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Receptor interacting protein kinase 3 promotes cisplatin-induced necroptosis

in apoptosis-resistant HepG2/DDP cells
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Hepatocellular carcinoma is the most common primary malignancy of the liver. The chemotherapeutic drug cisplatin is
widely used for advanced liver cancer. However, the development of cisplatin resistance in cancer cells, which is related to
the decreased cellular susceptibility to apoptosis, results in a major limitation of cisplatin-based chemotherapy. Recently,
triggering necroptosis has been proposed to be a novel therapeutic strategy to eradicate apoptosis-resistant cancer cells.
In this study, we provided evidence that cisplatin could induce cell death in HepG2 cells, but not in the apoptosis-resis-
tant HepG2/DDP cells. Ectopic expression of RIP3 promoted cisplatin-induced HepG2/DDP cells death, HMGBI1 and
LDH release. Moreover, we demonstrated that this type of cell death was necroptosis and depended on RIP1-RIP3-MLKL
signaling pathway because inhibition of MLKL activity by necrosulfonamide (NSA) or knockdown of RIPI significantly
attenuated cisplatin-induced cell death in HepG2/DDP-RIP3 cells. Finally, we found that ectopic expression of RIP3 sensi-
tized HepG2/DDP cancer cells to cisplatin treatment in vivo. The findings offer new insights into the molecular mechanisms
underlying cisplatin-induced necroptosis in liver cancer cells and suggest that combination of cisplatin with other drugs
which can restore RIP3 expression in cancer cells maybe a better choice for therapy of apoptosis-resistant cancer.
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Two major forms of cell death have been fully defined:
apoptosis and necroptosis [1]. They are characterized by
morphological and biochemical differences. Apoptosis is
involved in various life processes including normal embry-
onic development, innate immune response and tissue
homeostasis. Previous research indicated that abnormal
apoptosis contributed to neurodegenerative diseases, devel-
opmental malformation, autoimmune disorders or many
types of cancer [2]. Apoptosis can be triggered by two
main apoptotic pathways: the extrinsic pathway and the
intrinsic pathway. The extrinsic pathway is initiated through
activation of death receptor like tumor-necroptosis factor
(TNF)-receptor 1 or Fas/CD95. Alternatively, intrinsic stresses
such as direct DNA damage, hypoxia and growth factor depri-
vation, can activate the intrinsic apoptotic pathway. Both
signaling pathways result in the activation of a cascade system
of proteases, named caspases, which are the executioners of
apoptotic program [3]. Apoptotic cells were characterized
by nuclear condensation and DNA fragmentation, degrada-
tion of cellular proteins and organelles and apoptotic bodies
formation [4]. Cellular necroptosis has long been described

as an unexpected and uncontrolled type of cell death, which
was caused by many chemical or physical events including
radiation, heat, toxin, hypoxia, and so on. To date, necrop-
tosis has been identified as a regulated cell death, which can
be triggered by a variety of initiators, including death ligands
(TNF-a, TRAIL and Fas), Toll like receptors ligands, inter-
ferons and HSV virus infection, when caspase activation was
inhibited in a number of cell types [5-7]. Necroptosis was
characterized by cytoplasmic swelling, rupture of organelle
membranes and release of cellular contents into the extracel-
lular environment [8, 9]. The TNF family cytokines induced
necroptosis required the activity of receptor-interacting
protein kinase 1 (RIP1) and kinase RIP3. RIP3 has been
identified as the central necroptosis mediator, which switched
TNFa-induced apoptosis to necroptosis [10, 11]. Activation
of TNFa receptor induces ubiquitination of RIP1 and recruits
TRADD, cIAPs, TRAF2 to form the pro-survival complex at
membrane. When RIP1 is deubiquitinated by CYLD, RIP1 is
translocated from membrane to cytoplasm and binds with
FADD, caspase-8 and RIP3 to activate apoptosis. Inactiva-
tion of caspase-8 leads to RIP3-dependent necroptosis [12].
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Mixed lineage kinase domain-like protein (MLKL) has been
identified as a downstream substrate of RIP3. RIP3-mediated
phosphorylation of MLKL promoted MLKL oligomeriza-
tion, which disrupted membrane integrity during necrop-
tosis. RIP1, RIP3 and MLKL formed a large multiprotein
complex called necrosome which was required for execution
of TNFa-induced necroptosis [13].

Irradiation and chemotherapeutic drugs for cancer
therapy resulted in DNA damage-triggered signaling and
induction of apoptosis, which was executed by intrinsic
apoptotic pathway [14]. Recently, researches validated that
necroptosis can be induced by classic necroptosis triggers
or chemotherapeutic agents in a plethora of cancer cell lines
including hepatocarcinoma, glioblastoma, leukemia, bladder
carcinoma, and so on [15, 16]. The chemotherapy drug cispl-
atin can induce caspase-dependent apoptosis in cancer cells
and has been used for a number of solid tumor treatments,
including human hepatocellular carcinoma. Moreover, other
cell death pathway was also activated by cisplatin and other
chemotherapeutic drugs [17]. For example, shikonin treat-
ment induced cells death in C6 and U87 glioma cells and
12-PE, RPMI-8226 and U266 myeloma cells through necrop-
tosis, and this death could be blocked by RIPI inhibitor
necrostatin-1 (Nec-1) [18]. Previous research showed that
cisplatin caused gastric cancer cells necroptosis under inhibi-
tion of apoptosis [19]. Esophageal cancer cells were suscep-
tible to cisplatin-initiated necroptosis when the apoptotic
pathway was absent or blocked [20].

Now most cancer therapeutic agents aimed at an induc-
tion of apoptosis, however cancer cells usually evolved and
got the ability to evade apoptosis [21]. Multiple drug resis-
tance to cisplatin-based therapy was found in human hepato-
cellular carcinoma cells [22]. So it is desired to develop some
new therapeutic strategies focusing on triggering other type
of tumor-selective cell death. Cisplatin has been demon-
strated to induce both apoptosis and necroptosis in some
cancer cells, but whether cisplatin could induce necroptosis
in hepatocellular carcinoma cells is largely unknown.

In the current study, two cell lines, HepG2, a human
liver cancer cell line and HepG2/DDP, its cisplatin-resistant
counterpart were analyzed. HepG2/DDP cells are resistant to
cisplatin-induced apoptosis because of anti-apoptotic genes
upregulation. We also found that RIP3, the central molecule
in necroptosis is also absent in HepG2/DDP cells. Ectopic
expression of RIP3 results in cisplatin-induced HepG2/DDP
cells necroptosis via autocrine production of TNF-a. More
importantly, we demonstrate that cisplatin-induced necrop-
tosis in HepG2/DDP-RIP3 cells requires RIP1 and MLKL
because inhibition of MLKL activity by NSA or knockdown
of RIP1 significantly attenuates cells death and leads to cispl-
atin resistance. Moreover, we report that HepG2/DDP-RIP3
cells are more sensitive to cisplatin treatment in vivo. These
data provide new insight into the molecular mechanisms
underlying cisplatin-induced necroptosis in liver cancer cells
chemotherapy.

Materials and methods

Reagents. Cisplatin was purchased from Selleck. CellTiter-
Glo Luminescent Cell Viability Assay kit was from Promega.
Nec-1 (necrostatin-1) was purchased from Sigma. DMEM
medium and fetal bovine serum (FBS) were purchased from
Gibco. RIP1, RIP3 and MLKL antibody were from Abcam.
GAPDH antibody was purchased from Sigma.

Cell line and culture. HepG2 and HepG2/DDP cells were
obtained from Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Cells were cultured
in DMEM supplemented with 10% fetal bovine serum,
penicillin (100 U/ml) and streptomycin (100 mg/ml), 37°C
and 5% CO, in a humid environment.

Real-time PCR. Total RNA was prepared using TRIzol
(Invitrogen). Reverse transcription was performed using
PrimeScript™ RT Master Mix (Takara, RR036A) according
to the manufacturers instructions. SYBR Fast qPCR Mix
(RR430A) was purchased from Takara Bio Inc. PCR was
performed on CFX96 (Bio-Rad). Al mRNA expression levels
were normalized to GAPDH. Each sample was run at least in
triplicate. Primers used for the amplification are: GAPDH-F:
5-CTGGGCTACACTGAGCACC GAPDH-R: 5-AAGTG-
GTCGTTGAGGGCAATG, Bad-F: 5-CCCAGAGTTT-
GAGCCGAGTG, Bad-R: 5’-CCCATCCCTTCGTC-
GTCCT. Bim-F: 5-TAAGTTCTGAGTGTGACCGAGA,
Bim-R: 5-GCTCTGTCTGTAGGGAGGTAGG. Bak-F:
5-CATCAACCGACGCTATGACTC, Bak-R: 5-GTCAG-
GCCATGCTGGTAGAC. Bcl-XL-F: 5°-GAGCTGGTG-
GTTGACTTTCTC, Bcl-XL-R: 5°-GAGCTGGTGGTT-
GACTTTCTC. Bcl-2-F: 5-GGTGGGGTCATGTGT-
GTGG, Bcl-2-R: 5°-CGGTTCAGGTACTCAGTCATCC.
Bcd-W-F: 5-GCGGAGTTCACAGCTCTATAC, Bcl-W-R:
5-AAAAGGCCCCTACAGTTACCA.

Cell viability assay. Cells (2000/well) were seeded into
96-well plate and cultured 24 hours. Cisplatin was added into
experimental group to reach the final concentration. DMSO
was added to the control group. After cisplatin treatment at
indicated time point, cellular viability was assessed using
CellTiter-Glo Luminescent Cell Viability Assay according to
the manufacturer’s manual.

Measurement of HMGB1 and LDH by ELISA. 2x10*
HepG2/DDP-Vector or HepG2/DDP-RIP3 cells were seeded
in 96-well plate. The cells were treated with DMSO or 10 uM
cisplatin for 48 hours. HMGBLI in the supernatants was
measured with HMGB1 ELISA kit (Shino Test Corporation)
according to the instructions. LDH in the supernatants were
determined with a LDH ELISA Kit (Abcam) according to the
manufacturers’ protocols.

Western blot analysis. Cells were collected by centrifu-
gation at 1200 rpm for 5 min and suspended in lysis buffer
(20 mM Tris-HCI, pH7.4, 150 mM NacCl, 10% glycerol, 1%
Triton X-100, 1 mM Na;VO,, 25 mM B-glycerol-phosphate,
0.1 Mm PMSE, a complete protease inhibitor set) then lysed
on ice for 20 min. Cell lysates were centrifuged at 13000 x g
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for 20 min at 4°C. The supernatants were collected for
protein electrophoresis. Proteins were detected using appro-
priate antibodies.

RNA interference. To generate stable RIP1-knockdown
in HepG2/DDP-RIP3 cells, shRNA targeting RIP1 sequence
(CCACTAGTCTGACGGATAA) was cloned into pshRNA
vector (pshRNA-RIP1). Lentivirus was produced by co-trans-
fecting 293T cells with pshRNA, pMD2.G, psPAX2. HepG2/
DDP-RIP3 cells were infected with the lentivirus supernatant
and selected by puromycin to generate stable cell line.

In vivo xenograft assay. Briefly, 5x10° tumor cells were
suspended in 100 pl PBS and injected subcutaneously into
nude mice (n=5). Tumor size was measured every 3 days
with digital calipers. Tumor volume was calculated using
the formula: tumor volume (mm?®) = 0.5 x (long diameter)
x (short diameter)>. PBS or cisplatin (10 mg/kg) was injected
i.p. into mice every two days. All mice were maintained in
a specific pathogen-free facility. All experimental manipula-
tions were undertaken in accordance with the Institutional
Guidelines for the Care and Use of Laboratory Animals,
Department of Hepatobiliary Surgery, The Affiliated Hospital
of Xuzhou Medical University, People’s Republic of China.
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Results

HepG2/DDP cells are tolerant to cisplatin treatment. To
determine the sensitivity to chemotherapy reagent, HepG2
and HepG2/DDP cells were treated with different concentra-
tions of cisplatin (0, 2, 5, 10 or 20 pM). After 48 hours, cell
viability was determined by measuring the total amount of
ATP using CellTiter-Glo Luminescent Cell Viability Assay.
As Figure 1A showed, lower concentration of cisplatin
induced much more cell death in HepG2 cells comparing
with HepG2/DDP cells, suggesting that the latter cells were
more tolerant to increasing concentrations of cisplatin treat-
ment. In time-course experiments, both HepG2 and HepG2/
DDP cells were incubated with 10 uM cisplatin for 0, 24, 48
and 72 hours. Starting from 24 hours post-treatment, HepG2
cells showed more significant reduction in cell viability than
HepG2/DDP cells over time (FigurelB).

Previous studies have showed that upregulation of anti-
apoptotic genes and downregulation of apoptotic genes were
responsible for the cisplatin resistance in cancer cells. Thus,
we detected the expression of these apoptosis-related genes
at mRNA level by real-time PCR. Our results showed that
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Figure 1. HepG2/DDP cells are not sensitive to cisplatin treatment. A) HepG2 and HepG2/DDP cells were treated with different concentrations of
cisplatin (0, 2, 5, 10, 20 uM) for 48 hours and cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay. B) HepG2 and HepG2/
DDP cells were incubated with or without 10 uM cisplatin for indicated time (0, 24, 48, 72 hours) then the cell viability was measured using CellTiter-
Glo Luminescent Cell Viability Assay. Cell viability (100%) = cisplatin-treated group/no cisplatin-treated group*100%. C, D) Real-time PCR detection
of pro-Apoptotic genes (Bad, Bak and Bim) and anti-apoptotic genes (Bcl-2, Bcl-XL and Bcl-W). Representative results of at least three experiments

are shown. *p<0.05, **p<0.01 and ***p<0.001.
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expression of Bcl-XL and Bcl-2, which prevented apoptosis,
were obviously higher in HepG2/DDP than in HepG2 cells.
In addition, pro-apoptotic genes Bak and Bad were signifi-
cantly decreased in HepG2/DDP cells comparing with
HepG2 cells. Other genes expressions were similar between
both cell lines (Figures 1C and 1D). This result indicated
that HepG2/DDP cells had evolved resistance to cisplatin
by altering their apoptosis signaling pathway. Maybe some,
but not all, apoptotic genes were changed during this
evolution. This may be the intrinsic character of HepG2/
DDP cells. Taken together, these results demonstrated that
HepG2/DDP cells were resistant to cisplatin treatment and
this phenomenon was related with abnormal expression of
apoptotic genes.

Lack of necroptosis in HepG2/DDP cells. Previous
papers reported that upregulation of anti-apoptotic
pathway in many cancer cells lead to tumor chemoresis-
tance and suggested that activation of necroptosis could
be a good therapeutic strategy choice for these cancer cells
[15]. To examine whether HepG2/DDP cells responded to
critical necroptosis, they were incubated with a combina-
tion of TNF-a plus Smac mimetic and the caspase inhib-
itor z-VAD (T/S/Z) to trigger necroptosis. As shown in
Figure 2A, HepG2/DDP cells were resistant to T/S/Z
induced necroptosis while HT-29 (a human colon cancer
cell line which was widely used as the cellular model of
T/S/Z induced necroptosis) underwent cell death signifi-
cantly. Thus, we measured the expression levels of critical
modulators (RIP1, RIP3 and MLKL) of TNF-a induced
necroptosis in HepG2/DDP and HT-29 cell lines. RT-PCR
analysis showed that the RIP1 and MLKL were ubiqui-
tously expressed in the two cell lines, but RIP3 was only
detected in the HT-29 cells (Figure 2B). Western blot
analysis also confirmed RIP3 protein was deficient in
HepG2/DDP cells, but present in HT-29 cells (Figure
2C). These results may suggest that deficiency of RIP3
in HepG2/DDP cells was attributed to their resistance to
T/S/Z induced necroptosis. To prove our hypothesis, we
generated stable RIP3-overexpressing HepG2/DDP cell
line (HepG2/DDP-RIP3) and vector transduced cells as the
control (HepG2/DDP-vector). RIP3 overexpression was
confirmed by western blot analysis (Figure 2D). Critically,
ectopic expression of RIP3 in HepG2/DDP cells sensitized
them to T/S/Z induced necroptosis (Figure 2E).

Cisplatin induces necroptosis in HepG2/DDP cells by
RIP3 overexpression. Previous studies revealed that some
cancer cells underwent non-apoptotic cell death, such as
necroptosis, in response to cisplatin [19, 20]. In our work,
we first asked what kind of cell death was induced by cispl-
atin in HepG2 and HepG2/DDP-RIP3 cells. As shown in
Figure 3A, HepG2 cells were sensitive to low concentration
of cisplatin treatment and the cell viability was obviously
recovered when a general caspase inhibitor (zVAD) was
used, indicating that cisplatin predominantly prompted
caspase-dependent apoptosis in these cells. This was

consistent with the findings of previous studies. Interest-
ingly, low concentration of cisplatin also induced obvious
cell death in HepG2/DDP-RIP3 cells, but not the HepG2/
DDP cells (Figure 3B). To further examine whether inhib-
iting caspase activity blocked cisplatin-induced cell death,
the pan caspase zZVAD was used. As shown (Figure 3B),
zVAD treatment did not block but to some extent promoted
cisplatin induced cell death in HepG2/DDP-RIP3 cells.
These observations reminded us that cisplatin seemed
to promote another type of cell death, necroptosis, when
RIP3 was restored and the apoptosis pathway was inhibited
in HepG2/DDP cells.
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Figure 2. Absent of TNF-a mediated necroptosis in HepG2/DDP cells. A)
HT-29 and HepG2/DDP cells were treated with or without T/S/Z for 24
hours then the cell viability was measured using CellTiter-Glo Lumines-
cent Cell Viability Assay. RIP1, RIP3 and MLKL expression were detected
at mRNA level by RT-PCR (B) and at protein level by western blot (C) in
HT-29 cells and HepG2/DDP cells. D) Overexpression of RIP3 protein in
HepG2/DDP-RIP3 cells was measured by western blot. E) HepG2/DDP-
Vector and HepG2/DDP-RIP3 cells were treated with or without T/S/Z
for 24 hours then the cell viability was measured using CellTiter-Glo Lu-
minescent Cell Viability Assay. One representative of at least three exper-
iments with similar results was shown. *p<0.05, **p<0.01 and ***p<0.001
compared with the control.
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Next we used several approaches to further prove our
hypothesis. First, lactate dehydrogenase (LDH) release was
measured, which was a characteristic feature of necroptosis.
As shown in Figure 3C, the release of LDH was increased
significantly after cisplatin treatment in HepG2/DDP-RIP3
cells, but not in the HepG2/DDP cells. In addition, another
necroptosis marker, HMGBI1 was also produced by cispl-
atin stimulation in RIP3 overexpression HepG2/DDP cells
(Figure 3D). Collectively, these data indicated that cisplatin
predominately induced non-apoptotic necroptosis in RIP3
overexpression HepG2/DDP cells.

The molecular mechanisms of cisplatin-induced
necroptosis in HepG2/DDP-RIP3 cells. Previous studies
have identified RIP3 as a critical modulator in T/S/Z-induced
necroptosis [10]. Based on our above data, we also confirmed
that RIP3 was essential in cisplatin-induced necroptosis
in HepG/DDP cells. Besides RIP3, RIP1 and MLKL also
played important roles during T/S/Z-induced necroptosis
in many cells. So we asked whether RIP1 and MLKL were
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also involved in cisplatin-induced necroptosis in HepG2/
DDP-RIP3 cells. A specific inhibitor of RIP1 kinase (Nec-1)
was used in our experiment. As shown in Figure 4A, there
was a positive correlation between concentrations of Nec-1
and HepG2/DDP-RIP3 cell viability after treatment with
cisplatin. Furthermore, MLKL inhibitor (NSA) also had
the same effect on cisplatin-induced cell death (Figure 4B).
Furthermore, specific shRNA targeting RIP1 was used
and the efficiency of RIP1 knockdown at protein level
was confirmed by western blot analysis (Figure 4C). RIP1
knockdown markedly rescued cisplatin-induced cell death
(Figure 4D). Taken together, these results indicated that
cisplatin triggered HepG2/DDP-RIP3 cells death through
RIP1/RIP3/MLKL signaling pathway.

Next we explored how cisplatin treatment activated the
classic necroptosis signaling pathway. Previous studies
showed that autocrine production of TNF-a was required for
the induction of necroptosis in L929 cells [23]. We measured
TNF-a mRNA level using real-time PCR. Our results showed
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Figure 3. RIP3 overexpression promotes cisplatin-induced cell death in HepG2/DDP cells. A) HepG2 cells were treated with or without zZVAD (20 uM)
for 1 hour followed by stimulation with 10 pM cisplatin for 48 hours. The cell viability was measured using CellTiter-Glo Luminescent Cell Viability
Assay. B) HepG2/DDP-Vector and HepG2/DDP-RIP3 cells were treated with or without zVAD (20 uM) for 1 hour followed by stimulation with 10 pM
cisplatin for 48 hours. The cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay. LDH release (C) and HMGBI1 (D) in the
culture supernatants were measured after cisplatin treatment for 48 hours in HepG2/DDP-Vector and HepG2/DDP-RIP3 cells. One representative of
at least three experiments with similar results was shown. *p<0.05, **p<0.01 and ***p<0.001 compared with the control.
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transcription of TNF-a was profoundly enhanced in HepG2/
DDP-RIP3 cells upon cisplatin treatment (Figure 4E). These
results were consistent with previous studies that production
of TNF-a was involved in cisplatin-induced necroptosis in
esophageal cancer cells [24].
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Expression of RIP3 in HepG2/DDP cells enhanced
the therapeutic effect of cisplatin. To explore whether the
overexpression of RIP3 in HepG2/DDP cells affects tumor
growth, we first analyzed cellular growth rates between
vector and RIP3 overexpression HepG2/DDP cells in vitro.
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Figure 4. The molecular mechanisms of cisplatin-induced necroptosis in HepG2/DDP-RIP3 cells. HepG2/DDP-RIP3 cells were treated with different
concentrations of Nec-1 (A) or NSA (B) for 1 hour followed by stimulation with 10 uM cisplatin for 48 hours. The cell viability was measured using
CellTiter-Glo Luminescent Cell Viability Assay. C) RIP1 expression detected by western blot in HepG2/DDP-RIP3 cells stably transfected with shRNA
against RIP1. D) HepG2/DDP-RIP3 expressing RIP1 shRNA cells were stimulated with 10 uM cisplatin for 48 hours. The cell viability was measured us-
ing CellTiter-Glo Luminescent Cell Viability Assay. E) HepG2/DDP-RIP3 cells were treated with 10 uM cisplatin for indicated time and TNF-a mRNA
was measured by real-time PCR. One representative of at least three experiments with similar results was shown. *p<0.05, **p<0.01 and ***p<0.001

compared with the control.
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The growth curve showed a 3-day doubling time of HepG2/
DDP cells and overexpression of RIP3 had no obvious effect
on HepG2/DDP cells growth (Figure 5A). Moreover, we
found that HepG2/DDP cells with overexpression of RIP3
showed similar tumor growth and volume in nude mice
when compared with vector transduced cells (Figure 5B).

To evaluate the anti-tumor effect of cisplatin in vivo, mice
were given cisplatin, which was dissolved and injected i.p.
every other day at a dose of 10 mg/kg body weight when
the average tumor volume reached 300 mm?® in xenograft
tumor model. As shown in Figure 5C, the xenograft tumor
of HepG2/DDP-RIP3 was much more sensitive to cisplatin
treatment and exhibited suppressed tumor growth and size
comparing with the vector transduced HepG2/DDP cells.
Above data indicated that ectopic expression of RIP3 sensi-
tized HepG2/DDP cancer cells to cisplatin treatment in vivo.

Discussion

Cisplatin is one of the most important chemotherapeutic
agents for the treatment of solid tumors. Cisplatin cytotox-
icity is mediated by DNA damage and the subsequent induc-
tion of type I cell death, apoptosis [25]. Induction of apoptosis
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in tumor cells by many chemotherapy drugs (e.g., cisplatin,
5-fluorouracil) is the major strategy for cancer treatment [26].
But cancer cells always evolve to avoid apoptosis, resulting
in drug resistance and the ineffectiveness of anti-cancer
therapies. In this study, two cell lines were used: HepG2 and
HepG2/DDP. Consistent with previous report [27], HepG2
cells, but not HepG2/DDP cells, were sensitive to cisplatin
treatment as low concentration of cisplatin could induce
obvious cell death. Cisplatin resistance in HepG2/DDP cells
may result from upregulation of anti-apoptotic genes (Bcl-XL
and Bcl-2) and decreased expression of pro-apoptotic genes
(Bad and Bax) (Figure 1).

Recently, necroptosis had been proposed to be a new
strategy for cancer therapy [15]. Necroptosis had been
described for many years as an accidental and uncontrolled
form of cell death due to chemical agent, oxidative stress and
mechanical damage [28]. Now necroptosis is considered as
an important form of programmed cell death and the molec-
ular signaling pathway during cell necroptosis is increasingly
realized. Necroptosis can be mediated by TNF receptor super-
family, T-cell receptors, Toll-like receptors, cellular metabolic
stresses or anticancer compounds [29]. Necroptosis and
apoptosis use distinct molecular signaling pathways and

B
20004 -~ HepG2/DDP-Vector
o & HepG2/DDP-RIP3
£ 1500
@
£
= 10004
o
>
2 5001
=]
'—
0 T T T
10 20 30
days

-~ HepG2/DDP-Vector+PBS

e - HepG2/DDP-Vector+Cisplatin
-* HepG2/DDP-RIP3+PBS
&~ HepG2/DDP-RIP3+Cisplatin

Figure 5. HepG2/DDP-RIP3 cells were sensitive to cisplatin therapy in vivo. A) Growth curve of HepG2/DDP-Vector and HepG2/DDP-RIP3 cells as
measured by CellTiter-Glo Luminescent Cell Viability Assay. B) Xenograft tumor growth curves in nude mice from HepG2/DDP-Vector and HepG2/
DDP-RIP3 cells. n=6 per group. C) HepG2/DDP-Vector and HepG2/DDP-RIP3 cells were subcutaneously inoculated in nude mice. When the tumor
volume reached 300 mm?®, mice were injected i.p. with PBS or cisplatin (10 mg/kg) every other day. n=5 per group. ***p<0.001 compared with PBS

injected group.
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necroptosis is usually activated when the apoptosis pathway
is inhibited or absent in cancer cells. So induction of necrop-
tosis could be an alternative way for apoptosis-resistant
cancer therapy. This hypothesis was demonstrated in many
cancer cells like HT-29, Caco-2 and CT26 [30, 31]. To explore
whether HepG2/DDP could also undergo necroptosis, they
were treated with classic necroptosis inducer: TNF-a plus
Smac mimic and zVAD. Unfortunately, no obvious cell death
was observed under this condition. The deficient necroptotic
machinery may attribute to the absence of RIP3 expression
in HepG2/DDP cells (Figure 2). So we overexpressed RIP3
protein in HepG2/DDP cells and the HepG2/DDP-RIP3
cells became sensitive to TNF-a plus Smac mimic and zZVAD
treatment. Moreover, we found that the viability of HepG2/
DDP-RIP3 cells, but not HepG2/DDP cells, was susceptible
to cisplatin treatment and caspase-independent cell death
was observed (Figure 3). The release of LDH and HMGBI,
the classic biomarkers of necroptosis, were also detected in
the supernatant of cisplatin treated HepG2/DDP-RIP3 cells
(Figure 3). Based on above observation, we may conclude
that cisplatin may trigger necroptosis in RIP3-overexpressed
HepG2/DDP cells. To further confirm that RIP3 expression
made cells sensitive to cisplatin treatment, we used 1929
cells, which expressed endogenous RIP1, RIP3 and MLKL.
As shown in Figure S1, cisplatin treatment induced obvious
cell death in 1929 cells. In addition, Nec-1 (RIP1 inhibitor)
or GSK’872 (RIP3 inhibitor) can partially rescue cisplatin
induced cell death. So we reasoned that cisplatin can induce
two types of cell death (apoptosis and necroptosis) in L929
cells, which had endogenous RIP3 expression. Nec-1 or
GSK’872 only inhibited cisplatin-induced necroptosis, but
not apoptosis.

Recent research had uncovered the core components
during TNF-a-induced programmed necroptosis including
RIP1, RIP3 and MLKL. RIP1 and RIP3 formed a complex
(necrosome) to activate downstream executing molecule
MLKL leading to necrotic cell death [32]. RIP1 kinase activity
was required for RIP3 activation, and subsequently, RIP3
recruited and phosphorylated MLKL at Ser345, a key event
in the activation and trimerization of MLKL. MLKL trimer
then translocated to the plasma membrane and caused plasma
membrane permeabilization [1]. Necroptosis can be inhib-
ited by chemical compounds, such as RIP1 kinase inhibitor
(Nec-1), RIP3 kinase inhibitor (GSK’872) and MLKL inhib-
itor (NSA) [16]. However, it was unclear whether cisplatin-
induced cell death was also associated with RIP1-RIP3-MLKL
signaling pathway. In this study, our data demonstrated that
RIP3 was indispensable for cisplatin-induced necroptosis in
HepG2/DDP cells, which was primarily executed through
RIP1-RIP3-MLKL signaling pathway in HepG2/DDP-RIP3
cells. In addition, our results suggested that RIP1 was neces-
sary for cisplatin-induced necroptosis because knockdown
of RIP1 by shRNA or pharmacological inhibition of RIP1 by
Nec-1 prominently attenuated cisplatin-induced necroptosis
in the HepG2/DDP-RIP3 cells. In addition, MLKL inhibitor

NSA almost totally prohibited cisplatin-induced necroptosis
in HepG2/DDP-RIP3 cells (Figure 4). Our data provided
new insights into the mechanism of cisplatin-induced cell
death in HepG2/DDP cells. Further, previous reports showed
that autocrine release of TNF-a was identified in cisplatin-
induced cell necroptosis in acute renal failure and in esopha-
geal cancer cells. We also observed enhanced TNF-a mRNA
synthesis, suggesting that cisplatin-induced necroptosis
in HepG2/DDP-RIP3 cells was initiated by the autocrine
production of TNF-a.

In this study, we found that overexpression of RIP3 in the
HepG2/DDP cells did not affect tumor cell growth in vitro.
In the mouse xenograft model, cisplatin therapy was more
effective in reducing tumor volume in HepG2/DDP-RIP3
cells comparing with the HepG2/DDP cells. On the one
hand, cisplatin treatment may induce HepG2/DDP-RIP3
cells necroptosis in vivo then inhibit tumor growth. On the
other hand, necroptosis was considered as a type of immuno-
genic cell death, which elicited a specific immune response to
promote killing cancer cells [33]. This study also suggested
that the high expression level of RIP3 in tumor was associ-
ated with better response rates to cisplatin clinical therapy
in patients. However, RIP3 expression was usually repressed
in liver tumor cells and 85% of breast cancer patients due
to genomic methylation. So RIP3-dependent activation of
necroptosis was also largely inhibited during cancer chemo-
therapy. Previous study showed that hypomethylating agents
could restore RIP3 expression in some tumor cells [34],
promoting their sensitivity to chemotherapeutics-induced
cell necroptosis. Therefore, patients may benefit from the
combined use of chemotherapeutics and hypomethylating
agents in clinical trials.

In summary, we confirmed the upregulation of anti-
apoptotic molecules by qPCR that blocked the apoptotic
cell death in HepG2/DDP cells in response to cisplatin.
HepG2/DDP cells also failed to undergo necroptosis due
to deficiency of RIP3 expression, suggesting that RIP3
was essential for cisplatin-induced necroptosis in HepG2/
DDP cells. In addition to RIP3, our data indicated that
RIP1, MLKL and synthesis of TNF-a contributed to cispl-
atin-initiated necroptosis in HepG2/DDP cells. Finally, we
demonstrated that HepG2/DDP cells were more sensitive to
cisplatin treatment in xenograft tumor model. Our results
indicated that triggering of necroptosis was an alternative
strategy for killing apoptosis-resistant tumor cells. A better
understanding of the necroptosis machinery induced by
cisplatin was extremely important for improving cancer
chemotherapy. However, whether hypomethylating agents
can upregulate of RIP3 expression in patients was unclear.
The therapeutic effect of the combination of hypomethylating
agents and chemotherapeutics need to be studied thoroughly
in future. In addition, RIP3 expression was normal in human
tissue. We must monitor the side effects of chemotherapeu-
tics, which may also induced RIP3-dependent necroptosis in
normal tissues.



702

B. ZHANG, K. CAO, Z. LIU, W. SHAN, Q. WEN, R. WANG

Supplementary information is available in the online version
of the paper.
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