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Abstract

PARP1 inhibitors (PARPi) are currently used in the clinic for
the treatment of ovarian and breast cancers, yet their therapeu-
tic efficacy against hepatocellular carcinoma (HCC) has been
disappointing. To ensure therapeutic efficacy of PARPi against
HCC, a disease often diagnosed at intermediate to advanced
stages with no effective treatment options, it is critical to
identify not only biomarkers to predict PARPi resistance but
also rational treatments to overcome this.Here,we report that a
heterodimer of EGFR and MET interacts with and phosphor-
ylates Y907 of PARP1 in the nucleus, which contributes to

PARPi resistance. Inhibition of both EGFR and MET sensitized
HCC cells to PARPi, and both EGFR andMET are known to be
overexpressed in HCC. This report provides an explanation for
the poor efficacy of PARPi against HCC and suggests combi-
natorial treatment consisting of EGFR, MET, and PARP inhi-
bitors may be an effective therapeutic strategy in HCC.

Significance: Regulation of PARP by the c-MET and EGFR
heterodimer suggests a potentially effective combination
therapy to sensitize HCC to PARPi.

Introduction
Liver cancer is the second leading cause of cancer deaths inmen

worldwide (1). The global incidence of liver cancer is increasing,
with a disease-specific death that has doubled over the past two
decades (2). Hepatocellular carcinoma (HCC) is the most com-
mon form of liver cancer and accounts for 85% to 90% of all
primary liver cancersworldwide (3). Although the survival rate for
patients with HCC has increased due to the improvement of
surgical techniques andperioperativemanagement over the years,
the prognosis of patients with HCC remains dismal (3). Among

the treatment options available, small-molecules inhibitors, such
as sorafenib and regorafenib that target multiple kinases, are
currently approved by the FDA for the treatment of patients with
advanced HCC (4, 5). However, both sorafenib and regorafenib
only improved the median overall survival in patients with
advanced HCC by less than 3 months (4, 5). More recently, the
FDA approved nivolumab targeting immune-checkpoint protein
programmed death 1 (PD-1) for the treatment of patients with
HCC who were previously treated with sorafenib and later devel-
oped resistance, but the efficacy of these therapies in HCC is still
limited (6). Thus, identifying effective therapeutic strategies for
advanced HCC is urgently needed.

The PARP1 enzyme transfers the poly (ADP-ribose) (PAR)
chain to various acceptor proteins, such as histone, DNA repair
proteins, and PARP1 itself. This process is critical for DNA repair,
especially in base excision repair (7, 8). PARP1 inhibitors (PARPi)
are considered to be attractive therapeutics for many diseases,
including ovarian and breast cancers (9, 10). We recently dem-
onstrated that oxidative DNA damage, such as H2O2-induced
reactive oxygen species (ROS), activates receptor tyrosine kinase
(RTK) MET and promotes its interaction with and phosphoryla-
tion of PARP1 at tyrosine 907 (Y907), resulting in PARP activation
and PARPi resistance in triple-negative breast cancer (TNBC;
ref. 11). Therefore, the combination of PARP1 andMET inhibitors
(METi) may provide a promising approach for the treatment of
MET-expressing TNBC. To date, several PARPi have been devel-
oped and tested in multiple clinical trials (12). For instance,
olaparib, rucaparib, and niraparib are approved for the treatment
of ovarian cancer, whereas olaparib was recently approved for the
treatment of BRCA-mutated breast cancer. However, there have
been few clinical trials of PARPi for HCC, and the outcomes have
been disappointing (13). Interestingly, MET has been reported to
be overexpressed in HCC (14). Here, we sought to delineate the
role of phosphorylated Y907 (pY907) byMET in PARPi sensitivity
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in HCC and unexpectedly discovered the phosphorylation of
PARP by the MET and EGFR heterodimer in certain HCC cells.
The results suggested that the MET/EGFR heterodimer may serve
as biomarkers to stratify patients with HCC for rational combi-
national treatment with PARPi for HCC.

Materials and Methods
HCC tissue samples from patients

A total of 274 patients, who underwent curative surgical resec-
tion of HCC as primary treatment at Huashan Hospital, Fudan
University (Shanghai, China), were enrolled in this study.
Written-informed consent was obtained from all patients.
Formalin-fixed and paraffin-embedded tissues from consecutive
patients with HCC were used to construct a tissue microarray
(TMA) for IHC studies. This study was approved by the Research
Ethics Committee of Huashan Hospital, Fudan University, and
obtained informed consent at the time of enrollment according to
the committee's regulations and the Declaration of Helsinki. The
detailed clinicopathologic characteristics of the study participants
are presented in Supplementary Table S1.

Cell culture and stable transfectants
All cell lines were obtained from the ATCC and cultured in

DMEM/Nutrient Mixture F-12 (DMEM/F12) or RPMI-1640
(Thermo Fisher Scientific) supplemented with 10% (v/v) FCS at
37�C in a humidified incubator containing 5% CO2. Cell lines
were independently validated by short tandem repeat DNA fin-
gerprinting at MD Anderson Cancer Center (Houston, TX), and
tests for mycoplasma infection were negative. EGFR (#400015-
NIC) knockout cells were established using CRISPR/Cas9 KO
plasmids from Santa Cruz Biotechnology. Stable knockdown of
MET in HCC cells was performed as described previously (11).

Antibodies and chemicals
Antibodies used in this study are as follows: tubulin (#T5168)

and Flag (#F3165) were purchased from Sigma-Aldrich; PARP1
(#sc-7150) for Western blotting from Santa Cruz Biotechnology;
PARP1 (#9532) for immunoprecipitation (IP), MET (#8198),
phosphorylated MET (#3077), phosphorylated EGFR for IHC
(#3777), and EGFR (#4267) from Cell Signaling Technology;
and phosphorylated EGFR for Western blotting (#5650), Ki67
(#21700), cleaved caspase-3 (#2302), gH2AX (#140498), and
PAR (#14460) from Abcam; 8-hydroxy-20-deoxy guanosine
(8-OHdG) from Genox Corporation. The mouse phospho-
Y907-PARP1 antibody was generated against a phosphorylated
synthetic peptide (ADMVSKSAN-Yp-CHTSQGD) at China Med-
ical University as described previously (11). The following inhi-
bitors were used in this study: MET kinase inhibitor crizotinib
(#C-7900) was purchased from LC Laboratories; EGFR inhibitor
(EGFRi) gefitinib (#S1025) and erlotinib (#S1023) from Selleck
Chemicals; PARP inhibitors ABT-888 (veliparib, #CT-A888) and
AG014699 (rucaparib, #CT-AG01) from ChemieTek. Hydrogen
peroxide (#216763) and sodiumarsenite solution (#35000)were
obtained from Sigma-Aldrich.

Human phospho-RTK antibody array
The Human Phospho-RTK Array Kit (#ARY003B) was pur-

chased from R&D Systems. Tong/HCC and SK-Hep1 cells were
treated with 20 mmol/L H2O2 with or without 1 mmol/L crizo-
tinib for 30minutes, and cell lysates were incubated with the RTK

arraymembranes. Array screeningwas performed according to the
manufacturer's protocol. The density of each dot on the mem-
branes was calculated by the GS-800 Calibrated Densitometer
(Bio-Rad Laboratories).

IHC staining and evaluation of IHC scores
IHC staining was performed as previously described (11). The

tissue specimens were incubated with antibodies against
8-OHdG, EGFR, MET, pY907-PARP1, Ki67, c-caspase-3, gH2AX,
p-EGFR, p-MET, or PAR followed by incubation with biotin-
conjugated secondary antibody and avidin–peroxidase, and visu-
alization by aminoethyl carbazole chromogen. Scoring for IHC
staining was conducted based on staining intensity and the
percentage of positive staining cells. Based on the intensity of
staining in section, the intensity was classified into four groups: 3,
strong; 2, moderate; 1, weak; and 0, negative. Five fields of cancer
cells were randomly selected from each patient for scoring based
on the proportion of positively stained cells (0%–100%). The
final IHC score was calculated by multiplying the intensity and
proportion scores of positive cells. Stained tissue sections were
evaluatedmanually by two independent experiencedpathologists
without knowledge of other characteristics of the samples.

Western blotting analysis, IP, confocal microscopy analysis,
and cellular fractionation

For Western blotting analysis, cell lysates or immunoprecipi-
tates were separated by 8% to 10%SDS-PAGE gels and transferred
onto PVDF membranes. The membranes were blocked and incu-
bated with primary antibodies and secondary antibodies. The
signals were detected by using Clarity Max Western ECL Blotting
Substrates (Bio-Rad). For IP, cell lysates were incubated with 1 mg
of primary antibodies or IgG antibody at 4�C overnight followed
by incubation with protein G-agarose beads at 4�C for 1 hour.
Protein G-agarose beads were then washed 3 times and subjected
to Western blotting analysis. For confocal microscopy analysis,
Hep3B cells were grown on chamber slides (Labtek). Cells were
thenfixed, permeabilized, and incubatedwith primary antibodies
and fluorescence-labeled secondary antibodies. The results were
analyzed using Zeiss LSM 710 laser-scanning microscope (Carl
Zeiss). The ZEN and AxioVison (Carl Zeiss) and ImageJ software
programs (NIH, Bethesda, MD) were used for data analysis.
Subcellular fractionation was performed as described previously
(15). In brief, cells were homogenized using a Dounce homog-
enizer in hypotonic buffer, and nuclei were pelleted via centrifu-
gation at 600 � g for 5 minutes. The remaining pellets were
solubilized and sonicated inNETNbuffer, and then centrifuged at
16,000 � g for 5 minutes. The supernatant was collected as the
nuclear fraction.

Cell viability assay
Cells were seeded in a 96-well plate (1,500/well). After over-

night incubation, cells were treated with the indicated inhibitors
for 72 hours. Then cells were incubated in fresh media with
100 mmol/L resazurin for 1 hour, and cell viability was measured
using a fluorescent plate reader at 560EX nm/590EM nm. All
experiments were performed in triplicate.

Quantification of drug combination index
Cell growth was measured by cell viability assay. Drug com-

bination studies and their synergy effects were evaluated by the
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Chou–Talalay method (16) to calculate the combination index
(CI).

Colony formation assay
Cells were seeded in 24-well plates (2,000 cells/well for Hep3B

and SK-Hep1; 1,000 cells/well for Tong/HCC) and cultured with
or without drugs for 10 days. Cells were then fixed with 3.7% of
formaldehyde and stainedwith crystal violet solution. After taking
images of the plates, 0.5%of SDS solutionwas added to eachwell,
and the plates were incubated for 2 hours at room temperature.
The relative densities of cells were then determined by measuring
the absorbance of the solution at 570 nm using a microplate
reader. The experiments were performed in triplicate.

In vitro kinase assay
MET protein was immunoprecipitated from Hep3B parental

and EGFR KO cells washed by cold-PBS 3 times. The immuno-
precipitates were resuspended in 500 mL 1x kinase buffer (#9802,
Cell Signaling Technology), with 50 mL retained for Western
blotting. The beads were spun down, and 500 mmol/L ATP
(#9804, Cell Signaling Technology) and 0.5 mg human recombi-
nant active PARP1 protein (#80501, BPS Bioscience) were added
to 20 mL kinase buffer at 30�C for 30minutes. The kinase reaction
was stopped by heating at 100�C for 5 minutes in SDS loading
dye. The samples were subjected to Western blotting to detect
phosphorylation of substrate.

Animal studies
All animal experiments were approved by The Animal Care and

UseCommittee of FudanUniversity, China. All BALB/c nudemice
(4- to 6-week-old male) were obtained from Shanghai Slac
Laboratory Animal Co. and fed in a pathogen-free vivariumunder
standard conditions. Hep3B cells or Huh7 cells (5 � 106) were
injected subcutaneously into the flank of nudemice. When tumor
volume reached approximately 100 mm3, erlotinib (10 mg/kg),
crizotinib (10 mg/kg), and AG014699 (10 mg/kg) were admin-
istered orally 5 days per week as single agent or in combination.
Tumor growth was monitored with tumor volume, which was
calculated as described (17). Tumor samples were collected after
final treatment and analyzed by IHC staining.

Statistical analysis
Statistical analyses were performed with SPSS 16.0 for Win-

dows (IBM). The difference between groups was compared using
the Student t test or one-way ANOVA analysis. Pearson x2 test was
performed to analyze IHC data. Values are expressed as mean �
SD. A P value < 0.05 was considered statistically significant.

Results
OxidativeDNAdamage–inducedPARP1Y907phosphorylation
can be regulated by a kinase other than MET in human HCC
tissues

To address whether oxidative DNA damage–mediated MET
also increases PARP1 Y907 phosphorylation in HCC, similar to
what was observed in TNBC breast cancer (11), we first evaluated
the oxidative DNA damage marker 8-OHdG on a human HCC
TMA by IHC and found that 8-OHdG level was higher in HCC
tumor tissues than in the peritumor tissues (Fig. 1A), indicating
oxidative damage is increased in HCC. Next, we examined the
levels of oxidative DNA damage marker 8-OHdG and PARP1

pY907 in HCC tumor tissues by IHC staining. The results indi-
cated a significant positive correlation between PARP1 pY907 and
8-OHdG (P ¼ 0.008; Fig. 1B), suggesting that similar to TNBC,
higher oxidative DNA damage may lead to phosphorylation of
PARP1 at Y907 by MET in HCC. Interestingly, although we used
theMETi, crizotinib, toblock theoxidativeDNAdamage–induced
PARP1 pY907 in multiple HCC cell lines by H2O2-induced ROS,
three different types of responseswere observed. In someHCCcell
lines, such as SK-Hep1, Tong/HCC, andHep3B, crizotinib did not
block the pY907-PARP1 induced by oxidative DNA damage
(Fig. 1C), whereas others, such as Huh-7, PLC/PRF5, HA59T, and
HA22T, exhibited similar response to breast cancer cells in which
METi blocked the pY907-PARP1 induced by oxidative DNA
damage (Fig. 1D; Supplementary Fig. S1A). In other HCC cell
lines, oxidative DNA damage did not induce p-Y907-PARP1
(Supplementary Fig. S1B). In the immortalized noncancerous
hepatocyte cell line WRL68, although ROS induced MET phos-
phorylation, which can be blocked by crizotinib, ROS did not
induce p-Y907-PARP1 (Fig. 1E). Next, we asked whether other
cancer types also have similar responses to oxidativeDNAdamage
and METi. We found that in different cancer types the responses
were different. In all the five colon cancer cell lines we tested,
METi blocked oxidative DNA damage–induced pY907-PARP1
(Supplementary Fig. S2A). In contrast, 5 of 12 ovarian cell lines
responded well to METi (Supplementary Fig. S2A) but not the
other seven (Supplementary Fig. S2B). All the three prostate
cancer cell lines tested did not respond to METi (Supplementary
Fig. S2B). These findings indicated that ROS-induced PARP1
phosphorylation may be cancer type–specific and that PARP1
pY907 may be regulated by another kinase(s) in some HCC cells
that do not respond to MET inhibition.

EGFR is involved in PARP1 Y907 phosphorylation
ROS is generally recognized as an activator of RTKs (18). To

identify which tyrosine kinases are involved in ROS-induced
PARP1 pY907 in those HCC cells nonresponsive to METi, we
treated SK-Hep1 and Tong/HCC cells with H2O2 with or without
crizotinib pretreatment and subjected them to an RTK antibody
array analysis (Supplementary Fig. S3A and S3B). The data indi-
cated EGFR as themajor kinase activated byH2O2but not blocked
by crizotinib (Fig. 2A and B). To further validate the results from
the RTK array analysis and determinewhether EGFR is involved in
the regulation of pY907-PARP1, we treated Hep3B, SK-Hep1, and
Tong/HCC cells, which are not sensitive to pY907-PARP1 block-
ade by the METi under oxidative DNA damage (H2O2), in the
presence or absence of crizotinib and/or EGFRi gefitinib. Inter-
estingly, compared with pretreatment of single inhibitor, the
combination of EGFR and METi depleted H2O2-induced
pY907-PARP1 most effectively (lane 6 vs. lanes 3, 4, and
5; Fig. 2C; Supplementary Fig. S4). In contrast, we did not observe
any changes in PARP1 pY907 after H2O2 and kinase inhibitors'
treatment inWRL-68, a normal embryonic liver cell line (Fig. 2D).
Thus, PARP1 Y907 phosphorylation may be regulated by both
EGFR and MET in these HCC cells. To simplify the description,
cells in which PARP1 Y907 phosphorylation can be inhibited by
the METi alone, such as PLC/PRF5 (similar to breast cancer cells),
are referred to as M-type; cells in which inhibition of PARP1 Y907
phosphorylation requires both MET and EGFRi, such as Tong/
HCC, SK-Hep1, and Hep3B, are designated as M/E-type.

To validate the significance of EGFR andMET in pY907 inHCC,
patient tumor tissues were subjected to IHC staining with EGFR,
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MET, and pY907 antibodies. EGFR levels closely correlated with
MET expression levels in HCC tissues (P < 0.001; Fig. 2E). Fur-
thermore, both EGFR andMET exhibited positive correlationwith
PARP1 pY907 (P < 0.001; Fig. 2E), suggesting that EGFR andMET
may play a role in pY907 in HCC.

The combined inhibitionof EGFRandMET sensitizesHCCcells
to PARPi

Because inhibition of both EGFR andMET can suppress PARP1
p-Y907, we asked whether inhibition of both kinase activities
sensitizes HCC cell growth to PARPi. To the end, we first treated
Hep3B and SK-Hep1 (M/E-type) cells with PARPi and/or kinase
inhibitors, and then performed cell proliferation assay to examine
the potential synergistic effects (CompuSyn) of triple combina-
tion treatment of MET (crizotinib), EGFR (gefitinib), and PARP
(AG014699) inhibitors. In Hep3B and SkHep1 cells, triple inhi-

bitors induced synergistic inhibition of cell growth (Fig. 3A;
Supplementary Fig. S5A). The values for CI of PARPi with both
gefitinib and crizotinib together but not with each inhibitor alone
were below 1 (Fig. 3B; Supplementary Fig. S5A), suggesting the
synergistically enhanced effects of PARPi, AG014699. As expected,
crizotinib alone sensitized M-type PLC/PRF5 cells to PARPi
(Supplementary Fig. S5B), indicating PARP1 pY907 is regulated
by MET alone in this PLC/PRF5 HCC cell line. To determine
whether the inhibitors we used specifically inhibited the enzyme
activity in M/E-type cells, we used serial dilution of the inhibitors
and examined the activity markers by Western blotting analysis
(Supplementary Fig. S6). Gefitinib fully inhibited EGFR phos-
phorylation at a low concentration (1.5 mmol/L). As negative
control, FGFR phosphorylation was not inhibited by gefitinib at
a high concentration (25 mmol/L; Supplementary Fig. S6A).
Crizotinib inhibited MET phosphorylation at high concentration

Figure 1.

Oxidative stress regulates PARP1 Y907 phosphorylation in liver cancer. A, HCC and the peritumor tissues were stained with 8-OHdG antibody. Represented
images of IHC staining are shown. B, Correlation between pY907 of PARP1 and 8-OHdG in HCC. Representative images of IHC staining are shown. Correlation
analyses were performed by the Pearson x2 test (P¼ 0.008). C and D, Various liver cancer cell lines were treated or untreated with 1 mmol/L crizotinib (METi) for
1 hour and further cultured in the presence of 20mmol/L H2O2 for additional 30minutes. Cells were then lysed and subjected toWestern blotting analysis with
the indicated antibodies. E,WRL68-immortalized noncancerous hepatocyte cells were treated with or without 1 mmol/L crizotinib (METi) for 1 hour and further
cultured in the presence of 20mmol/L H2O2 for an additional 30minutes. Cells were then lysed and subjected toWestern blotting analysis with the indicated
antibodies.
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(Supplementary Fig. S6B). As negative control, ALK phosphory-
lation was not inhibited by crizotinib at high concentration
(Supplementary Fig. S6B). AG014699 inhibited PARP activity as
indicated by the reduced PAR levels (Supplementary Fig. S6C).
These results suggested that the M/E-type cells are resistant to
METi. We then further examined the effects of inhibition of both
EGFR and MET on PARPi by colony formation assay. The results
indicated that the combination of gefitinib and crizotinib signif-
icantly increased the inhibitory effects of PARPi, but not each
kinase inhibitor alone (Fig. 3C).

Next, we compared the effects of the drug combination in vivo
betweenM/E-type andM-type cells. First, we treatedmice bearing
Hep3B (M/E-type) xenograft tumors with the AG014699, erloti-
nib, crizotinib, or their combination. The three-drug combination
induced significantly higher antitumor activity than each drug
alone or the combination of AG014699 and crizotinib. The
combined treatment of AG014699 and crizotinib did not signif-
icantly inhibit tumor growth compared with control or single
drug alone (Fig. 4A). The effects of the inhibitors on cell prolif-
eration, apoptosis, and DNA damage were also evaluated by IHC

staining with antibodies against Ki67, cleaved caspase-3, and
gH2AX (Supplementary Fig. S7). Consistent with the above
in vitro results (Fig. 3), combined treatment of the three inhibitors
suppressed cell proliferation much more potently and increased
apoptosis and DNA damage compared with each agent alone
(Supplementary Fig. S7). In addition, we evaluated the body
weight and kidney and liver functions of the mice to determine
the toxicity of the three-drug combination and did not observe
any significant differences between the different treatment groups
(Fig. 4B and C), indicating that each drug or their combination
was well tolerated. Furthermore, we also compared the effects of
three inhibitors on the activity of EGFR, MET, and PARP by IHC
staining in tumor tissues from mice with subcutaneous Hep3B
implantation (Supplementary Fig. S8). Erlotinib and crizotinib
significantly inhibited p-EGFR and p-MET, respectively.
AG014699 significantly inhibited PARP activity as indicated by
reduced PAR level. As expected, the combination of the three
inhibitors can also significantly inhibit the activity of EGFR, MET,
and PARP. Contrary to M/E type, the combined treatment of
AG014699 and crizotinib demonstrated significant antitumor

Figure 2.

EGFR is the potential kinase that regulates PARP1 Y907 phosphorylation in response to ROS. A and B, Tong/HCC (A) and SK-Hep1 (B) cells were treated with
20mmol/L H2O2 with or without 1 mmol/L crizotinib (METi) for 30 minutes and subjected to RTK antibody array. Relative signal intensities are shown. The images
of RTK array are shown in Supplementary Fig. S3. C, Various liver cancer cells were treated with H2O2 with or without 1 mmol/L crizotinib (METi) and/or gefitinib
(EGFRi) for 30minutes and subjected toWestern blotting analysis with the indicated antibodies. D,WRL68-immortalized noncancerous hepatocyte cells were
treated with H2O2 with or without 1 mmol/L crizotinib (METi) and/or gefitinib (EGFRi) for 30minutes and subjected toWestern blotting analysis with the
indicated antibodies. E, Correlation analysis of pY907 of PARP1 and EGFR (P < 0.001) or MET (P < 0.001) in HCC by Pearson x2 test.
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activity in the M-type liver cancer Huh7 xenograft tumor models
(Fig. 4D). Mice that received the combination treatment did not
show any significant changes in bodyweight (Fig. 4E) or elevation
in liver enzyme (ALT and AST), kidney toxicity marker, or blood
urea nitrogen (Fig. 4F). Together, these findings suggested that
PARPimay be combinedwith both EGFR andMETi in the clinic as
a potential therapeutic strategy for liver cancer.

EGFR cooperates with MET to regulate PARP1
On the basis of the above findings, we speculated that EGFR

interacts with MET to induce PARP1 phosphorylation. To this
end, we carried out co-IP assay to first examine the interaction
between EGFR and MET. As expected, EGFR interacted with MET
in both Hep3B and SK-Hep1 cells (Supplementary Fig. S9).
Interestingly, although we did not observe any differences in
EGFR and MET expression between M/E-type and M-type liver
cancer cell lines, the interaction between EGFR and MET was
stronger in the M/E type than in the M type (Supplementary Fig.
S10). We previously showed that MET translocates into the
nucleus in response toROSand interactswith andphosphorylates
PARP1 (11). Thus, we determined the localization of EGFR and
MET after oxidativeDNAdamage by subcellular fractionation and
Western blotting analysis. We found that EGFR translocated into
the nucleus in response to ROS, whereas MET was localized in
both the nucleus and cytoplasm independently of oxidative DNA
damage in the M/E-type HCC (Fig. 5A and B). Moreover, MET

nuclear localization was not altered by treatment of crizotinib.
Similarly, the ROS-induced nuclear EGFR also remained in the
nucleus after gefitinib treatment. Confocal microscopy further
validated those results (Fig. 5C). In contrast, in the M-type liver
cancer cells, such as PLC/PRF5 and Huh-7, ROS induced nuclear
translocation ofMET similar to that observed in breast cancer cells
(Supplementary Fig. S11; ref. 11). Given that EGFR or MET
activates PARP1 in response to ROS, we speculated that MET and
EGFR may physically interact with PARP1. Indeed, our data
indicated that EGFR forms a complex with MET and PARP1,
which was not blocked by either kinase inhibitor alone
(Fig. 5D and E). Interestingly, the combination of EGFR and
METi abrogated EGFR/MET, EGFR/PARP1, andMET/PARP1 com-
plexes (Fig. 5F). These results are consistent with those showing
that pY907-PARP was only inhibited when treated with both
gefitinib and crizotinib. Taken together, these results suggest that
in theM/E-type HCC, EGFR translocates to the nucleus and forms
a complex with MET and phosphorylates PARP1 in response to
oxidative stress, e.g., H2O2.

EGFR and MET heterodimer interacts with and phosphorylates
PARP1

To further investigate whether EGFR and MET interaction
regulates PARP1, we first knocked out EGFR by using CRSPR-
Cas9 system in Hep3B and SK-Hep1 cells. MET and PARP1
interaction in parental and EGFR-knockout (KO) cells after

Figure 3.

The combination of EGFR and METi sensitizes some HCC cells to PARPi.A and B, Hep3B and SK-Hep1 cells were treated with the indicated concentration of
EGFRi (Gef, gefitinib), METi (Cri, crizotinib), and PARPi (AG, AG014699) for 3 days. Cells were then subjected to MTT assay to determine cell viability (A) and CI
determined (B). C, Hep3B, SK-Hep1, and Tong/HCC cells were subjected to colony formation assay. Cells were cultured in the presence of METi (Cri, crizotinib),
EGFRi (Erl, erlotinib), and/or PARPi (Ola, olaparib). The drug concentrations used for the colony formation assay are as follows: SK-Hep1: Ola 1.25 mmol/L, Erl 1.25
mmol/L, and Cri 0.25 mmol/L; Hep3B: Ola 1.25 mmol/L, Erl 0.625 mmol/L, and Cri 0.25 mmol/L; Tong: Ola 2.5 mmol/L, Erl 0.5 mmol/L, and Cri 0.5 mmol/L. Top,
relative colony densities shown. � , P < 0.01, three-combination vs. two-combination drug treatment.
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H2O2 treatment was determined by co-IP analysis. The result
showed that MET and PARP1 interaction was only detected in
parental Hep3B and SK-Hep1 cells but not in EGFR-KO cells
(Fig. 6A; Supplementary Figs. S12 and S13), indicating that MET–
PARP1 interaction requires EGFR. Moreover, the results indicated
diminished MET–PARP1 interaction in the absence of EGFR-
reduced pY907-PARP1 (Fig. 6A). In addition, we treated Hep3B
control andMET-knockdown cells with H2O2 and then examined
theEGFR–PARP1 interaction. Similarly, EGFR–PARP1 interaction
and PARP1 pY907 were abrogated in MET-knockdown cells
(Fig. 6B). These results suggested that EGFR and MET form a
heterodimer, which is enhanced by oxidative DNA damage, and
the EGFR/MET complex interacts with PARP1 in the M/E-type
HCC.

Next, we performed the immunocomplex kinase assay of MET
with PARP1 protein as a substrate. MET protein purified from
Hep3Bparental cells demonstrated kinase activity towardpurified
PARP protein, whereas MET protein from the EGFR KO cells had
much lower kinase activity toward purified PARP protein
(Fig. 6C), suggesting EGFR is required for MET to phosphorylate

PARP1 Y907 as the EGFR/MET heterodimer likely activates MET
(Fig. 6C).

On the basis of these findings, we proposed a working model
(Fig. 6D). In M/E type of HCC cells, EGFR translocates into the
nucleus in response to oxidative DNA damage, whereas some
METproteins remain localized in the nucleus. Following exposure
to oxidative DNA damage, EGFR forms a heterodimer with MET,
which then interacts with and phosphorylates MET to activate its
kinase activity for subsequent phosphorylation of PARP1 at Y907
in the nucleus. The EGFR/MET heterodimer formation and sub-
sequent interaction with and phosphorylation of PARP are not
affected by EGFR or METi alone under oxidative DNA damage.
However, inhibition of the kinase activity of both EGFR andMET
is needed to prevent their heterodimer formation (Fig. 5F).
Together, our data showed that only one of the protein's kinase
activity (EGFR or MET) is required for the heterodimer to interact
with PARP1 and sufficient to induce PARPY907phosphorylation,
leading to PARPi resistance. Thus, simultaneous inhibition of
both EGFR and MET is a potentially efficient approach to over-
come resistance to PARP inhibitors in the M/E-type HCC.

Figure 4.

Combination of EGFRi and METi sensitizes Hep3B xenograft tumors to PARPi. A, Tumor growth curves of subcutaneous implantation models of
Hep3B cells are shown. When tumor volume reached approximately 100 mm3, mice were treated with inhibitor against EGFR (Erl, erlotinib,
10 mg/kg), MET (Cri, crizotinib, 10 mg/kg), PARP (AG, AG014699, 10 mg/kg), or their combination. For the Hep3B xenograft tumor model, the
average body weight of mice during treatment (B) and the effects of the indicated drugs on liver and kidney function (C) are shown. D, Tumor
growth curves of subcutaneous implantation models of Huh7 cells are shown. When tumor volume reached approximately 100 mm3, the mice were
then treated with inhibitor against MET (Cri, crizotinib, 10 mg/kg), PARP (AG, AG014699, 10 mg/kg), or their combination. For the Huh7 xenograft
tumor model, the average body weight of mice during treatment (E) and the effects of the indicated drugs on liver and kidney function (F) are
shown. AST, aspartate aminotransferase; ALT, alanine transaminase. �� , P < 0.01.
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Discussion
There are currently no effective targeted therapies for the

advanced HCC, which is the major form of liver cancer (19). For
instance, the multikinase inhibitor sorafenib exhibits only moder-
ate overall therapeutic efficacy (20). Future treatment approaches to
improve the therapeutic efficacy inpatientswithHCC is expected to
consist of combined targeted therapies based on the molecular
classification of each patient. We previously reported that PARP1 is
phosphorylated at Y907 by MET, and this phosphorylation
increases PARP activity and reduces its affinity to PARPi, resulting
in PARPi resistance in TNBC (11). In the current study, we inves-
tigated the roleofPARP1Y907phosphorylation inPARPi resistance
in HCC and identified a mechanism regulated by EGFR and MET.

PARP inhibitors have been evaluated in clinical trials for many
cancer types (21–23). A recent study demonstrated a high
response rate among patients with advanced prostate cancer
harboring defects in DNA-repair genes treated with PARP inhib-
itor olaparib (24).Our recent study demonstrated that combining
MET and PARPi produced a synergistic effect to suppress cancer
cell growth in TNBC (11). By expanding our findings in breast
cancer to HCC, our results indicated that PARP1 Y907 is also
phosphorylated in this disease. Interestingly, however, METi did
not block the pY907-PARP1 induced byH2O2 in a subset of HCC.
Indeed, we found that EGFR forms a complex with MET for the
phosphorylation of PARP1 at Y907. Compared with single inhib-
itor alone, the combined treatment of EGFR and METi potently

Figure 5.

Regulation of the interaction of EGFR and MET with PARP1.A and B, SK-Hep1 (A) and Hep3B (B) cells were treated with H2O2 in the presence or absence of
EGFRi (erlotinib) and/or METi (crizotinib) for 30 minutes and subjected to subcellular fractionation, followed byWestern blotting analysis with the indicated
antibodies. LaminB was used as a nuclear marker, and tubulin and calregulin as cytoplasmic markers. C, Hep3B cells were treated with 20mmol/L H2O2 in the
presence or absence of EGFRi (erlotinib) and METi (crizotinib) for 30minutes, and fixed and stained with EGFR and MET antibodies. The fluorescence signals
were analyzed by using confocal microscopy. The fluorescence intensities of EGFR and MET signals in the nucleus from randomly selected 30 cells were
quantified. The percentage of nuclear staining of EGFR and MET was also quantified. Scale bar, 20 mm. D, Hep3B cells were treated with H2O2 in the presence or
absence of EGFRi (erlotinib). The cells were then subjected to IP with EGFR antibody, followed byWestern blotting analysis with the indicated antibodies. E,
Hep3B cells were treated with H2O2 in the presence or absence of METi (crizotinib). The cells were then subjected to IP with EGFR antibody, followed byWestern
blotting analysis with the indicated antibodies. F, Hep3B cells were treated with H2O2 in the presence or absence of the combination of EGFRi (erlotinib) and
METi (crizotinib). The cells were then subjected to IP with EGFR or MET antibody, followed byWestern blotting analysis with the indicated antibodies.
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depleted H2O2-induced pY907-PARP1. Moreover, the combined
treatment of EGFR, MET, and PARP inhibitors effectively reduced
tumor growth. Importantly, the combination of EGFR and METi
sensitizedM/E-type HCC cells to PARPi, suggesting simultaneous

inhibition of both EGFR and MET is required to overcome PARPi
resistance in some types of HCC.

A growing number of studies have investigated the molecular
mechanisms underlying intrinsic and acquired resistance to

Figure 6.

EGFR requires MET and vice versa for its interaction with PARP1.A, Hep3B parental and EGFR knockout cells were treated with H2O2 for 30minutes and
subjected to IP with MET antibody, followed byWestern blotting analysis with the indicated antibodies. B, Hep3B control and MET knockdown cells were treated
with H2O2 for 30minutes and subjected to IP with the EGFR antibody, followed byWestern blotting analysis with the indicated antibodies. C,MET protein was
immunoprecipitated from Hep3B parental and EGFR KO cells, and subjected to in vitro kinase assay using purified PARP protein. D, A proposedmodel of EGFR
and MET-mediated PARP inhibitor resistance in liver cancer. In some liver cancer cells, EGFR translocates to the nucleus in response to oxidative stress, whereas
some portion of MET consistently localizes in the nucleus. After cells are exposed to oxidative stress, EGFR forms a heterodimer with MET in the nucleus.
Inhibition of EGFR or MET activity does not prevent heterodimerization of MET and EGFR. The EGFR/MET complex interacts with and phosphorylates PARP1 in
response to oxidative stress. Simultaneous inhibition of both EGFR and MET is required to overcome PARP inhibitor resistance in some types of liver cancer.
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PARPi (25, 26). Inhibition of NHEJ core proteins, such as the loss
of 53BP1 protein, has been shown to contribute to the develop-
ment of PARPi resistance by restoring HR activity (27). A defi-
ciency in other crucial NHEJ players, Ku70/80 and DNA-PK, also
plays a role in PARPi resistance in BRCA1-deficient cells (28).
HOXA9 has also been shown to contribute to PARPi resistance of
mixed-lineage leukemia through upregulation of HR genes (29).
We previously reported that MET-mediated PARP1 phosphory-
lation is involved in PARPi resistance (11). The crosstalk between
RTKs and their direct binding to members of other RTK families
are critical during tumor progression. The current study revealed a
molecular mechanism underlying PARPi resistance through
EGFR/MET heterodimer-mediated phosphorylation of PARP1 in
response to oxidative DNA damage even in the presence of
inhibitor against EGFR or MET, suggesting the combination of
MET andEGFRi is required to induce a synergistic cell killing effect
in this type of HCC. In addition, previous study reported that
tyrosine kinase inhibitors can inhibit the nuclear translocation of
EGFR (30). We also found gefitinib treatment reduced nuclear
EGFR in Hep3B cells. However, nuclear EGFR has no change by
gefitinib treatment in SK-Hep1 cells. There may be some cell type
specific for the effects of gefitinib on the nuclear translocation of
EGFR.

For patients with HCC whose tumors express MET but not
EGFR, MET-mediated phosphorylation of PARP1 can be blocked
by METi plus PARPi (similar to breast cancer). In contrast, for
patients with HCC whose tumors express both EGFR and MET, a
three-drug combination, e.g., PARPi–METi–EGFRi, may be
required. EGFR and MET are overexpressed in 40% to 70% and
50% to 70% of HCC, respectively (14, 31, 32). Considering that
most HCC express EGFR, MET, or both, we speculated that a
common subset of patients with HCC can be molecularly strat-
ified for treatment, characterized by high expression of EGFR,
MET, or both using PARP1Y907phosphorylation andMET/EGFR
expression as biomarkers to guide the combinational treatment of
PARPi andMET/EGFRi. Patients with HCC that overexpress EGFR

or METmay also benefit from this combination therapy. It would
be of interest to determine whether this approach could be
applied to other cancer types involving PARP1/EGFR/MET
overexpression.
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