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Abstract: The survival and death of eukaryotic cells are tightly controlled by a variety of proteins in response to the 
cellular environment. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) is a receptor-interacting Ser/
Thr kinase that has recently been reported as an important regulator of cell survival, apoptosis, and necroptosis; 
however, its role in liver cancer remains unclear. In this study, we examined the effect of siRNA-mediated RIPK1 
knockdown on the survival and death of liver cancer cells. Treatment with siRIPK1 decreased the growth rate of liver 
cancer cells and increased apoptotic, but not necrotic cell death, which was higher in wild-type p53 (wt-p53) cells 
than in mutant-type p53 (mt-p53) cells. In addition, RIPK1 knockdown increased p53 expression and G1 phase ar-
rest in wt-p53 cells. Although suppressing p53 did not alter RIPK1 expression, it did attenuate siRIPK1-induced cell 
death. Interestingly, RIPK1 knockdown also increased the generation of reactive oxygen species and DNA damage 
by inhibiting signal transduced and activator of transcription 3 (STAT3) and ATM and RAD3-related (ATR) in wt-p53 
cells but not in mt-p53 cells. Moreover, STAT3 or ATR inhibition in p53 mutant cells restored siRIPK1-mediated cell 
death. Together, the results of this study suggest that RIPK1 suppression induces apoptotic cell death by inhibiting 
the STAT3/ATR axis in a p53-dependent manner. Furthermore, these findings suggest that RIPK1, alone or in com-
bination, may be a promising target for treating liver cancer. 
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Introduction

The fate of eukaryotic cells is strictly deter-
mined by proteins that regulate cell survival or 
death in response to different cellular situa-
tions. Programmed and unprogrammed cell 
death, also known as apoptosis and necrosis, 
respectively, are well defined forms of cell 
death that have been studied for several 
decades [1]. However, a type of programmed 
necrosis, termed necroptosis, was recently 
identified and shown to be induced by factors 
such as tumor necrosis factor-alpha (TNF-α), as 
well as TNF-related apoptosis-inducing ligand, 
Fas ligand, TNF-related weak inducer of apop-
tosis, lipopolysaccharide, and dsRNA [2-5].

In many cell types, TNF-α-stimulated TNF recep-
tor type 1 (TNFR1) promotes the formation of 
an intracellular complex consisting of TNFR1-

associated death domain proteins and recep-
tor-interacting serine/threonine-protein kinase 
1 (RIPK1), which activates the canonical nucle-
ar factor kappa-light-chain-enhancer of activat-
ed B cells (NF-κB) survival pathway. The loss of 
cellular inhibitors of apoptosis proteins and 
treatment with a second mitochondria-derived 
activator of caspases mimetic or cycloheximide 
(CHX) can reduce anti-apoptotic activity, allow-
ing TNF-α to promote the transition from sur-
vival to caspase-8-associated apoptosis [3-6]. 
However, if caspase activity is blocked by car-
bobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluo-
romethyl ketone (z-VAD-fmk) or viral proteins 
such as B13R/Spi2 (vaccinia virus), vICA (cyto-
megalovirus), E3 (adenovirus), E6 (human papil-
lomavirus 16), and p35 (baculovirus), cells 
undergo necroptosis through RIPK1 and RIPK3 
complex formation and mixed lineage kinase 
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domain-like pseudokinase (MLKL) activation 
[7-9]. Furthermore, in vivo experiments have 
revealed that RIPK1-deficient mice die shortly 
after birth due to systemic inflammation, indi-
cating that RIPK1 is a major regulator of cell 
survival, apoptosis, and necroptosis [3, 4]. 

Liver cells are often exposed to an inflammato-
ry environment as they play important roles in 
the detoxification of harmful foods or substanc-
es [10]. Indeed, hepatitis B virus (HBV), hepati-
tis C virus (HCV) infection, and alcohol are 
major inducers of inflammation and fibrosis 
that can result in the carcinogenesis of hepato-
cellular carcinoma (HCC) [11, 12]. Since inflam-
matory cytokines can also induce RIPK1 activa-
tion and necroptosis is associated with the 
pathology of acute hepatitis, nonalcoholic fatty 
liver disease, and alcoholic liver disease [4, 7], 
RIPK1 is considered an attractive target for 
modulating homeostasis and carcinogenesis in 
the liver. Although previous studies have dem-
onstrated that RIPK1 is a crucial component of 
TNF-signaling cascades that protect against 
infection, inflammation, cellular differentiation, 
and DNA damage, its specific roles in the 
absence of exogenous stimuli have not yet 
been elucidated in liver cancer.

In this study, we aimed to investigate the roles 
and mechanisms of RIPK1 in liver cancer cells. 
Notably, RIPK1 knockdown decreased the via-
bility of liver cancer cells and induced apopto-
sis by inhibiting STAT3-ATR signaling in a p53- 
dependent manner. Together, these findings 
suggest the existence of a complex regulatory 
network between RIPK1, p53, and STAT3, and 
indicate that different therapeutic approaches 
should be considered for patients with liver 
cancer depending on their p53 status. 

Materials and methods

Materials

Primary antibodies against cleaved caspase-3, 
PARP, and p-ATR (S428) were obtained from 
Cell Signaling Technology (Danvers, MA, USA); 
γH2AX and p53 from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA); RIPK1 from BD Bio- 
sciences (Palo Alto, CA, USA); and GAPDH from 
AbFrontier (Seoul, Korea). Horseradish peroxi-
dase (HRP)-conjugated secondary antibodies 
were purchased from Thermo Fisher Scientific 
(Waltham, MA, USA). 

Cell culture and transfection 

HepG2, SK-Hep-1, Huh-7, and SNU449 cells 
were maintained in RPMI 1640 supplemented 
with 10% fetal bovine serum (Gibco, Grand 
Island, NY, USA), 100 U/mL penicillin, and 100 
μg/mL streptomycin in a humidified 5% CO2 
atmosphere at 37°C. To suppress RIPK1 ex- 
pression, cells were seeded onto the appropri-
ate dishes or plates at a density of 10,000-
20,000 cells/cm2. After 24 h, the cells were 
transfected with RIPK1 and p53 targeted siR-
NAs and non-targeted scramble (SCR) siRNAs 
using RNAiMax transfection reagent (Thermo 
Fisher Scientific) according to the manufactur-
er’s instructions, and analysis was performed. 
The siRNA sequences were as follows: RIPK1, 
5’-GAA CCC AGG GAC UCA UGA UUU-3’ (for-
ward) and 5’-AUG AGU CCC UGG GUU CUU-3’ 
(reverse); p53, 5’-UCA GAC CUA UGG AAA CUA 
CUU UU-3’ (forward) and 5’-AAG UAG UUU CCA 
UAG GUC UGA UU-3’ (reverse); STAT3, 5’-GCA 
CAA UCU ACG AAG AAU CAA UU-3’ (forward)  
and 5’-UUG AUU CUU CGU AGA UUG UGC UU- 
3’ (reverse); ATR, 5’-GAU GAA CAC AUG GGA 
UAU UUA UU-3’ (forward) and 5’-UAA AUA UCC 
CAU GUG UUC AUC UU-3’ (reverse); scramble, 
5’-CCU CGU GCC GUU CCA UCA GGU AGU U-3’ 
(forward) and 5’-CUA CCU GAU GGA ACG GCA 
CGA GGU U-3’ (reverse).

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide MTT assay 

Cell viability was assessed using MTT assays 
(Sigma-Aldrich; St. Louis, MO, USA). Briefly, 
each cell line was plated onto 24-well plates 
(SPL; Gyeonggi, Korea) and transfected with 
the indicated siRNAs after 24 h. MTT was 
added directly to each well at a final concen- 
tration of 0.5 mg/mL and the medium was 
removed after 4 h. Intracellular formazan crys-
tals were dissolved in dimethyl sulfoxide and 
the absorbance of the formazan solution was 
measured using a Multiskan EX microplate 
reader (Thermo LabSystems; Waltham, MA, 
USA) equipped with a 540-nm filter. Each sam-
ple was assayed in triplicate, and the experi-
ments were repeated three times.

Western blot analysis

Cells were lysed with RIPA buffer (50 mM Tris-
HCl, pH 7.4, 1% NP-40, 150 mM NaCl, and 1 
mM EDTA) supplemented with protease inhibi-
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tors (1 mM phenylmethylsulfonyl fluoride, 1  
μg/mL aprotinin, and 1 μg/mL leupeptin) and 
phosphatase inhibitors (1 mM Na3VO4 and 1 
mM NaF). Proteins in the whole-cell lysates 
were separated on 8-15% SDS-polyacrylamide 
gels and transferred to nitrocellulose mem-
branes (Bio-Rad, Hercules, CA, USA). The mem-
branes were blocked for 1 h with 5% skim milk 
in Tris-buffered saline containing 0.1% Tween-
20 and then probed with primary antibodies 
overnight at 4°C. After washing three times,  
the membranes were incubated with HRP-
conjugated secondary antibodies and immuno-
reactive bands were detected using enhanced 
chemiluminescence reagents according to the 
manufacturer’s recommendations (GE Health- 
care; Little Chalfont, UK). Experiments were 
repeated at least three times. 

Annexin V/Propidium iodide (PI) staining

Apoptotic and necrotic cells were evaluated 
using an annexin V-APC/PI detection kit (BD 
Biosciences, San Diego, CA, USA) according to 
the manufacturer’s instructions. Briefly, dead 
cells in the culture media and attached cells 
were collected, washed twice with phosphate 
buffered saline (PBS), and incubated with 
annexin V-APC and PI for 15 min. Stained cells 
were measured using a FACScaliber (BD Biosci- 
ences) or Cube6 (Partec, Münster, Germany) 
flow cytometer and analyzed using FlowJo soft-
ware (v. 10, Tree Star; Ashland, OR, USA).

Cell cycle analysis

Cells were transfected with SCR or RIPK1-
targeted siRNAs for 72 h, fixed in 70% cold eth-
anol overnight, and treated with RNase for 20 
min. After 50 µg/mL PI was added, the cells 
were analyzed using a FACS Calibur instrument 
(BD Biosciences).

Detection of intracellular reactive oxygen spe-
cies (ROS)

Cells were transfected with the indicated siR-
NAs for 72 h, treated with 10 mM CM-H2DCF-
DA for 30 min, and then harvested following 
detachment with trypsin. After the cells had 
been washed and resuspended in PBS, intra-
cellular ROS levels were detected using a flow 
cytometer (CyFlow Cube 6) at excitation/emis-
sion wavelengths of 488/525 nm.

Bioinformatics analysis

To determine the clinical significance of RIPK1 
expression, we analyzed The Cancer Genome 
Atlas (TCGA) data using the GEPIA2 database. 
The effects of RIPK1 mRNA and protein ex- 
pression on overall survival (OS) in liver cancer 
was analyzed using the Kaplan-Meier Plotter 
(https://kmplot.com/analysis/). Patients were 
divided into high and low expression groups 
using the median expression value. The results 
from the dataset with the lowest p-value for 
each analysis were presented. 

Statistical analysis

Statistical analyses were performed using 
GraphPad Prism v. 9.0 (GraphPad, La Jolla, CA, 
USA). All data were expressed as the mean ± 
standard deviation (SD). Significant differences 
between groups were determined using analy-
sis of variance (ANOVA) with Tukey’s post-hoc 
test. Data were considered statistically signifi-
cant at *P < 0.05, **P < 0.01, and ***P < 
0.001.

Results

RIPK1 suppression reduces the viability of hu-
man liver cancer cells 

The liver is constantly exposed to noxious 
stressors and inflammatory stimuli, and RIPK1 
is known to regulate cell death and survival [3, 
4]; therefore, we investigated basal RIPK1 
expression levels in several different human 
liver cancer cell lines using western blot analy-
sis (Figure 1A). Although RIPK1 was expressed 
in all the cell lines used in this study, RIPK1 
expression was higher in SK-Hep-1 and Huh-7 
cells than in HepG2, SNU 449, and SNU878 
cells, while Chang liver cells also showed con-
siderable RIPK1 expression. To investigate the 
effect of RIPK1 on cell viability, the cells were 
transfected with siRNAs that effectively reduc- 
ed RIPK1 expression (Figure 1B) and signifi-
cantly decreased cell viability (Figure 1C). 
Silencing RIPK1 in HepG2 and SK-Hep-1 cells 
induced severe cytotoxicity and resulted in 
numerous floating cells (Figure 1D). Thus, 
these results indicate that RIPK1 expression 
levels vary in HCC cells and RIPK1 knockdown 
decreases cell viability to different extents 
depending on the cell type.



RIPK1 knockdown induces liver cancer cell death

2597 Am J Cancer Res 2022;12(6):2594-2611

RIPK1 suppression induces apoptotic cell 
death

Since RIPK1 knockdown reduced cell viability, 
we examined whether siRIPK1 treatment also 
affected apoptotic cell death using annexin V/
PI staining (Figure 2A, 2B). The percentage of 
apoptotic SK-Hep1 and HepG2 cells increas- 
ed significantly following siRIPK1 treatment, 
whereas there was little change in the propor-
tion of Huh-7 and SNU-449 cells. In addition, 
RIPK1 knockdown induced caspase-3 and  
poly (ADP-ribose) polymerase (PARP) cleavage 
in all four cell lines to different degrees, con-
firming that apoptosis had occurred (Figure 
2C). 

The following experiments were performed on 
only two cell lines wherein apoptosis was mark-
edly increased by siRIPK1. Pretreating HepG2 
and SK-Hep1 cells with the apoptosis inhibitor, 
z-VAD-fmk, significantly reduced apoptosis in- 
duction by siRIPK1, as indicated by the re- 
duced number of annexin V-positive apoptotic 

cells (Figure 2D, 2E). Consistently, immunoblot 
assays showed that z-VAD-fmk attenuated 
PARP-1 cleavage induced by RIPK1 suppres-
sion (Figure 2F). Together, these data suggest 
that RIPK1 knockdown decreases HepG2 and 
SK-Hep-1 cell viability by inducing apoptosis.

p53 plays a role in siRIPK1-induced apoptosis

Since HepG2 and SK-Hep-1 cells have been 
reported to express wt-p53, whereas Huh-7 
(Y220C) and SNU449 (A161T) cells express 
mt-p53 (http://p53.free.fr/), we measured p53 
expression following RIPK1 knockdown. As 
shown in Figure 3A, siRIPK1 increased p53 
expression in cells with wt-p53 but not mt- 
p53, whereas the expression of MDM2, a nega-
tive regulator of p53, did not change in any of 
the cell lines. p53 also plays a key regulatory 
role in the cell cycle and is involved in G1 and 
G2/M arrest. Notably, RIPK1 knockdown in- 
duced G1 arrest in HepG2 cells and increased 
the apoptotic sub-G1 population of SK-Hep-1 
cells while significantly reducing the S/G2M  

Figure 1. RIPK1 suppression decreases the viability of liver cancer cells. A. Basal RIPK1 expression in several liver 
cancer cell lines, as examined by western blot analysis using the indicated antibodies. B. RIPK1 expression in the 
indicated cell lines transfected with non-targeted scrambled siRNA (SCR) or RIPK1-targeted siRNAs for 72 h, as 
examined by western blot analysis. C. Viability of the indicated cell lines transfected with SCR or RIPK1-targeted 
siRNAs for 72 h, as examined using MTT assays. D. Morphological changes and viability of the indicated cell lines 
transfected with SCR or RIPK1-targeted siRNAs for 72 h. The cells were imaged under a microscope at 100× mag-
nification. Scale bar 250 μm.



RIPK1 knockdown induces liver cancer cell death

2598 Am J Cancer Res 2022;12(6):2594-2611



RIPK1 knockdown induces liver cancer cell death

2599 Am J Cancer Res 2022;12(6):2594-2611

Figure 2. RIPK1 suppression induces apoptosis. A. Annexin V-APC and PI staining in the indicated cell lines transfected with siRNAs for 72 h, as analyzed using 
FlowJo software. B. Surviving cell population (upper) and Annexin V-positive cell population (lower) in the Annexin V/PI staining. Data represent the percentage ± SD; 
**P < 0.01, ***P < 0.001 vs. control. C. Cleaved caspase-3 and PARP expression in HCC transfected with siRNAs for 72 h, as examined by western blot analysis using 
the indicated antibodies. D. Annexin V-APC and PI staining in HepG2 and SK-Hep-1 cells transfected with siRNAs and treated with z-VAD-fmk (20 μM) for 72 h, as 
analyzed using FlowJo software. E. Annexin V-positive cell populations in the Annexin V/PI staining. Data represent the percentage ± SD; **P < 0.01, ****P < 0.0001 
vs. control, ##P < 0.01 vs. siRIPK1. F. Western blot analysis of HepG2 and SK-Hep-1 cells transfected with siRNAs and treated with z-VAD-fmk.
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Figure 3. RIPK1 suppression induces apoptosis in a p53-dependent manner. (A) Western blot analysis of the indicated cell lines transfected with siRNAs for 72 h. 
siRIPK1-induced p53 induction was only observed in cells with wild-type p53. (B) Cell-cycle analysis of cells treated as in (A). (C) Graphs represent cell cycle analysis 
results obtained from three independent experiments. (D) Annexin V-APC and PI staining of HepG2 and SK-Hep-1 cells transfected with siRNAs for 72 h, as analyzed 
using FlowJo software. (E) Surviving cell population in the Annexin V/PI staining. Data represent the percentage ± SD; **P < 0.01, ***P < 0.001 vs. control, #P < 0.05, 
###P < 0.001 vs. siRIPK1. (F) Western blot analysis of cells treated as in (D).
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sensing protein, ATR, and decreased the ex- 
pression of topoisomerase II-binding protein 1, 
which plays a key role in ATR pathway activa-
tion, in cell lines expressing wt-p53. The ob- 
served decrease in ATR activation appears to 
conflict with p53 induction by siRIPK1; there-
fore, we investigated the involvement of STAT3, 
which regulates ATR to control DNA damage 
and is highly associated with the development 
of chronic liver disease and HCC [16-18]. As 
expected, RIPK1 knockdown reduced STAT3 
activation in wt-p53 cells but no alteration was 
noted in mt-p53 cells, indicating that STAT3 
inhibition contributes toward siRIPK1-mediated 
ATR inactivation and is closely associated with 
p53 status. In addition, siRNA-mediated p53 
inhibition reversed the expression levels of 
γH2AX, pATR, and pSTAT3 induced by RIPK1 
suppression (Figure 4E). Together, these re- 
sults suggest that RIPK1 knockdown induces 
ROS-mediated DNA damage and apoptosis by 
suppressing STAT3-ATR activation in liver can-
cer cells harboring the wt-p53 protein.

STAT3 or ATR inhibition sensitizes cells with 
mt-p53 to siRIPK1-induced apoptosis 

Notable, as mt-p53 HCC cells exhibit resistan- 
ce to siRIPK1-induced cell death, we investigat-
ed whether the regeneration of p53 function by 
APR-246 (PRIMA-1MET) restores sensitivity to 
siRIPK1 treatment [19]. As presented in Figure 
5A and 5B, compared to each treatment alone, 
treatment with APR-246 with siRIPK1 increa- 
sed cleaved caspase-3 and PARP levels and 
significantly reduced cell viability in mt-p53 
SNU449 cells. However, no additive effect was 
observed in Huh-7 cells. 

Furthermore, given that RIPK1 suppression  
did not reduce STAT3 or ATR expression in 
mt-p53 HCC cells, we investigated whether a 
combination treatment could increase cell 
death. Huh-7 and SNU449 cells were treated 
with siRIPK1 alongside STAT3 or ATR knock-
down. Because STAT3 or ATR suppression 
alone induced marked apoptosis in Huh-7 cells 
to a degree similar to that of siRIPK-induced 
apoptosis, no further decrease in cell viability 
by the combination treatment was observed. 
However, combined knockdown of RIPK and 
STAT3 in SNU449 cells increased cleaved cas-
pase-3 and PARP levels more than siRIPK1 or 
siSTAT3 alone. In addition, RIPK1 and ATR 

cell population. However, no significant cell 
cycle perturbations were observed in mt-p53 
cells (Figure 3B, 3C). 

To clarify the role of p53 in siRIPK1-induced 
apoptosis, we simultaneously knocked down 
p53 and RIPK1 in cells harboring wt-p53. 
Transfection with siRNAs targeting p53 did not 
alter the viability of HepG2 cells but slightly 
increased the degree of apoptosis in SK-Hep-1 
cells. Conversely, the simultaneous inhibition  
of RIPK1 and p53 slightly reduced siRIPK1-
induced apoptosis (Figure 3D, 3E). Although 
RIPK1 knockdown increased p53 expression, 
suppressing p53 did not alter RIPK1 expres-
sion. Interestingly, the simultaneous knock-
down of RIPK1 and p53 attenuated the increa- 
se in PARP cleavage caused by RIPK1 suppres-
sion (Figure 3F). Thus, these results suggest 
that p53 may act downstream of RIPK1 and 
play an important role in siRIPK1-mediated 
apoptosis. 

RIPK1 suppression induces DNA damage via 
the ROS-STAT3-ATR axis

p53 is a tumor suppressor that plays a central 
role in the cellular response to DNA damage 
caused by diverse stressors via the transcrip-
tional activation of genes involved in cell cycle 
arrest, DNA repair, survival, senescence, and 
apoptosis [13, 14]. In HCC cells, oxidative 
stress and hepatitis virus-driven oncogenic  
replicative stress are common stimuli that  
elicit cellular responses. Treating HepG2 and 
SK-Hep-1 cells with siRIPK1 significantly 
increased ROS generation compared to cells 
with mt-p53 (Figure 4A, 4B). In addition, RIPK1 
knockdown in wt-p53 cells significantly de- 
creased the expression of GPX-1, an antioxi-
dant enzyme involved in ROS generation, but 
did not affect manganese superoxide dis-
mutase (SOD2) or catalase levels (Figure 4C). 

As RIPK1 suppression increased ROS levels, 
we next examined whether RIPK1 is associated 
with the DNA damage response by measuring 
the levels of γH2AX, a sensitive DNA damage 
marker [15]. Consistent with the above results, 
siRIPK1 remarkably increased γH2AX expres-
sion in wt-p53-expressing cell lines, but it did 
not alter γH2AX expression in mt-p53-express-
ing cells (Figure 4D). In addition, RIPK1 knock-
down significantly decreased the total and 
phosphorylated forms of the DNA damage-
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knockdown further increased caspase-3 and 
PARP cleavage compared to siRIPK1 or siATR 
alone, indicating that inhibition of STAT3 or ATR 
may attenuate resistance to siRIPK treatment 
in mt-p53 cells (Figure 5C-E). These results 
suggest that STAT3 and ATR may be promising 
targets for sensitizing mt-p53 HCC cells that 
are resistant to siRIPK1-induced apoptosis. 

Clinical significance of RIPK1 expression in 
patients with liver hepatocellular carcinoma 
(LIHC)

Finally, we analyzed the clinical significance of 
RIPK1 and its potential as an anticancer thera-
peutic target using public expression profiles 
with GEPIA2. RIPK1 expression was significant-

Figure 4. RIPK1 suppression induces DNA damage via the ROS/STAT3/ATR axis. (A) Total cellular ROS production of 
cells transfected with siRNAs for 72 h and stained with CM-H2DCFDA, as measured using flow cytometry. (B) Data 
represent the mean ± SD of three independent experiments. **P < 0.01, ***P < 0.001 vs. control. (C) Western blot 
analysis of antioxidant enzymes in the indicated cell lines transfected with siRNAs for 72 h. (D) Western blot analysis 
of DNA damage and STAT3 in cells treated as in (C). (E) Western blot analysis of the role of p53 on siRIPK1-induced 
STAT3-ATR suppression in HepG2 and SK-Hep-1 cells transfected with siRNAs for 72 h.
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ly higher in glioblastoma, cholangiocarcinoma, 
pancreatic adenocarcinoma, and thymoma 
than in adjacent normal tissues, but was slight-
ly higher in LIHC (9.77 transcripts per million 
(TPM) in tumor vs. 8.71 TPM in matched nor- 

mal tissue). In addition, RIPK1 expression was 
significantly higher in stage 1 to stage 3 LIHC 
than in adjacent normal tissues (data not 
shown). Subsequent analysis of the associ- 
ation between RIPK1 expression and patient 

Figure 5. STAT3 or ATR suppression in mutant p53 cells restores sensitivity to siRIPK1-induced apoptosis. (A) Reac-
tivation of the transcriptional activity of p53 mutants by APR-246 increased cleaved caspase-3 and PARP, as deter-
mined by western blot. (B) MTT assay was performed to investigate the cell viability of APR-246 treatment in mt-p53 
HCC cells. *P < 0.05, **P < 0.01 vs. control, #P < 0.05 vs. siRIPK1, +P < 0.05, ++P < 0.01 vs. APR-246. (C, D) Western 
blot analysis of Huh-7 and SNU449 cells transfected with the indicated siRNA for STAT3 (C) or ATR (D). (E) Viability 
of Huh-7 and SNU449 cells transfected with the indicated siRNA for STAT3 or ATR by MTT assay. Data represent the 
mean ± SD of at least three independent experiments. Significant differences were determined using ANOVA with 
Tukey’s post-hoc test; *P < 0.05, **P < 0.01, ****P < 0.0001 vs. control, #P < 0.05 vs. siRIPK1, +P < 0.05 vs. siATR.
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Because the liver is often exposed to chronic 
injury and inflammatory conditions that may be 
associated with RIPK1 [4, 21], we decided to 
examine the effects of RIPK1 knockdown in 
HCC cells. Silencing RIPK1 with siRNAs reduc- 
ed the viability of HCC cells and significantly 
increased the degree of apoptosis in wt-p53 
cells but not in mt-p53 cells. Interestingly, we 
found that siRIPK1 reduced ATR expression in  
a p53-dependent manner. DNA damage induc-
es either pATM or pATR, which phosphorylate 
H2AX to activate the p53 protein and thereby 
promote cell-cycle arrest and apoptosis [15, 
26]. ATR is a DNA damage sensor kinase that 
plays an essential role regulating cell viability 
during replication stress, with ATR suppression 
sensitizing HeLa cells to DNA damage and 
inducing γH2AX expression [27-30]. However, 
siRIPK1 did not alter ATR or γH2AX activation in 
cells expressing mt-p53 or during p53 silenc-
ing, suggesting that p53 may function as an 
executioner of apoptosis rather than in the DNA 
damage repair response. Similar to our results 
indicating that siRIPK1-mediated apoptosis is 
dependent on p53, several studies have shown 
a correlation between RIPK1 and p53. RIPK1 
suppression has been reported to induce p53 
overexpression in glioblastoma and MEF cells 
by downregulating mdm2, which is associated 
with NF-κB inactivation [31]. In addition, RIPK1 
suppression has been shown to inhibit the pro-
liferation of A549 lung cancer cells in a p53- 
dependent manner by inducing mitochondrial 
oxidative phosphorylation defects, excessive 
glycolysis, and DNA damage [32]. Recently, it 
was reported that RIPK1 is essential for the 
survival of bone marrow mesenchymal stem 
cells and functions by maintaining mitochon-
drial homeostasis in a p53-dependent manner 
[33]. In contrast, it has been documented that 
diverse anticancer agents induce p53-inde- 
pendent cell death through RIPK1-JNK signal-
ing pathway activation [34, 35] or p53-depen-
dent cell death via the RIPK1/3-ROS-JNK-p53 
axis [36]. Therefore, as RIPK1 and p53 are 
important factors that can regulate both cell 
survival and death, the eventual fate of cells 
might vary depending on the circumstances 
under which they are expressed.

Another aspect of RIPK1 expression that 
remains unclear is the mechanism via which 
RIPK1 suppression induces DNA damage. 
Although ROS are one of the most important 

survival showed that RIPK1 expression was as- 
sociated with a better OS in patients with kid-
ney renal clear cell carcinoma but with a worse 
OS and disease-free survival (DFS) in patients 
with brain lower grade glioma. Although LIHC 
patients with high RIPK1 expression showed 
poor survival, this difference was not sta- 
tistically significant (Figure 6A). According to 
Kaplan-Meier analysis, the hazard ratio (HR) of 
RIPK1 was increased significantly by the pres-
ence of hepatitis virus but not by alcohol con-
sumption (Figure 6B). Since several studies 
have demonstrated that STAT3 plays a key  
role in viral replication [18, 20], we analyzed 
the correlation between RIPK1 and STAT3. In 
patients with LIHC, RIPK1 and STAT3 expres-
sion displayed a moderate positive correlation; 
however, no correlation was observed between 
RIPK1 and ATR or RIPK1 and p53. Genotype-
tissue expression (GTEx) revealed a moderate 
positive correlation between RIPK1 and ATR or 
RIPK1 and p53 in healthy tissues. Taken 
together, these results indicate that a loss of 
correlation between RIPK1 and ATR or p53 ex- 
pression may be associated with the carcino-
genesis of liver cancer. 

Discussion

RIPK1 tightly regulates cell survival, apoptosis, 
and necroptosis through NF-κB, caspase-8, 
and RIPK3, respectively [3, 4, 21]. Under nor-
mal physiological conditions in vivo, RIPK1 pro-
motes cell survival via the canonical NF-κB 
pathway in the presence of TNF-α [9, 22, 23]; 
however, if cell death signaling is stronger than 
the survival signals, RIPK1 can induce apopto-
sis through the RIPK1-Fas-associated death 
domain protein scaffold to activate caspase-8. 
When caspase-8 is blocked by viral proteins or 
z-VAD-fmk under apoptotic conditions, RIPK1 
promotes necroptosis by binding RIPK3 and 
MLKL. Although these signaling pathways are 
comparatively well defined, the cellular effects 
of RIPK1 suppression itself and the fate of 
RIPK1 deficient cells remain largely unknown. 
In addition, the majority of studies have exam-
ined RIPK1 under artificial conditions, such as 
combined treatment with TNF-α and CHX [24, 
25] or under conditions of FasL activation, oxi-
dative stress, radiation, and DNA damage-
inducing anticancer agents. Few have studied 
the effects and mechanism of RIPK1 under 
normal conditions.



RIPK1 knockdown induces liver cancer cell death

2606 Am J Cancer Res 2022;12(6):2594-2611

inducers of DNA damage and genomic instabil-
ity [37], they are produced at high levels by 
mitochondria in cancer cells and play an es- 
sential role in cancer cell survival by maintain-

ing the activation of STAT3 and other onco- 
genic pathways [38]. Cancer cells may also uti-
lize endogenous ROS-scavenging antioxidant 
enzymes to attenuate cytotoxicity induced by 

Figure 6. Clinical significance of RIPK1. A. OS and DFS of RIPK1. B. Kaplan-Meier survival analysis of RIPK1 in LIHC 
in the presence of different risk factors. C. Correlation between RIPK1 and STAT3, ATR, or p53 in TCGA-LIHC tumors 
(upper panel) and in GTEx-livers (lower panel) analyzed using Pearson correlation analysis. 
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mitochondrial STAT3, the phosphorylation of 
STAT3 at Ser727 can result in its translocation 
to the mitochondria to induce ROS-mediated 
cell death [47, 48]. Like RIPK1 and p53 men-
tioned previously herein, STAT3 is also impli-
cated in cell fate decisions as an anti-apopto- 
tic and a pro-death factor [49]. Therefore, the 
involvement of STAT3 in the RIPK1-NF-κB path-
way or RIPK1-mediated necroptosis has been 
somewhat reported, but it remains controver-
sial, and the exact signaling cascades in- 
volved need to be elucidated. Although we 
investigated the effect of RIPK1 silencing in 
only four cell lines, the combination of STAT3 or 
ATR and RIPK1 inhibition is a promising alter- 
native approach for cancer cells harboring 
mt-p53. However, the results were cell-depen-
dent and the inhibition of each target alone 
occasionally induced sufficient cell death. 
Therefore, further studies should be conduct- 
ed to establish optimal treatment conditions 
validating the additive or synergistic effects of 
these combinations.

Consequently, we propose a hypothesis for the 
role of p53 and STAT3 in RIPK1 knockdown in 
liver cancer cells (Figure 7). In the absence of 
exogenous stimulation, RIPK1 promoted liver 
cancer cell growth through the STAT3/ATR sur-
vival pathway without activating p53. However, 
RIPK1 silencing in wt-p53 liver cancer cells 
inhibited the STAT3/ATR-mediated DNA dam-
age repair response and increased p53 expres-
sion, resulting in p53-mediated proliferation 
inhibition. In HCC with mutant inactive p53, 
siRIPK1 decreased STAT3-mediated survival 
pathways, which were restored by the loss of 
the STAT3-repressive ability of mt-p53. None- 
theless, the decreased viability of Huh-7 and 
SNU449 cells with mt-p53 caused by RIPK1 
suppression may partially be due to the in- 
volvement of other STATs, particularly STAT5, or 
the inhibition of NF-κB survival pathways, 
although further studies are required to eluci-
date the underlying molecular mechanism.  

RIPK1 is thought to promote the growth of can-
cer cells via the NF-κB survival pathway; how-
ever, we found that RIPK1 was not highly 
expressed in all tested cell lines. In addition, 
bioinformatic analyses indicated that RIPK1 
had low tissue- or cell-type specificity. High 
RIPK1 expression was associated with poor 
survival in patients with LIHC, but without sta-
tistical significance. Interestingly, the HR for 

chemotherapeutic drugs. For instance, Wang  
et al. reported that RIPK1 increases chemore-
sistance by reducing ROS generation via miR-
NA-146a-mediated catalase suppression [39]. 
Here, we demonstrated that siRIPK1 signifi-
cantly increased ROS levels to varying degrees 
in different liver cancer cell types. RIPK1 kn- 
ockdown also decreased the levels of GPX-1, 
which is the major GPX in the mammalian liver 
and contributes toward the prevention of mito-
chondrial oxidative stress [40]. Consequently, 
RIPK1 suppression may induce the accumula-
tion of cellular stressors, such as ROS, leading 
to extensive DNA damage; however, further 
studies are required to elucidate the exact 
mechanism of GPX-1 downregulation.

Interestingly, siRIPK1-induced ROS generation 
and DNA damage were not observed in mt- 
p53 cells. Therefore, we investigated whether 
STAT3, a negative regulator of p53 and an 
upstream molecule of ATR, was involved in the 
resistance to siRIPK1-induced apoptosis. Ab- 
normal STAT3 activation is closely related to 
the occurrence, proliferation, drug resistance, 
and stemness of various tumors, including 
HCC, and plays an important role in the re- 
gulation of complex networks formed in the 
tumor microenvironment [41-43]. Importantly, 
siRIPK1-mediated STAT3 inhibition was not 
observed in the absence of p53 but was evi-
dent in wt-p53 cells upon p53 induction. 
Several studies have shown that STAT3 can 
inhibit p53 by binding to the repressor of the 
p53 promoter, while p53 can suppress STAT3 
phosphorylation and DNA-binding activity, sug-
gesting that the two proteins have opposite  
and reciprocal functions [38, 42, 44]. The 
mt-p53 HCC cells resist siRIPK1-induced cell 
death by keeping STAT3 expression unchang- 
ed, whereas the regeneration of p53 function 
by APR-246 or depletion of STAT3 in mt-p53 
cells reduces this resistance. Therefore, these 
results suggest that p53 and STAT3 may be 
important regulators in determining the sen- 
sitivity of HCC cells to siRIPK1-induced cell 
death. Several studies have demonstrated the 
connection between RIPK1 and STAT3. RIPK1 
promotes the radiation-induced invasion of 
non-small cell lung cancer cells via the Src/
STAT3-EMT pathway [45]. In addition, IL6-me- 
diated STAT3-DNMT activation blocks TNFα-
RIPK1-induced necroptosis in myeloid-derived 
suppressor cells [46]. Recent data have also 
shown that in addition to the metabolic role of 
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RIPK1 increased significantly in the presence 
of hepatitis virus, which is one of the main risk 
factors for HCC, alongside aflatoxin-contami-
nated foodstuffs, heavy alcohol intake, and 
type 2 diabetes [50]. Recent studies have 
attempted to develop new RIPK1 targeted 
drugs to overcome necrosis-associated patho-
logical conditions, including ischemia/reperfu-
sion injury and myocardial infarction [7, 51,  
52]. Although necroptosis is likely to switch to 
apoptosis, these approaches could be eff- 
ective under severe conditions [53-55]. In the 
current study, we first showed how differences 
in intrinsic RIPK1 expression in HCC affect cell 
survival and the mechanisms involved. The 
relationship between RIPK1 and p53 or bet- 
ween RIPK1 and STAT3 has been reported, but 
the intrinsic connections among RIPK1, p53, 
and STAT3 have not been elucidated. Because 
all three factors are critically involved in cell 
fate and are intricately linked to each other,  
our results could help to understand chemo-
therapy non-response and resistance. Taken 
together with these previous studies, our find-
ings suggest that RIPK1 could be a promising 
target for treating cancer alone or in combi- 
nation. 

Conclusion

Treatment outcomes for liver cancer, a type of 
heterogeneous malignant disease caused by 
multiple etiology, remain unsatisfactory. The 

findings of this study demonstrate that RIPK1 
suppression in liver cancer cells induces apop-
tosis by inhibiting the STAT3/ATR signaling  
pathways in a p53-dependent manner. Fur- 
thermore, our findings indicate that RIPK1 
could be an attractive target for cancer treat-
ment in combination with STAT3 or ATR inhibi-
tors, particularly for patients with liver cancer 
carrying mt-p53 cells.
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