIF and DAPI in the nuclei (mean ± SEM, n = 5).
****P < 0.0001 by two-way ANOVA Tukey’s multiple comparisons test. Scale bar, 10 �m.

by KDM6B through repressing MGMT expression and O6

MeG removal.

KDM6B interferes with alkylating agent-altered cell cycle
progression

Our results above showed that death of KDM6B KO cells
upon BG treatment was significantly delayed as compared

with that of SC cells and KDM6B KO cells were also resis-
tant to MMS treatment that modestly increased O6 MeG
levels. These findings suggest that KDM6B KO might trig-
ger a second mechanism independent of MGMT conferring
cell resistance to alkylating agents-induced PARthanatos,
especially when DNA alkylation evades from MGMT-
mediated direct DNA repair. Therefore, we first studied
whether KDM6B KO alters cell cycle progression post
MNNG treatment. Both EdU incorporation (2 h incuba-
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Figure 5. MGMT regulates O6 MeG levels and O6 MeG-triggered PARP-1 activation. (A and B) Representative images of O6 MeG staining (A) and
quantification (B) in SC, KDM6B-KO2, MGMT (MT) KO, KDM6B/MGMT DKO cells with or without MGMT inhibitor BG (200 �M) or PARP
inhibitor Olaparib (10 �M) at 0 min, 2 h and 6 h after MNNG treatment (25 �M, 15 min). *P < 0.05, ***P < 0.001, ****P < 0.0001 by one-way ANOVA
Sidak’s multiple comparisons test. Scale bar, 20 �m. (C) Immunoblot analysis of PARP-1 activation and �H2AX in SC and MGMT KO HeLa cells treated
with vehicle (−) or MNNG (25 �M, 15 min) for indicated time. (D) Immunoblot analysis of PARP-1 activation and �H2AX in SC, KDM6B KO2, MGMT
KO, KDM6B/MGMT DKO HeLa cells treated with vehicle (−) or MNNG (50 �M, 15 min) for indicated time. Numbers on the blot indicate the relative
signal intensity.

tion before the test) and DNA content were measured to
determine the cell cycle status in SC and KDM6B KO HeLa
cells at 2–22 h post MNNG treatment (50 �M, 15 min)
(Supplementary Figure S6). We found that MNNG treat-
ment quickly reduced both S and G1 phases and caused G2
arrest during 2–22 h post the treatment in SC cells (Figure
6A and B). Interestingly, some of SC cells continued to enter
the second S phase that was increased at 15 and 22 h post-

MNNG treatment (Figure 6A and B). In contrast, KDM6B
KO significantly increased S phase especially during 6–22 h
post MNNG treatment. In parallel, G1 phase was robustly
reduced in KDM6B KO cells at 2–22 h post MNNG treat-
ment (Figure 6A and B). Although cells in G2 phase were
also increased in KDM6B KO cells after MNNG treatment,
it was significantly less than that in SC (Figure 6A and B).
These data indicate that MNNG treatment at the high dose
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Figure 6. Cell cycle distribution in SC and KDM6B KO cells following alkylating agent MNNG treatment. Cells were treated with 50 �M MNNG for 15
min, stained with EdU/PI, and analyzed by flow cytometry at 2, 4, 6, 8, 15 and 22 h post the treatment. (A) Representative flow cytometry images. (B) Cell
cycle distribution was quantified (mean ± SEM, n = 3). ****P < 0.0001 vs. identical cell cycle in DMSO group, #P < 0.0001 versus S phase in KDM6B
KO cells at the identical timepoint, by two-way ANOVA Tukey’s multiple comparisons test.

quickly causes G2 arrest in SC cells but KDM6B KO alters
cell cycle by increasing S phase.

KDM6B suppresses alkylating agent-induced prolonged acti-
vation of Chk1 kinase and its associated DNA repair

To further determine whether DNA damage checkpoint
response is involved in resistance to alkylating agents

in KDM6B KO cells, we next studied if KDM6B reg-
ulates phosphorylation of Chk1 as well as its well-
defined upstream factors ataxia telangiectasia mutated pro-
tein (ATM), ataxia telangiectasia and Rad3-related pro-
tein (ATR), and p32 subunit of replication protein A
(RPA32), which all regulate DNA damage response and cell
cycle checkpoint response (27), after exposure to MNNG.
We found that Chk1 was phosphorylated at both Ser345
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and Ser296 upon MNNG treatment, which was first de-
tected 30 min post MNNG treatment and remained for 2
h after treatment in SC cells (Figure 7A). In contrast, con-
stitutive phosphorylation of Chk1 up to at least 6–24 h was
observed in KDM6B KO2 HeLa cells after MNNG treat-
ment (Figure 7A; Supplementary Figure S7A). Similarly,
ATM was phosphorylated starting at 30 min post MNNG
treatment and remaining for at least 2 h in SC and KDM6B
KO cells (Figure 7A). Interestingly, both RPA32 and ATR
were phosphorylated starting at 2 h post MNNG treat-
ment behind ATM phosphorylation. Moreover, the activa-
tion of RPA32 and ATR in KDM6B KO cells was much
stronger than that in SC cells (Figure 7A). Chk1 activa-
tion has been known to phosphorylate its downstream fac-
tor Cdc25A, a step required for Cdc25A ubiquitination and
degradation, thereby leading to cell cycle arrest (28). In line
with acute Chk1 activation in SC cells, Cdc25A protein was
quickly degraded at 4 h post MNNG treatment while DNA
damage was quickly increased as indicated by �H2AX in
SC cells from 1 to 6 h after MNNG treatment, indicating
cell cycle arrest and deficiency of DNA repair (Figure 7A).
In contrast, levels of Cdc25A remained relatively stable in
KDM6B KO2 HeLa cells at the late period (2–24 h after
MNNG treatment) and DNA damage was not further accu-
mulated at least from 1 to 6 h after MNNG treatment, indi-
cating that prolonged Chk1 activation enhanced checkpoint
associated repair without causing G2 phase arrest (Figures
6 and 7A). Distinct to phospho-Chk1, Chk2 phosphoryla-
tion showed a similar pattern in both SC and KDM6B KO2
HeLa cells (Figure 7A). The expression of protein phos-
phatase 2A (PP2A), which is involved in Cdc25A dephos-
phorylation, was not obviously altered in KDM6B KO2
HeLa cells after MNNG treatment (Figure 7A), excluding
a possibility of increased dephosphorylation of Cdc25A at
the late period in KDM6B KO cells. These data indicate that
KDM6B KO causes prolonged phosphorylation of Chk1
and enhances DNA repair.

We next assessed whether MGMT alters MNNG-
induced Chk1 phosphorylation by overexpression of WT-
MGMT or methyltransferase inactive C145A mutant (29).
Overexpression of WT-MGMT mimicked the effects of
KDM6B KO and was sufficient to cause prolonged acti-
vation of Chk1, whereas C145A mutant MGMT failed to
do so (Figure 7B). In line with prolonged Chk1 activation
in WT-MGMT expressing cells, the level of Cdc25A at 4
h after MNNG treatment was similar to that at 2 h af-
ter MNNG treatment. However, Cdc25A levels were re-
duced in SC and MGMT C145A mutant cells at 4 h after
MNNG treatment (Figure 7B). To further study whether
MGMT is necessary for the prolonged activation of Chk1,
we knocked out MGMT in KDM6B KO cells and found
that MGMT KO failed to reverse KDM6B KO-induced
prolonged activation of Chk1 (Figure 7C), indicating that
other factors other than MGMT might contribute to DNA
repair and prevent cell death in response to alkylating
agents.

To study the role of checkpoint associated DNA repair
besides MGMT-mediated direct DNA repair in KDM6B
KO-induced resistance to alkylating agents, DNA dam-
age was determined in KDM6B KO and KDM6B/MGMT
DKO cells in the presence or absence of the specific Chk1 in-

hibitor GDC0575 (30) that blocks Chk1 activation thereby
bypassing the checkpoint response and its associated DNA
repair. As expected, KDM6B KO cells showed reduced
DNA damage and cell death induced by MNNG treatment
(Figure 7D–F; Supplementary Figure S7B-D). MGMT KO
clearly increased �H2Ax levels 1–6 h after MNNG treat-
ment in KDM6B KO cells and elevated subsequent cell
death (Figure 7D–F; Supplementary Figure S7D), indi-
cating that MGMT indeed plays a role in the resistance
of KDM6B KO to alkylating agents. GDC0575 treatment
inhibited Chk1 activation via reducing the phosphoryla-
tion of Chk1 at Ser296 position in SC, KDM6B KO and
KDM6B/MGMT DKO cells at both 1 and 6 h after
MNNG treatment, although GDC0575 treatment did not
obviously reduced the phosphorylation of Chk1 at Ser345
position, which is usually phosphorylated by its upstream
factor ATR (Figure 7D; Supplementary Figure S7B and C).
The treatment of GDC0575 clearly increased DNA dam-
age in KDM6B KO cells (Figure 7D; Supplementary Fig-
ure S7D). In line with this, inhibition of Chk1 activation
by GDC0575 also significantly increased the sensitivity of
KDM6B KO cells to MNNG-induced cell death (Figure 7E
and F), indicating that the sustained Chk1 kinase activity-
associated DNA repair also mediates KDM6B KO cell re-
sistance to alkylating agents. Interestingly, the effects of
KDM6B were specific to alkylating agents as both KDM6B
WT and KO cells showed no difference of Chk1 phosphory-
lation in response to hydroxyurea (HU) treatment (Figure
7G).

To study a possible DNA repair pathway that is associ-
ated with sustained Chk1 activation, we quantified mRNA
expression of MSH2, MSH6, MutL homolog 1 (MLH1)
and PMS1 homolog 2 (PMS2), which are the key compo-
nents in the MMR pathway, in SC and KDM6B KO HeLa
cells. No obvious difference of these mRNAs was detected
in SC and KDM6B KO cells (Supplementary Figure S8A).
The protein expression of MSH2 and MSH6 was also not
altered by KDM6B KO or MGMT KO (Supplementary
Figure S8B). In contrast, the expression of XRCC1 protein,
which is a key partner of PARP-1 involved in base-excision
repair (BER), was increased by KDM6B KO, but not af-
fected by MGMT KO (Supplementary Figure S8C). We
next studied whether XRCC1 controls DNA repair and cell
survival in KDM6B KO cells after treatment of alkylating
agent. Besides XRCC1 overexpression cell line, two mixed
XRCC1 KO subclones and two mixed KDM6B/XRCC1
DKO subclones were established by CRISPR/Cas9-based
sgRNAs targeting two different regions on XRCC1 (Fig-
ure 8A–C; Supplementary Table 1). Deletion of XRCC1
restored MNNG-induced �H2AX levels in KDM6B KO
cells, although overexpression or KO of XRCC1 alone did
not obviously affect MNNG (50 �M)-induced �H2AX lev-
els in SC cells (Figure 8A–C). Overexpression of XRCC1
partially prevented cell death at 24 h after MNNG treat-
ment, whereas XRCC1 KO partially reversed KDM6B
KO cell resistance to MNNG at 72 h post MNNG treat-
ment (Figure 8D and E). These data indicate that XRCC1-
dependent repair pathway but not the MMR pathway con-
fers KDM6B KO cell resistance to PARthanatos.

Taken together, KDM6B specifically suppresses alkylat-
ing agents-induced prolonged Chk1 activation and its as-
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Figure 7. KDM6B KO promotes sustained Chk1 activation for DNA repair following alkylating agent treatment. (A) Immunoblot analysis of checkpoint
response and DNA damage in SC and KDM6B KO2 HeLa cells 0–6 h after MNNG treatment. (B and C) Effects of MGMT and MGMT C145A mutant
overexpression (B) and MGMT KO (C) on checkpoint response in SC and KDM6B KO HeLa cells 1 h and 4 h after MNNG treatment. Asterisk indicates
endogenous MGMT and the top band in the MGMT blot designates ectopic MGMT (B). (D) Effects of checkpoint inhibition by GDC0575 (50 nM) on
checkpoint response and DNA damage in SC, KDM6B KO2, and KDM6B/MGMT DKO HeLa cells 1 h and 6 h after MNNG treatment. (E and F)
Effects of checkpoint inhibition by GDC0575 (50 nM) on MNNG-induced cell death in SC, KDM6B KO2, and KDM6B/MGMT DKO HeLa cells 24 h
after MNNG treatment. Representative cell death images are in SC, KDM6B KO2, KDM6B/MGMT DKO HeLa cells 24 h after MNNG treatment (E).
Cell death is quantified in F (mean ± SEM, n = 3). ****P < 0.0001 by two-way ANOVA Tukey’s multiple comparisons test. (G) Immunoblot analysis of
checkpoint response in SC and KDM6B KO2 HeLa cells 0–6 h after hydroxyurea (HU, 2 mM) treatment.
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Figure 8. XRCC1 regulates MNNG-induced DNA damage and cell death. (A) Immunoblot analysis of XRCC1 overexpression (OE) and DNA damage in
HeLa cells 4 h after MNNG treatment (50 �M, 15 min). SC, scrambled control. (B) Immunoblot analysis of XRCC1 KO (mixed clones) and DNA damage
in HeLa cells 4 h after MNNG treatment. (C) Immunoblot analysis of XRCC1 expression and DNA damage in SC, KDM6B KO and KDM6B/XRCC1
(6B/XR) DKO (mixed clones) HeLa cells 4 h after MNNG treatment. (D and E) Effects of XRCC1 on MNNG-induced cell death in SC, XRCC1 OE,
XRCC1 KO, KDM6B KO, and KDM6B/XRCC1 (6B/XR) DKO HeLa cells 24 or 72 h after MNNG treatment. Representative cell death images are
shown in (D). Cell death is quantified in (E) (mean ± SEM, n = 3). ****P < 0.0001 by two-way ANOVA Sidak’s multiple comparisons test.

sociated DNA repair thereby promoting PARthanatic cell
death in response to alkylating agents.

DISCUSSION

In the present study, we dissected the PARthanatos path-
way in response to alkylating agents and identified the epi-
genetic regulator KDM6B as a key regulator of alkylating
agent-induced PARthanatos in cancer cells. PARthanatos
is one type of programmed necrotic cell death distinct from
apoptosis, necrosis, necroptosis and autophagy. PARP-1 is
activated when it detects DNA damage and plays a cen-
tral role in PARthanatic cell death pathway. Genetic dele-
tion or pharmacological inhibition of PARP-1 blocks alky-
lating agent-induced PARthanatos, which cannot be pre-
vented by inhibitors for apoptosis, necrosis, necroptosis and
autophagy.

KDM6B is a well-known histone demethylase that
demethylates the gene repressive marker H3K27me3 (31).
We found here that KDM6B functions as an upstream
regulator of PARP-1 and controls PARP-1 activation in
response to alkylating agents via repressing MGMT ex-
pression. KDM6B KO increases MGMT expression and
activity, which is responsible for the direct removal of
DNA adduct upon alkylating agent treatment, leading to
cell resistance to DNA damage and PARthanatos. Impor-
tantly, we showed that KDM6B increases MGMT promoter
methylation and reduces MGMT transcription through its
H3K27 demethylase activity. Consistently, overexpression
of a demethylase-dead KDM6B mutant increases MGMT
expression, indicating that inactive KDM6B mutant might
function as a dominant-negative regulator and phenocopy
KDM6B KO effects. Our results suggest that KDM6B may
increase the chromatin accessibility at the MGMT promoter
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Figure 9. KDM6B is a key cell death regulator of PARthanatos induced by alkylating agents. KDM6B regulates two sequential DNA repair processes
including MGMT direct DNA repair and checkpoint associated repair. Loss of KDM6B on one hand enhances MGMT direct DNA repair to promote
cell survival, on the other hand triggers sustained Chk1 activation and increases checkpoint associated DNA repair to fix DNA evading from the first step
MGMT repair process leading to cell survival. High levels of KDM6B suppress both DNA repair processes leading to cell death. Blocking MGMT and
checkpoint associated repair re-sensitizes cancer cells to alkylating agents.

to facilitate the binding of DNA methyltransferase and
subsequent methylation of the MGMT promoter in cancer
cells. In line with our findings, a recent report showed lack
of MGMT promoter methylation in H3.3K27M mutant
glioma, in which H3K27me3 enrichment is increased lo-
cally at hundreds of genes (32). Alternatively, KDM6B may
demethylate and increase the activity of DNA methyltrans-
ferases, which methylates and suppresses MGMT expres-
sion. Nevertheless, our rescue as well as inactive demethy-
lase studies showed that KDM6B H3K27 demethylase ac-
tivity is critical for MGMT repression, which has been fur-
ther supported by a negative correlation of their expression
in human tumors.

MGMT controls the first step in the DNA repair path-
way by direct removal of O6 MeG DNA adducts added by
alkylating agents. Our study provided direct evidence that
alkylating agent rapidly increases O6 MeG levels and ac-
tivates PARP-1 within minutes, leading to PARthanatos.
These events are compromised by increased expression of
MGMT in KDM6B KO cells, which can be further re-

versed by MGMT KO in KDM6B KO cells. O6 MeG gen-
eration was observed immediately after MNNG treatment
in our study, which is highly consistent with the timeline
of PAR formation at 0 min post the treatment. PARP-1 is
a DNA damage sensor and detects damaged DNA within
seconds to minutes to produce PAR (3,33). Moreover, our
findings reveal that MGMT regulates PARP-1 activation
and PAR formation in HeLa cells during 0–40 min after
MNNG treatment, which is also consistent with the time-
line of O6 MeG partial removal by MGMT, although the
speed and capacity of PAR clearance by poly(ADP-Ribose)
glycohydrolase (PARG) following PARP-1 hyperactivation
is much faster and stronger than that of O6 MeG removal
and MGMT degradation. The level of MGMT was not ob-
viously changed at 30 min after MNNG treatment but it
was gradually reduced at 4 h after treatment in SC cells.
Given that MGMT inhibition increases PAR formation
whereas PARP-1 inhibition cannot interfere with O6 MeG
levels, O6 MeG is an upstream factor triggering PARP-1 ac-
tivation and the PARP-1 activation process is highly depen-
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dent on the amount of O6 MeG produced (doses of alky-
lating agents used), the speed of O6 MeG removal (the ex-
pression level of MGMT), and PAR clearance by PARG.
These findings support the importance of MGMT in regu-
lation of PARP-1 activity and KDM6B KO cell resistance
to alkylating agents.

Interestingly, KDM6B KO cells with BG treatment is sig-
nificantly delayed as compared with that of SC cells, sug-
gesting that, besides MGMT, a second independent DNA
repair mechanism might also contribute to KDM6B KO
cell resistance to alkylating agents, when DNA alkylation
evades from MGMT-mediated direct DNA repair. Indeed,
the treatment of alkylating agents in KDM6B KO cells
causes a prolonged S phase and induces sustained Chk1 ac-
tivation and its associated DNA repair at least for 24 h,
thereby preventing DNA damage accumulation and sub-
sequent cell death. These processes are reversed by check-
point inhibitor treatment. In contrast, the treatment of alky-
lating agents in SC cells causes a robust increase of G2
phase and reduction of S phase under conditions we used.
Accordingly, transient and acute activation of ATM and
Chk1 is induced from 30 min to 2 h post MNNG treatment
in SC cells, which subsequently leads to DNA damage in-
crease and cell cycle arrest as indicated by levels of Cdc25A
and �H2Ax. Chk1 can be activated during both S and G2
phases (34). Our data implicate that G2 arrest likely con-
tributes to the acute and transient ATM-Chk1 activation
immediately post the treatment, whereas prolonged S phase
mainly contributes to RPA32-ATR-Chk1 activation, which
occurs only in KDM6B KO cells at 2–6 h post MNNG
treatment slightly behind G2 arrest-associated Chk1 acti-
vation. Checkpoint response in S phase is likely associated
with DNA repair as indicated by reduced DNA damage in
KDM6B KO cells. Thus, upon alkylating agent treatment,
HeLa cells mainly have G2 arrest-associated Chk1 activa-
tion lacking DNA repair, whereas KDM6B KO cells have S
phase associated prolonged Chk1 activation besides G2 as-
sociated acute Chk1 activation, which allows DNA repair
during S phase. Future studies are needed to understand
the functional difference of checkpoint response in G2 and
S phases. Our data support that enhanced prolonged check-
point response-associated DNA repair is a second step in
DNA repair to confer KDM6B KO cell resistance to alky-
lating agents.

It is important to know how MGMT affects the sec-
ond step checkpoint response. Our findings revealed that
overexpression of MGMT is sufficient but not necessary
to promote the prolonged Chk1 activation contributing to
HeLa cell resistance to alkylating agents. In line with that,
it is not a surprise that inhibition or deletion of MGMT re-
sensitizes KDM6B KO cells to MMS treatment, although
MMS produces very modest levels of O6 MeG.

MMR has been implicated to function as a DNA re-
pair mechanism associated with cell cycle progression when
DNA damage evades from the direct repair (35,36). Our
study showed that the expression of base excision repair
protein XRCC1 but not MMR proteins is increased in
KDM6B KO cells and contributes to KDM6B KO cell resis-
tance to alkylating agents, which is highly consistent with a
previous report showing that XRCC1 KO sensitizes CHO

cells to MNNG-, TMZ- and MMS-induced DNA dam-
age and cell death (37). Given the tight functional link of
XRCC1 with checkpoint response (38), our findings sug-
gest that XRCC1-mediated base excision repair may con-
tribute to checkpoint associated DNA repair in KDM6B
KO cells following MNNG treatment. Future studies are re-
quired to understand if additional checkpoint associated re-
pair is involved in KDM6B KO cell resistance to alkylating
agents.

Accumulating evidence supports that PARP-1 facilitates
DNA repair in response to mild DNA damage. Blockage of
PARP-1 activity sensitizes cancer cells to death. This con-
cept has been well supported by PARP inhibitors used in the
clinic for cancer therapy (39). In contrast, in response to se-
vere DNA damage, excessive activation of PARP-1 causes
large DNA fragments and caspase-independent cell death
designated PARthanatos, which occurs in many organ sys-
tems and is widely involved in different neurologic and non-
neurologic diseases, including ischemia-reperfusion injury
after stroke and myocardial infarction, glutamate excitotox-
icity, neurodegenerative diseases, inflammatory injury, re-
active oxygen species–induced injury (7,25). This type of
cell death is profoundly prevented by pharmacological in-
hibition or genetic deletion of PARP-1. The importance of
PARP-1 in neuronal cell death and cancer cell death has
also been strongly supported by our previous as well as cur-
rent studies (7–9,25). Our current study identified the epige-
netic factor KDM6B as a key cell death regulator to switch
PARP-1 function and signaling from DNA repair/cell sur-
vival to DNA damage/cell death addressing a huge knowl-
edge gap of PARP-1 functions under different contexts.

Alkylating agents are the most common chemotherapy
drugs currently used in the clinic to kill cancer (10–12).
However, cancer cell resistance to alkylating agents remains
to be one of the biggest challenges in the clinic. We showed
that KDM6B deficiency enhances MGMT-mediated DNA
repair and checkpoint associated DNA repair (Figures 3–
7), thereby blocking DNA damage and PARP-1 hyperac-
tivation, which confers cancer cell resistance to alkylating
agents. Our study provides evidence of KDM6B functions
in regulation of DNA repair, PARP-1 activation and cell
death sensitivity to alkylating agents.

Collectively, our study elucidates an epigenetic mecha-
nism underlying PARP-1 activation and cell death in re-
sponse to alkylating agents (Figure 9). KDM6B regulates
PARthanatos via controlling two steps of sequential DNA
repair including MGMT-mediated direct DNA repair and
checkpoint associated DNA repair (Figure 9). Low levels
of KDM6B first increase direct DNA repair via elevating
MGMT expression and further promote sustained check-
point activation and its associated DNA repair, both of
which confer cell resistance to alkylating agents. In contrast,
high levels of KDM6B suppress MGMT-mediated DNA
repair and checkpoint associated DNA repair, thereby caus-
ing PARP-1 hyperactivation and cell death. KDM6B may
serve as a biomarker to predict the sensitivity of cancer cells
to alkylating agents. Targeting both MGMT and check-
point associated DNA repair might be a potential thera-
peutic strategy to re-sensitize cancer cells to alkylating agent
treatment.
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