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Abstract

Background: Targeting AKT suppresses tumor growth through inducing apoptosis, however, during which whether
other forms of cell death occurring is poorly understood.

Methods: The effects of increasing PARP1 dependent cell death (parthanatos) induced by inhibiting AKT on cell pro-
liferation were determined by CCK-8 assay, colony formation assay, Hoechst 33,258 staining and analysis of apoptotic
cells by flow cytometry. For the detailed mechanisms during this process, Western blot analysis, gRT-PCR analysis,
immunofluorescence and co-immunoprecipitation were performed. Moreover, the inhibition of tumor growth by
inducing p53/SIRT6/PARP1-dependent parthanatos was further verified in the xenograft mouse model.

Results: For the first time, we identified that inhibiting AKT triggered parthanatos, a new form of regulated cell death,
leading to colon cancer growth suppression. For the mechanism investigation, we found that after pharmacological
or genetic AKT inhibition, p53 interacted with SIRT6 and PARP1 directly to activate it, and promoted the formation of
PAR polymer. Subsequently, PAR polymer transported to outer membrane of mitochondria and resulted in AlF releas-
ing and translocating to nucleus thus promoting cell death. While, blocking PARP1 activity significantly rescued colon
cancer from death. Furthermore, p53 deletion or mutation eliminated PAR polymer formation, AIF translocation, and
PARP1 dependent cell death, which was promoted by overexpression of SIRT6. Meanwhile, reactive oxygen species
production was elevated after inhibition of AKT, which might also play a role in the occurrence of parthanatos. In
addition, inhibiting AKT initiated protective autophagy simultaneously, which advanced tumor survival and growth.

Conclusion: Our findings demonstrated that AKT inhibition induced p53-SIRT6-PARP1 complex formation and the
activation of parthanatos, which can be recognized as a novel potential therapeutic strategy for cancer.
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exceeds 80%. However, the 5-year survival rate decreases
to<10% for advanced stage (stage IV) CRC [2]. Resist-
ance to apoptosis is found to make CRC cells survive
under chemotherapy [3] which always leads to treatment
failure. Thus, it is urgently needed to explore novel tar-
get therapy methods with specific mechanism in order to
overcome apoptosis resistance in patients with advanced
stage CRC.

Poly [ADP-Ribose] polymerase 1 (PARP1)-dependent
cell death (parthanatos) is a novel form of non-apoptotic
regulated cell death, which occurs without apoptotic
body formation and small-size DNA fragmentation [4,
5]. Parthanatos is triggered by PARP1 hyperactivation,
which results in poly(ADP-ribose) polymer (PAR poly-
mer) synthesized, and apoptosis-inducing factor (AIF),
after binding to PAR polymer, released from mitochon-
dria into nucleus to produce parthanatotic chromati-
nolysis [6]. Parthanatos has been proved to be involved
in a lot of diseases including macular degeneration [7],
parkinson’s disease [8], smoke-related lung diseases [9]
and oxidative stress-related hearing disorders [10]. In
addition, researches also showed that chemical induced
parthanatos contributed to cell death in various types
of neoplasm, such as melanoma [11, 12], glioma [13],
esophageal cancer [14] and breast cancer [15], suggest-
ing parthanatos induction could be a potential therapeu-
tic strategy to overcome apoptosis resistance. Although
studies revealed that parthanatos might associated with
oxidative injury, depletion of NAD+and ATP and mito-
chondrial inner transmembrane potential dissipation [16,
17]. However, which specific signal pathway and related
mechanism that trigger PARP1 hyper-activation and par-
thanatos in cancer remains unknown.

AKT, a serine-threonine kinase, is also regarded as
a master regulator of cellular survival and growth [18,
19]. Abnormal overexpression or activation of AKT was
observed in various neoplasms [20], which also con-
tributed to drug resistance and apoptosis blocking [21].
Therefore, inhibition of AKT has been researched as a
potential therapeutic strategy to enhance drug sensitiv-
ity [22]. AKT overexpression suppresses the activation of
the p53 signaling pathway via inducing the antiapoptotic
Bcl-xL protein and enhancing MDM2, a negative regu-
lator of p53, which has been regarded to play a critical
role of apoptosis resistance and cellular survival [21, 23].
Previous studies revealed the crosstalk between p53 and
PARP1, in which, activation of PARP1 requires the inter-
action of activated p53 while mutant or inactive p53 loses
such function [24, 25]. Recently, MDM2-p53 pathway
was revealed to involve in parthanatos during traumatic
brain injury [26]. It is plausible to make a hypothesis that
AKT activation triggers parthanatos via p53 pathway.
Although blocking AKT signaling cascades to induce
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apoptotic cell death has been researched for many years
in many neoplasms, including CRC [27]. However, the
relationship between AKT inhibition and parthanatos
remains unreported.

SIRT6 is a member of sirtuin family, which exhibits
both NAD-+-dependent deacetylase and ADP-ribose
transferase enzyme activity [28, 29]. It plays critical roles
in many biological processes like metabolism, DNA sta-
bility and repair, cell proliferation and differentiation [30,
31]. SIRT6 serves as a tumor suppressor and is observed
decreased in various cancers such as colorectal, hepa-
tocellular and pancreatic cancers [32—34]. SIRT6 shows
a close relationship with cell death. Our previous study
revealed that, AKT/FoxO3a pathway regulates SIRT6
expression in colon cancer and inhibition of AKT trig-
gers SIRT6 transcription via FoxO3a activation, which
significantly promotes cell death [35]. Meanwhile, SIRT6-
p53 interaction was reported to regulate cardiolipin de
novo biosynthesis [36]. Previous study also reported
that SIRT6 could activate PARP1 through monoADP-
ribosylation and the activated PARP1 modified HMGB1
by polyADP-ribosylation [37]. Therefore, we assume that
SIRT6 may play an important role in AKT inhibition trig-
gered parthanatos through p53-SIRT6-PARP1 complex
formation.

Here, in this study, inhibition of AKT was found to
induce parthanatos, triggering PARP1 hyper activation,
PAR polymer accumulating and AIF translocation to
nucleus. During this process, p53 interacted with PARP1
directly, which was indispensable for PARP1 activation
and parthanatos. Mutant or absence of p53 dramatically
abolished AKT inhibition triggered parthanatos in dif-
ferent cancer types. Protective autophagy was detected
at the same time, which was beneficial for enhancing the
viability of tumor cells. Our findings firstly discovered
that AKT inhibition inducing not only apoptosis but also
parthanatos and might partially explained the mecha-
nism of AKT-p53-PARP1 axis. AKT related parthanatos
can be regarded as a potential clinical therapeutic strat-
egy in cancer treatment.

Methods

Cell culture and treatment

The human colon cancer cell lines, HCT116, HT29,
SW480, SW620, the human embryonic kidney cell
lines HEK293T, the human hepatocellular carcinoma cell
lines HepG2 and the human prostate cancer cell lines
DU145 were obtained from American Type Culture Col-
lection (ATCC). Human colon cancer cell line with p53
knock out (HCT116 p53—/—) was generously provided by
Dr. Bert Vogelstein (Johns Hopkins University, Baltimore,
MD, USA). SW480, SW620, HT29 and DU145 were cul-
tured in RPMI 1640, HEK293T, HepG2 were cultured in
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DMEM, HCT116 WT and HCT116 p53—/-— were cul-
tured in McCoy’s 5A modified media, supplemented with
10% fetal bovine serum (FBS), penicillin (100units/ml),
and streptomycin (100 pug/ml) in 5% CO, at 37 °C in a
humidified incubator. All agents of SC66, TIC10 and 3AB
diluted with DMSO were added in the medium directly
before detection. In the aspect of transfection experi-
ments, Lipofectamine 2000 transfection reagent was
used following the supplier’s instructions. The medium
was replaced with fresh culture medium after 5 h. Cells
were then examined at 24—48 h after transfection.

Antibodies and reagents

Primary antibodies against phospho-AKT (S473),
pan-AKT, phospho-FoxO3a (S253), totalFoxO3a,
phospho-p65  (S276), total-p65, cleaved-caspase3,

cleaved-caspasel, cleaved-PARP1, LC3 and p62 were pur-
chased from Cell Signaling Technology (Boston, Massa-
chusetts, USA), total-caspase3, PAR and p-MLKL(S358)
was purchased from abcam (Cambridge, UK), p53,
PARP1, AIF, pan-AKT, totalFoxO3a, total-p65, GPX4
and P-actin were purchased from proteintech (Wuhan,
Hubei, China), Cox IV, H3 and HRP conjugated anti-
rabbit/mouse secondary antibodies were purchased from
Abbkine (Wuhan, Hubei, China). Lipofectamine 2000
was purchased from Thermo Fisher Scientific (Waltham,
Massachusetts, USA). AKT inhibitor SC66, TIC10,
autophagy inhibitor CQ, ULK101, pan-caspase inhibitor
Z-VAD-FMK and PARP1 inhibitor 3AB were purchased
from Selleck (Houston, Texas, USA). CCK-8 kit was from
7 Sea Biotech (Shanghai, China). ROS inhibitor NAC was
purchased from Topscience (Shanghai, China).

Cell viability and apoptosis assays

Colon cancer cells were cultured in a 96-well microplate
at a density of 5x 10° cells/well for 24 h. Cell viability
was assessed with Cell Counting Kit-8 at indicated time
post-treatment according to the manufacturer’s instruc-
tions. To estimate the viability of the cells, the absorbance
of 450 nm (OD450) was measured with a 96-well plate
reader. For analysis of apoptosis by Hoechst 33,258 (Inv-
itrogen), colon cells were cultured on the coverslip of a
chamber, rinsed with PBS, and then added in 500 ul of
culture media containing 5 ug Hoechst 33,258, incubated
at 37 °C with 5% CO, for 15 min. Apoptosis was detected
through microscopic visualization of condensed chro-
matin and micronucleation. For colony formation assays,
equal number of cells were plated into 6-well plates after
different treatments. 14 days after plating, colonies were
visualized by crystal violet staining. Trypan blue (Beyo-
time, China) was also used for counting the number of
dead cells. After collagenase digestion, centrifuging and

Page 3 of 21

suspending the cells with different treatments, trypan
blue buffer was added into the cell suspension for 3 min.
Then, the dead cells, stained with blue, were counted
under light microscopy.

ROS production assay

For intracellular reactive oxygen species (ROS) detection,
cells were loaded with ROS specific fluorescent probe
2/,7'-dichlorofluorescin diacetate (DCFH-DA, Solarbio)
and incubated for 30 min at 37 ‘C. DCFH-DA can be oxi-
dized into highly fluorescent dichlorofluorescein (DCF)
in the presence of ROS, and fluorescence microscope
was used to determine the intracellular ROS level. Rosup
(Solarbio) was used as positive control.

Western blotting

Protein samples were extracted with RIPA buffer (10 mM
Tris—Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM
NaCl). The mitochondria isolation followed the instruc-
tions of the Cell Mitochondria Isolation Kit (Solarbio).
Nuclear and cytoplasmic proteins were isolated using a
Nuclear and Cytoplasmic Protein Extraction Kit (Solar-
bio). Equivalent protein samples (30 pg protein extract
was loaded on each lane) were subjected to SDS-PAGE
on 10% gel. The proteins were then transferred onto
PVDF membranes (Millipore) and blocked with 5% non-
fat milk for 1 h at room temperature. The membranes,
probed with the indicated primary antibodies, were incu-
bated at 4 °C overnight. Primary antibody was detected
by binding horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse secondary antibody with an
ECL plus kit. Detection was performed using the Odys-
sey infrared imaging system (LI-COR, Lincoln, NE). To
detect AIF translocation, purified mitochondrial, cyto-
plasma and nucleus fractions were isolated, followed by
Western blotting analysis.

Real-time reverse transcriptase (RT) PCR

Total RNA was extracted with Tri-Reagent (TIANGEN
BIOTECH, Beijing, China) according to the manufac-
turer’s protocol. The amount and purity of the RNA were
determined by spectrophotometry, and 3 pug of RNA from
the colon cancer cells after AKT inhibition were used in
each RT reaction. The performance of realtime qPCR was
performed by our previous report that we described on
C1000 Thermal Cycler CEX96 Real-time PCR Detection
System (Bio-Rad).

Immunofluorescence staining

Cells were seeded in confocal dishes and treated as desig-
nated. After corresponding treatment, the cells were fixed
in 4% paraformaldehyde for 30 min at room temperature,
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washed with phosphate buffered saline (PBS, pH 7.4) and
then permeabilized with 0.4% TritonX-100 for 30 min.
After blocking with 10% goat serum for 30 min, the cells
were incubated with primary antibody overnight at 4 °C.
Then the cells were washed with PBS and incubated with
flurochrome conjugated secondary antibody against
mouse or rabbit (proteintech, Wuhan, Hubei, China) for
1.5 h at room temperature. The specimens were then
stained nuclei with DAPI for 5 min, and then observed
by laser-scanning confocal microscope (Olympus, Tokyo,
Japan).

Flow cytometry

Human colon cancer cell lines HCT116 WT and
HCT116 p53—/— were suspended in 1 x 10° cells/ml, and
5 ul Annexin V and 5 pl propidium iodide staining solu-
tion were added to 100 ul of the cell suspension. Then
400 pl binding buffer was added to cell suspension again.
After the cells were incubated at room temperature for
10 min in the dark, stained cells were assayed and quanti-
fied using a FACSort Flow Cytometer (Beckman Coulter,
Brea, CA, USA). Cell debris was excluded from the analy-
sis by an appropriate forward light scatter threshold set-
ting. Compensation was used wherever necessary.

Co-immunoprecipitation

To detect the interaction among p53, SIRT6 and PARP],
about 6 pg of p53 antibodies was firstly added to 1 ml cell
lysate. According to the manufacturer’s protocol, the mix-
tures were mixed on a rocker at ambient temperature for
2 h. The immunocomplexes were captured by the addition
of protein A-agarose (Beyotime, Shanghai, China) mixed
at 1:10 ratio, followed by incubation at ambient tempera-
ture for 1 h. The beads were washed 5 times and then col-
lected by centrifugation at 12,000 rpm for 30 s. After the
final wash, the beads were mixed with 20 pl of 2 loading
buffer, heated at 95 °C for 10 min, and analyzed by West-
ern blotting using p53 and PARP1 antibody.

Xenograft mouse model and treatment

Female 5-week-old nude mice (Vital River, China) were
housed in a sterile environment with micro isolator
cages and allowed access to water and chow ad libitum.
HCT116 WT cells were harvested, and 1 x 10° cells in
0.2 ml of McCoy’s 5A modified medium were implanted
subcutaneously into the back of athymic nude female
mice. Mice were treated daily with SC66 at 25 mg/kg by
i.p. injection every 3 days for 15 days, whereas the control
mice were administered vehicle. Volume was calculated
by the formula of 0.5 x length x width?. Mice were eutha-
nized when tumors reached~1.0 cm® in size. Tumors
were dissected and frozen in — 20 °C for further study. All
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mice were housed and maintained under specific path-
ogen-free (SPF) conditions. All animal studies were in
accordance with institutional guidelines and approved by
the Use Committee for Animal Care.

Histopathology

For immunohistochemistry, tumors were fastened in 4%
paraformaldehyde for 24 h. After dehydration, embedded
in paraffin and sectioned by LEICA system according to
standard protocols. Briefly, 1% hydrogen peroxide was used
to blocked antigen retrieval with citric acid (pH 6.0) endog-
enous peroxidase activity. Primary antibody was applied
and incubated with secondary antibodies conjugated to
peroxidase-labelled dextran polymer. Sections not exposed
to secondary antibody served as negative controls.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism V software. All assays were repeated indepen-
dently more than three times. Data are represented as
mean=+SEM in the figures. p Values were calculated
using the Student’s paired t-test.

Results

Targeting AKT suppressed colorectal cancer growth

and induced apoptosis

To study how AKT inhibitors SC66 and TIC10 affect-
ing CRC proliferation, cell viability was detected by
CCK-8 assay under a gradient in concentration of SC66
and TIC10 treatment for 24, 48 and 72 h. Cell viabil-
ity decreased remarkably, while SC66 exhibited a dose
dependent manner (Fig. 1a) and TIC10 was time depend-
ent (Fig. 1b). Colony forming assay showed similar results
that SC66 and TIC10 significantly suppressed colony for-
mation (Fig. 1c). Hoechst33258 staining was performed
and chromatin condensation was observed in HCT116
cells after treated with SC66 (Fig. 1d) and TIC10 (Addi-
tional file 1: Fig. Sla). The expression of total-caspase 3
and cleaved-caspase 3 was detected increased in HCT116
after application of SC66 and TIC10 (Fig. le). Above
results confirmed apoptotic cell death was taking place
in HCT116 cells. Meantime, AKT and its downstream
molecules FoxO3a and p65 might be dephosphorylated
after AKT inhibition (Fig. 1f). Interestingly, SC66 inhib-
its AKT activity by down-regulating AKT protein level,
which is probably due to SC66 functioned through facili-
tating Akt ubiquitination [38].

AKT inhibition triggers not only apoptosis

but also parthanatos and pro-survival autophagy

In consideration whether AKT promotes cell sur-
vival only via apoptotic cell death, we then assessed a
combination of AKT inhibitor and caspase inhibitor
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Fig. 1 AKT inhibition promoted cell death in colorectal cancer cells. a, b Cell viability of HCT116 was analyzed by CCK-8 assay after administration
of SC66 (0.33 uM, 1 uM, 3.3 uM, 10 uM and 33 uM) or TIC10 (1 uM, 3.3 uM, 10 uM, 33 uM and 100 uM) at the time points of 24 h, 48 h and 72 h.
c Colony formation assay by crystal violet staining in HCT116 treated with SC66 (2 uM, 10 uM) and TIC10 (5 uM, 10 uM) after 14 days. d Hoechst
33,258 staining was performed after 10 pM of SC66 treatment for 24 h e After HCT116 cells were treated with 10 uM of SC66 and TIC10 for 24 h and
48 h respectively, the level of total-caspase3 and cleaved-caspase3 was tested via western blotting. f The expression levels of p-Akt (S473), p-FoxO3a
(S253) and p-p65(S276) were detected after the treatment of SC66 (2 uM, 10 uM) for 24 h and TIC10 (10 uM) for 24 h, 48 h or 72 hin HCT116

(Z-VAD-FEMK) which is widely used in researches to
block apoptosis [39]. As a result, dead cells ratio reduced
after administration of Z-VAD-FMK (Additional file 2:
Fig. S2a, b) but cell viability only showed a partial recov-
ery (Fig. 2a, b), which implied that AKT inhibition also

play a role in caspase-independent non-apoptotic cell
death. Consequently, after treating HCT116 cells with
SC66 and Z-VAD-FMK we detected the markers of non-
apoptotic cell death including cleaved-caspasel [40],
GPX4 [41], p-MLKL [42] and PAR polymer, the classic
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markers of pyroptosis, ferroptosis, necroptosis and par-
thanatos respectively and the results showed that par-
thanatos was positive while pyroptosis, ferroptosis and
necroptosis were negative (Fig. 2c). So far, after AKT
blocked by small molecule inhibitors or genetic knock
down in HCT116, we discovered PAR polymer accu-
mulated and LC3-II/LC3-I ratio increased (Fig. 2d, e)
via western blotting assay, and corresponding qualita-
tive analysis were showed below (Fig. 2f-h) which indi-
cated that AKT inhibition may induce parthanatos
and autophagy. Consistently, similar result (Additional
file 2: Fig. S2d) that PAR polymer accumulation was also
observed in another colon cancer cell line, RKO, which
express wild type p53 protein as HCT116 does. Immu-
nofluorescence results confirmed that knock down of
AKT induced PAR polymer synthesized (Fig. 2i). RFP-
GFP-LC3 plasmid was transfected into HCT116 cells,
after the treatment of AKT inhibitors, GFP degradation
and RFP/GFP elevation were observed, which implied
the activation of autophagy (Fig. 3a). GFP-LC3 was also
transfected and punctate aggregated was observed after
administration of SC66 and TIC10 (Additional file 2:
Fig. S2e). Chloroquine (CQ) is an effective autophagy
inhibitor and according to the growth inhibitory curve
we tested (Fig. 3b), 24 h of CQ (10 uM) treatment was
selected for the following assay. However, a combination
of SC66 and CQ has failed to rescue cell viability (Fig. 3¢c),
and it revealed that AKT inhibition induced autophagy
is not a cell death pathway but a pro-survival adaption.
Interestingly, autophagy inhibitors dramatically reduced
AKT inhibition induced PAR polymer accumulation
(Additional file 2: Fig. S2f, g), the reason of PAR polymer
decrease might be the inhibition of autophagy, which
enhances apoptosis [43] and activates caspase kinase thus
repressing parthanatos by cleaving PARP1 [44].

Blocking PARylation activity abrogated parthanatos
induced by AKT inactivation.

To investigate the role of PARP1, which conducts more
than 90% of the total PARylation activity in the induction
of parthanatos, in AKT inhibition induced parthanatos,
loss function study by blocking PARP1. Flow cytometry
results showed that SC66 induced PI positive necrotic
cell counts could be reduced by PARP1 inhibitor, 3AB
(Fig. 4a). Since parthanatos was regarded as a form of
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regulated necrosis and positive PI stain was regarded
as its feature [7]. Phosphatidylserine externalization
on outer plasma membrane is a classic sign of necrotic
cell death [45]. So the principle of it might be due to
the phosphatidylserine externalization caused by PAR
polymer. CCK-8 assay and Trypan blue staining showed
that administration of 3AB, partly rescued cell viabil-
ity (Fig. 4b, c) and decreased dead cells rate (Additional
file 2: Fig. S2a, c) induced by AKT inhibitor. To confirm
whether the phenotypes of AKT inhibition induced par-
thanatos were mediated by PARP1 activity. Firstly, trans-
location of AIF into the nucleus induced by SC66 was
observed under confocal microscopy in HCT116 cells
and which can be reversed by applicating 3AB (Fig. 4d,
Additional file 1: Sle). Consistently, via western blotting
assay (Fig. 4e) and immunofluorescence staining (Fig. 4f),
PARP1 inhibition dramatically blocked AKT related PAR
polymer accumulation. Besides, immunohistochemistry
stain showed the level of PAR polymer was significantly
reduced in tumor tissue compared with adjacent tissue
(Fig. 4g), indicating that inducing parthanatos could be a
potential strategy for clinical treatment. Taken together,
above results demonstrated that AKT related parthana-
tos in HCT116 was PARP1 dependent.

P53 is indispensable in AKT inhibition induced parthanatos
Then we assessed the role of the p53 in the process
of AKT inhibition induced parthanatos, CCK-8 assay
showed that both HCT116 WT and HCT116 p53—/-
cells were observed decrease in cell viability but HCT116
p53—/— cells had a higher survival rate than HCT116
WT cells (Fig. 5a). After treated with AKT inhibitor, p53
did not increase on mRNA level (Additional file 3: Fig.
S3a) or protein level (Fig. 5c), but p53 level increased
in AKT knockdown cells (Fig. 5b). Compared with p53
wild type HCT116 cells, PAR polymer accumulation was
not able to be induced by SC66 in HCT116 p53—/— cells
(Fig. 5¢) while, after transfected with YFP-p53 overex-
pression plasmid PAR polymer accumulation can again
be observed under administration of SC66 (Fig. 5d).
Similar result was observed after treating HCT116 WT
and p53-/— cells with TIC10 (Fig. 5e). Consistently,
unlike in HCT116 WT cells, after knock down of AKT
in HCT116 p53-/— cells (Fig. 5f), PAR polymer accu-
mulation and AIF translocation into the nucleus were

(See figure on next page.)

Fig. 2 AKT inhibition triggers parthanatos and autophagy. a, b Cell viability of HCT116 was detected by CCK-8 assay after administrated 2 uM SC66
(@) and 10 UM TIC10 (b) for 48 h with or without 10 uM Z-VAD (caspase inhibitor). € The expressions of cleaved-caspase, GPX4, p-MLKL (5358),
PARP1, cleaved PARP1 and PAR in HCT116 were tested after administrated 10 uM SC66 with or without Z-VAD. d Western blotting assay tested the
level of LC3, p62 and PAR in HCT116 treated with SC66 or TIC10. e Western blotting assay tested the level of AKT, LC3 and PAR in HCT116 after knock
down of AKT. f, g, h Qualitative analysis of LC3, p62 and PAR levels under SC66 (f), TIC10 (g) and AKT knock down (h). i Immunofluorescent analysis

of the PAR polymer (red) accumulation in HCT116 with knock down of AKT




Zhang et al. Cell Communication and Signaling (2022) 20:93 Page 7 of 21
A B C SC66 - + +
Z-VAD - - +
1207 * < 1207 - - PAR -250kd
T
Z 1001 Z 100 T
S g0 S g0 -100kd
> > 3
E 60 E 60 T PARP1 ~‘~ ~ -116kd
3 401 S 401 c-PARPL [ M S B | sokd
S S
2 2
c 0 0
GPX4
\&60 SO L 4‘?.0 \xf’ R 0\0\ 7\?0
o M ° S c-caspasel -20kd
©
9 ©
° “ Actin| " S s |40/

Relative protein level

Relative protein level

PAR

P62 LC3 B/LC3 A
TIC10
Il on
24h
B 48h

72h

LC3B/LC3 A

p62

Fig. 2 (See legend on previous page.)

Relative protein level

PAR

HCT116 WT

T
LC3 A/ILC3 B

Merge




Zhang et al. Cell Communication and Signaling (2022) 20:93 Page 8 of 21

HCT116
1.8 1 %
2 1.51
(]
14
& 1.2
o
o
w
v 0.9
0.6~
DMSO SC66 TIC10
caQ
HCT116
= 1201
° —— 24h 120 7
T 100 <
S - 48h : 100 -
o -
w- 80 == 72h =
° 2 80
B K]
~ 60 - >
> = 601 *
— o
= 407 o
© $ 407
: 20 ‘_‘; 20 —_
° e
° 0 T T T T T T T T T 1
0- T T
6 O b S 6 O b S b & 6
oY oY oY R IR P P SC66 - - +
- + -
log[Inhibitor] (uM) ca
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not able to be observed (Fig. 5g). In addition, AIF pro- fraction was decreased, and with predominant increase
tein distribution in mitochondria, cytoplasm and nuclear  in nucleus fraction (Fig. 6a), on the contrary, AIF protein
was detected by western blot. After SC66 treatment in  in nucleus fraction was not increased in HCT116 p53—/—
HCT116 WT cells, AIF protein level in mitochondrial cells (Fig. 6b). According to a online database cBioportal

(See figure on next page.)

Fig. 4 Blocking of PARP1 activity abrogated AKT related parthanatos. a Annexin V/PI staining and flow cytometry analysis of cell death under 10 uM
SCe66 treatment for 24 h with or without PARP1 inhibitor, 3AB (10 uM). b, ¢ Cell viability of HCT116 was detected by CCK-8 assay after administrated
2 UM SC66 (b) and 10 uM TIC10 (c) for 48 h with or without 10 uM 3AB. d Immunofluorescent analysis of AIF (green) translocation under SC66

(10 uM) treatment with or without 3AB (10 uM). e, f The expressions of PAR polymer in HCT116 were tested after administrated SC66 with or
without 3AB by western blotting assay (e) and immunofluorescent stain (f) of the PAR polymer (red). g Immunohistochemistry analysis shows PAR
polymer expression in human CRC tissue and adjacent tissue. *p <0.05
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(https://cbioportal.org/) [46], p53 mutation occurs in
colon cancer with a high frequency at about 73% (Addi-
tional file 4: Fig. S4a), especially in R273 site (Additional
file 4: Fig. S4b). Interestingly, all HT29, SW480 and
SW620 harbour p53 R273H mutation, and PAR polymer
accumulation can not be induced in these cells with p53
loss-of-function mutation (Fig. 6¢c). Similarly, under the
administration of SC66, PAR polymer accumulation was
happened in HepG2, a hepatocellular carcinoma cell line
with wild type p53, but not occurred in DU145, a pros-
tatic cancer cell line with mutated p53 (Fig. 6d). In sum-
mary, AKT related parthanatos is p53 dependent and if
in absence of p53 normal function parthanatos was failed
to be triggered by AKT inhibition, which may partly
explained why it is harder to repress CRC in the patients
with p53 mutation.

P53 activates PARP1 directly to promote parthanatos

while mutant p53 losses this function

In consideration that PARP1 activity was enhanced by
p53, we then assessed the relationship between p53 and
PARP1. In the western blotting image, multiple isoforms
of PARP1 were seen, the 116 kd bands represent the
full length PARP1, which indicates PARP1 activity, and
the smaller 89 kd bands represent the cleaved-PARP1,
which indicates the occurrence of apoptosis [47, 48].
Although a part of PARP1 was cleaved after SC66 treat-
ment, protein level of nucleus PARP1 was upregulated
in HCT116 WT cells (Fig. 6a). On the contrary, nucleus
PARP1 in HCT116 p53—/- cells was not and the reason
of full length PARP1 decrease is probably due to PARP1
cleavage (Fig. 6b). Moreover, protein levels of PAR also
confirmed that the activation of PARP1 was closely asso-
ciated with p53 (Fig. 6a, b). Consistently, AKT inhibi-
tion triggered PARP1 activation was only observed in
HCT116 cells with wild type p53 but not in p53 mutant
cells like HT29, SW480 and SW620 (Fig. 6¢). Similar
results were also observed beyond CRC cell lines, PARP1
was activated by SC66 treatment in HepG2 cells with
wild type p53, but not in DU145 cells, with mutant p53
(Fig. 6d). Next, in order to investigate whether p53 binds
to PARP1 directly, co-immunoprecipitation assay was
performed in HCT116 WT cells and HCT116 p53 null
cells transfected with YFP-p53 overexpression plasmid
and the results showed that both endogenous and exog-
enous interaction between p53 and PARP1 were detected
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(Fig. 6e, f). Exogenous co-immunoprecipitation was also
performed in HEK293T (Additional file 3: Fig. S3b) and
the reciprocal experiment with anti PARP1 antibody and
IB with anti-p53 antibody was performed in HCT116
cells (Additional file 3: Fig. S3c). Besides, PARP1 protein
level is significantly up-regulated in CRC cancer tissues
compared with normal tissues, according to immuno-
histochemistry results (Fig. 6g) and a on line database
UALCAN (ualcan.path.uab.edu/index.html) [49], which
indicating PARP1 is also a potential therapeutic target to
inducing parthanatos in CRC (Additional file 4: Fig. S4c).
In general, inhibition of AKT triggers parthanatos by reg-
ulating p53 and then activating PARP1.

ROS promotes AKT inhibition induced parthanatos

ROS accumulation is closely related to various types
of cell death [50]. After treated with AKT inhibitor
(Additional file 1: Fig. S1b) or AKT knock down (Addi-
tional file 1: Fig. S1c), ROS production was observed in
HCT116 cells. To further explore the effects of ROS
accumulation during the AKT inhibition-induced part-
hanatos, NAC (N-acetylcysteine), a classical ROS inhibi-
tor [51], was used for the following experiments of ROS,
with a dose of 20 pM in vitro [52]. ROS production assay
showed that after inhibiting AKT by SC66 or TIC10, ROS
produced more, which could be reduced by co-treatment
of AKT inhibitor and NAC (Fig. 7a, b). Besides, cell death
induced by targeting AKT could be rescued by inhibit-
ing ROS (Fig. 7c) and after inhibiting both ROS and AKT,
expression level of PARP1 decreased significantly com-
pared with that of inhibiting AKT only (Fig. 7d). Addi-
tionally, confocal microscopy was utilized to observe the
translocation of AIF into the nucleus (Fig. 7e). It is shown
that translocation of AIF into the nucleus induced by
SC66 could be reversed by co-treatment with NAC. ROS
inhibition also dramatically blocked AKT related PAR
polymer accumulation, which was verified via western
blotting assay (Fig. 7d) and immunofluorescence staining
(Fig. 7f). Taken together, ROS could promote parthana-
tos induced by AKT inhibition, and targeting and elevat-
ing ROS produced by inhibiting AKT might be served a
novel insight for the anti-tumor therapeutics.

SIRT6 promotes AKT inhibition induced parthanatos
SIRT6 was observed decreased in colorectal cancer tis-
sue compared with tumor adjacent (Fig. 8a) and a similar

(See figure on next page.)

Fig. 5 AKT inhibition induced p53 mediated parthanatos. a Cell viability of HCT116 wild type and p53-/- cells was detected by CCK-8 assay after
administrated 2 pM SC66 and 10 uM TICT0 for 48 h. b Western blotting assay tested the level of p53 in AKT knockdown cells. ¢, d After treated with
10 uM SC66 for 24 h, the cellular PAR polymer level in HCT116 wild type and p53-/- cells (c) and in HCT116 p53-/- with or without transfection of
YFP-p53 (d) were tested by Western blotting. e PAR polymer level in HCT116 wild type and p53-/- cells was tested after treated with 10 uM TIC10 for
48 h. f, g Western blotting assay (f) and immunofluorescent analysis (g) of the PAR polymer accumulation after knockdown of AKT. *p <0.05
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result was also showed by the online database (Addi-
tional file 4: Fig. S4d). SIRT6 expression elevated signifi-
cantly after AKT inhibition, especially in HCT116 cells
(Fig. 8b), and which showed a similar trend to PAR pol-
ymer (Fig. 8c). Overexpression of SIRT6 did not induce
parthanatos directly (Fig. 8d) but enhanced AKT inhi-
bition induced PAR polymer formation (Fig. 8e) which
dramatically reduced cell viability (Fig. 8f). Moreo-
ver, co-immunoprecipitation assay was performed and
the results showed that both exogenous and endog-
enous interaction between SIRT6 and p53 was observed
(Fig. 8g, h). And to explore whether SIRT6 interacts

with PARP1, co-immunoprecipitation assay was per-
formed in HCT116 WT cells (Fig. 8i), which showed
the endogenous interaction between SIRT6 and PARPI.
Together, we speculate that SIRT6 promotes AKT inhi-
bition induced p53 dependent parthanatos, by forming a
SIRT6/p53/PARP1 complex.

AKT inhibition exhibited a p53 dependent antitumor effect
via parthanatos in vivo

Next, we continue investigating whether AKT inhibi-
tion triggered p53 mediated parthanatos is necessary for
antitumor activity in xenograft models. We established

(See figure on next page.)

Fig. 7 ROS promotes AKT inhibition induced parthanatos. a ROS production in HCT116 was tested by fluorescence microscope after different
treatments for 12hm. b ROS positive cells rates after treatment. ¢ Cell viability of HCT116 was detected by CCK-8 assay after administrated

10 M SC66 and 10 uM TIC10 for 24 h with or without 20 uM NAC. d The expressions of PAR polymer and PARP1 in HCT116 were tested after
administrated 10 uM SC66 and 10 uM TIC10 for 24 h with or without 20 uM NAC by western blotting assay. @ Immunofluorescent analysis of AlF
(green) translocation under SC66 (10 uM) treatment with or without NAC (10 uM). f Immunofluorescent stain for the PAR polymer (red). **p < 0.01,

***%p <0.0001
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xenograft mice models by subcutaneous injection of
HCT116 WT and HCT116 p53—/— cells. After treat-
ment, there was no significant change in the body weight
of the mice (Fig. 9a). Tumor growth was evidently inhib-
ited in both wild type and p53—/— HCT116 cells after
SC66 treatment. However, in HCT116 p53—/- groups,
the inhibition rate of tumor weight and volume were
significantly lower than that in HCT116 WT groups
(Fig. 9b—d). The levels of p53, p-AKT, ki67, PAR poly-
mer, cleaved-caspase3 and LC3 in the harvested tumor
were tested by western blotting (Fig. e, f) and the level
of PAR polymer and SIRT6 were also tested by immuno-
histochemistry (Fig. 9g). It indicates that AKT inhibition
mediates not only p53 independent apoptosis but also
p53 dependent parthanatos in vivo. The p53 dependent
parthanatos importantly contributed to AKT inhibition
induced cell death, which should be regarded as a poten-
tial therapeutic strategy for future clinical treatments.

Discussion

Colorectal cancer is one of the most common causes of
cancer death with the incidence rate of 38.7 per 100,000
persons and the mortality rate of 13.9 per 100,000 per-
sons [53]. The survival rate of CRC patients is closely
related to the stage of the cancer, sadly, approximately
35% of CRC patients were found with metastasis when
diagnosed which seriously influenced the prognosis
[54]. Cytotoxic chemotherapy agents like 5-Fluorouracil,
oxaliplatin and other drugs, which tends to kill rapidly
proliferating cells non-selectively, are wildly used in clini-
cal treatments for advanced CRC. However, due to the
lack of specificity and the emergence of drug resistance
the utility of these agents may be limited [55]. Besides,
CRC frequently carries various oncogenes and tumor
suppressor genes mutation including but not limited to
TP53, KRAS, BRAF and PI3KCA, which makes the cir-
cumstances more complicated [56—59]. Therefore, tar-
geted therapies were developed rapidly, and had been
applied in combination with first line chemotherapy. Tar-
geted therapy drugs like vascular endothelial growth fac-
tor (VEGFA) inhibitor bevacizumab, epidermal growth
factor receptor (EGFR) inhibitor cetuximab and pani-
tumumab have been granted by Food and Drug Admin-
istration (FDA) for metastasis CRC treatment [60, 61].
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Interestingly, PI3K-AKT pathway was identified as a
pro-survival factor contributing to drug resistance and
it shows close relationships to all common mutations in
CRC. Mechanically, PI3K-AKT pathway can be activated
by both VEGFA or EGFR hyperactivation and PI3KCA
mutation, and it can also regulate downstream molecules
like RAF and p53 [55, 62]. Therefore, activation of AKT
pathway is very likely to play a critical role in metastatic
CRC and targeting AKT may be a potential therapeutic
strategy.

Previous studies have suggested that targeting AKT
showed significant preclinical anti-tumor effects in CRC
and many other malignant tumors like pancreatic cancer
[63, 64]. AKT inhibitor has also been proved to success-
fully sensitize 5-Fu resistance CRC cells to chemotherapy
[65]. However, previous researches were mainly focused
on AKT related apoptosis, while AKT associate non-
apoptotic cell death has not been well studied. Although,
a few studies mentioned that interfering PI3K/AKT
signaling pathway may related with pyroptosis, ferrop-
tosis and necroptosis in non-tumor diseases like hepatic
ischemia reperfusion [66], hypoxic-ischemic brain dam-
age [67] and in cardiac myofibroblasts [68] respectively,
seldom research links AKT inhibition to above non-
apoptotic cell death in neoplastic disease.

In the present study, we investigated whether AKT
pathway takes part in non-apoptotic cell death in human
CRC and the occurrence of parthanatos was observed.
Specific molecules markers of pyroptosis, ferroptosis,
necroptosis and parthanatos were tested and results
showed that pyroptosis, ferroptosis and necroptosis
were tested negative, while, the markers of PARP1 acti-
vation and parthanatos initiation, the accumulation of
PAR polymer, were tested positive. During parthanatos,
AIF translocation from mitochondria to nucleus, another
sign of parthanatos [10], caused by massive DNA dam-
age induced PARP1 hyperactivation and excessive syn-
thesis of PAR polymer, was also been observed in our
study. Besides, we also observed a pro-survival autophagy
happened under the inhibition of AKT. Mechanically, we
identified p53 as a critical downstream of AKT kinase
in parthanatos, which links AKT inhibition with PARP1
hyperactivation. As we know, AKT kinase suppresses
p53 protein by over phosphorylate MDM2, a classic

(See figure on next page.)

Fig. 8 SIRT6 promotes AKT inhibition induced parthanatos. a SIRT6 expression in human CRC tumor tissue (T) and adjacent normal tissue (N). b
SC66 (10 uM) treatment for 24 h elevated SIRT6 expression in HCT116 cells. € SC66 (10 uM) treatment at the time points of 0 h, 0.5 h, 1 h, 2 h, 4 h and
8 h elevated the expression of SIRT6 and PAR polymer in a time dependent manner. d, e Western blotting assay tested the levels of PAR polymer
and SIRT6 without (d) or with (e) SC66 (10 uM) treatment after SIRT6 overexpression. Empty plasmid (pcDNA 3.1) was used as control. f CCK-8 tested
the SIRT6 overexpressed cells viability after treated with 2 uM SC66 for 48 h. g Exogenous co-immunoprecipitation was performed in HEK293T cells
transfedted with YFP-p53 and EGFP-SIRT6. h Endogenous co-immunoprecipitation of SIRT6 and p53 was performed in HCT116 cells. i Endogenous
co-immunoprecipitation of SIRT6 and PARP1 was performed in HCT116 cells
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antagonists of p53, which promotes p53 degradation
[23]. Parthanatos is a form of regulated necrosis requires
PARP1 activation in the process [6]. Although no direct
data at the molecular level was proved, study revealed
PARP activity is evidently dependent on p53 [69]. Con-
sistently, our data showed that p53 protein level was
obviously increased in AKT knockdown cells and after
AKT inhibition, even though PARP1 was observed partly
cleaved by caspases, a sign of apoptosis [70], but the level
of remaining full length PARP1 was still significant higher
than that in control cells, indicated both p53 and PARP1
were elevated and activated by blocking AKT. Interest-
ingly, PARP1 was failed to be activated in p53 knock
out and p53 mutant CRC cells, which indicated PARP1
activation and parthanatos require the function of wild
type p53. Direct interaction between p53 and PARP1 was
also confirmed by co-IP assay in our study. Comparing
with other studies, we put forward that AKT inhibition
induces parthanatos for the first time, and partly illumi-
nated the underlying mechanism. Moreover, mutations
in p53 are frequently found in human CRC, missense
mutation like R273H and R175H promote submucosal
invasion [71]. Mutation and absence of wild-type p53
were reported to accelerate the late stage of colorectal
cancer progression through various oncogenic pathways
[72]. Our findings suggested that lacking of parthanatos
activity, caused by p53 mutation or deletion, might be
another mechanism of poor prognosis in patients with-
out normal p53 function. Thus, in further studies, finding
a way to trigger parthanatos in patients with p53 muta-
tion may play an important role in tumor suppression.
The molecular mechanism and biological process of
parthanatos present great complexity. PARP1 hyper-
activation mediated parthanatos is usually triggered
by oxidative injury like reactive oxygen species (ROS)
accumulation [16]. It is reported that pharmacologically
blocking AKT pathway promotes ROS production [73],
and in our study, similarly, cellular ROS was observed
increased significantly by treating with AKT inhibi-
tor and pathanatos induced by targeting AKT could be
increased by ROS (Fig. 7a—f). In addition, after inhibition
of AKT, dephosphorylation of the downstream molecules
FoxO3a and p65 were observed in the present study,
which indicated the activation of FoxO3a [35] and inacti-
vation of p65-NFkB [74] and it is also reported that both
activated FoxO3a and inhibition of p65 can induce ROS
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generation [75, 76]. Interestingly, ROS was also reported
to promote AKT ubiquitination and degradation [77],
thus we speculate the existence of a potential feedback
loop between AKT and ROS, which constantly promotes
ROS production and AKT degradation. Moreover, it has
been reported that PARP1 has several effects on p53,
including the stabilization and poly(ADP-ribosyl)ation of
p53 which modulates its DNA binding properties, tran-
scriptional function, replication-associated recombina-
tion and specific protein—protein interactions, besides
that, activated p53 was also reported to induce the func-
tion of PARP1 but its mechanism remains unknow [78,
79]. In present study, we observed that PARP1 activation
is p53 dependent, and which is very likely to be realized
by direct interaction. Thus, we speculated that the occur-
rence of p53-PARP1 positive feedback loop may also
happen after AKT inhibition. Meanwhile, in this study,
loss of SIRT6 expression was observed in tumor tis-
sue compared with adjacent tissue and we found SIRT6
expression elevated significantly after inhibition of AKT.
Overexpression of SIRT6 promoted AKT inhibition
induced cell death and PAR polymer synthesis. Direct
interaction between SIRT6 and p53 was also proved. So
we hypothesize that SIRT6 also took part in AKT inhi-
bition induced p53 depended parthanatos. Together,
hyperactivation of AKT kinase, p53 loss of function and
upregulation of PARP1 were observed in many types
of neoplasms including CRC. Therefore, like in our
research, finding a way to suppress aberrant AKT kinase,
stabilize p53 protein and activate PARP1 was a promis-
ing strategy to overcome apoptosis resistance and induce
non-apoptotic parthanatos in cancer treatment. After
AKT inhibition, p53-SIRT6-PARP complex formation
and ROS production may amplify the cell death signal
and trigger the process of parthanatos (Fig. 10).

In conclusion, for the first time, our results demon-
strated that inhibition of AKT triggers not only apopto-
sis but also a p53/SIRT6/PARP1 dependent parthanatos,
which may uncover novel therapeutic strategies for CRC
treatment.

Conclusions

Targeting AKT suppresses tumor growth through
inducing apoptosis, which has been wildly explored
and served as therapeutic targets for cancer. However,
whether other forms of cell death occurring during

(See figure on next page.)

Fig. 9 The antitumor effect of AKT inhibition depends on p53 in vivo. Nude mice were injected s.c. with 1 x 10° HCT116 wt or p53—/-, and
mice were treated with SC66 at 25 mg/kg by i.p. injection every 3 days for 15 days. a The body weight of mice in each group during treatment.
b, ¢, d Representative tumors at the end of the experiment (b) Tumor weight (c) and tumor volume (d) were measured after treated with
SC66. e, f Western blotting assay tested the levels of p53, p-AKT, ki67 (e), PAR polymer, cleaved-caspase3 and LC3 (f) in the harvested tumor. g
Immunohistochemistry analysis the levels of PAR polymer and SIRT6 in the tumors. *p < 0.05
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Fig. 10 Hypothetical molecular mechanism of AKT inhibition induced parthanatos

inhibiting AKT is poorly understood. In the present
study, we identified that inhibiting AKT could trigger
parthanatos thus leading to colon cancer growth sup-
pression. We also found that after pharmacological or
genetic AKT inhibition, p53 interacted with SIRT6 and
PARP1 directly to activate it, and promoted the for-
mation of PAR polymer. Subsequently, PAR polymer
transported to outer membrane of mitochondria and
resulted in AIF releasing and translocating to nuclear to
promote cell death. Besides, death of colon cancer cells
could be significantly rescued by blocking PARP1 activ-
ity. These processes were inhibited by p53 deletion or
mutation, while promoted by overexpression of SIRT®6.
Meanwhile, ROS production and protective autophagy
were elevated after inhibition of AKT, might also play
a role in the occurrence of parthanatos. Our findings
demonstrated that targeting AKT inhibition induced
the activation of parthanatos, which can be recognized
as a novel potential therapeutic strategy for cancer.

Abbreviations

AlF: Apoptosis-inducing factor; ATCC: American Type Culture Collection; co-IP:
Co-Immunoprecipitation; CRC: Colorectal cancer; DCF: Dichlorofluorescein;
EGFR: Epidermal growth factor receptor; FBS: Fetal bovine serum; FDA: Food
and Drug Administration; HRP: Horseradish peroxidase; IF: Immunofluores-
cence; parthanatos: PARP1 dependent cell death; PARP1: Poly [ADP-Ribose]

polymerase 1; PAR polymer: Poly(ADP-ribose) polymer; ROS: Reactive oxygen
species; SPF: Specific pathogen-free; VEGFA: Vascular endothelial growth
factor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-022-00897-1.

Additional file 1: Fig. S1. a After HCT116 cells were treated with 10 uM
of SC66 and TICT10 for 24 h and 48 h respectively, Hoechst 33,258 staining
was performed. b ROS production in HCT116 was tested by fluorescence
microscope after treated with 10 uM SC66 for 12 h and Rosup was used as
positive control. € ROS positive cells rates after treatment. d ROS produc-
tion in HCT116 AKT knock down cells vs. HCT116 parental cells, tested

by fluorescence microscope. e Quantitative analysis for AIF translocation.
*p<0.05, **p<0.001.

Additional file 2: Fig. S2. a, b, c dead cells were stained by trypan blue
after SC66 (10 uM) treatment combined with or without Z-VAD (10 uM)
and 3AB (10 uM) for 24 h (a). The combination treatment effect of Z-VAD
(b) or 3AB (c) with SC66 were quantified. d Western blot analysis of PAR
polymer induction by SC66 in RKO cells. e Puncta formation of GFP-LC3
in HCT116 after treated with 10 uM of SC66 and TIC10 for 24 h and 48 h
respectively. f, g PAR polymer accumulation in HCT116 was detected by
western blotting assay after administrated 10 uM SC66 for 24 h with or
without autophagy inhibitors, 10 uM ULK101 (f) and 10 uM CQ (g).

Additional file 3: Fig. S3. a qRT-PCR assay tested the level of p53

after SC66 administration. b Exogenous co-immunoprecipitation was
performed in HEK293T cells transfedted with YFP-p53. ¢ co-immunopre-
cipitation with anti PARP1 antibody and IB with anti-p53 antibody was
performed in HCT116 cells.



https://doi.org/10.1186/s12964-022-00897-1
https://doi.org/10.1186/s12964-022-00897-1

Zhang et al. Cell Communication and Signaling (2022) 20:93

Additional file 4: Fig. S4. a The mutation type and rate of p53. b The
mutation sites of p53. ¢, d The expression of PARP1 (c) and SIRT6 (d) in
tumor tissue and normal tissue, according to online datasets.

Acknowledgements
Not applicable.

Author contributions

YZZ,CCZ and JHL were responsible for designing the review protocol, writing
the protocol and report, conducting the search, screening potentially eligible
studies and updating reference lists. MMJ, SNG and GY were responsible for
extracting and analyzing data and interpreting results. LLZ and FW con-
tributed to the design of the review protocol and interpreting results. SQY
contributed to the data extraction. YF and YJZ critically reviewed and edited
the manuscript and provided feedback on the report. All authors read and
approved the final manuscript.

Funding

This research was supported by the National Natural Science Foundation of
China (31801140, 81871995, 31701132 and 81972287), the Natural Sci-

ence Foundation of Hunan Province (2020JJ4182 and 2019JJ40366), the

Key Research and Development Program of Hunan Province (2020DK2001),
Province-ministry Joint Construction Project of Henan Provincial Health
Commission (SB201901049), and the Natural Science Foundation of Shanghai
Science and Technology Committee (No. 19ZR1447600).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All animal studies were in accordance with Ethics Committee of Hunan Uni-
versity and approved by the Use Committee for Animal Care.

Consent for publication
Not applicable.

Competing interests
The authors declare no potential competing interests.

Author details

'Department of Health Management, The Third Xiangya Hospital, Central
South University, Changsha, China. >Department of Gastrointestinal Surgery,
The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052,
China. 3School of Biomedical Sciences, Hunan University, Changsha 410082,
China. “Department of Ophthalmology, The First Affiliated Hospital of Zheng-
zhou University, Zhengzhou 450052, China. *Department of Laboratory Medi-
cine, The Third Xiangya Hospital, Central South University, Changsha 410013,
China. ®Department of Gastroenterology, The Tenth People’s Hospital

of Shanghai, Tongji University, Shanghai 200072, China. ’Center for Reproduc-
tive Medicine, The First Affiliated Hospital of Zhengzhou University, Zheng-
zhou 450052, China. éCollege of Biology, Hunan University, Changsha 410082,
China. “Department of Pathology and Neuropathology, University Hospital
Tuebingen, 72076 Tuebingen, Germany.

Received: 9 January 2022 Accepted: 9 May 2022
Published online: 17 June 2022

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68:394-424.

20.

21

22.

23.

Page 19 of 21

O'Connell JB, Maggard MA, Ko CY. Colon cancer survival rates with the
new American Joint Committee on Cancer sixth edition staging. J Natl
Cancer Inst. 2004;96:1420-5.

Lori G, Paoli P, Femia AP, Pranzini E, Caselli A, Tortora K, Romagnoli A,
Raugei G, Caderni G. Morin-dependent inhibition of low molecular
weight protein tyrosine phosphatase (LMW-PTP) restores sensitivity to
apoptosis during colon carcinogenesis: studies in vitro and in vivo, in an
Apc-driven model of colon cancer. Mol Carcinog. 2019;58:686-98.
David KK, Andrabi SA, Dawson TM, Dawson VL. Parthanatos, a messenger
of death. Front Biosci (Landmark Ed). 2009;14:1116-28.

Delettre C, Yuste VJ, Moubarak RS, Bras M, Lesbordes-Brion JC, Petres

S, Bellalou J, Susin SA. AlFsh, a novel apoptosis-inducing factor (AIF)
pro-apoptotic isoform with potential pathological relevance in human
cancer. J Biol Chem. 2006;281:6413-27.

Wang Y, Kim NS, Haince JF, Kang HC, David KK, Andrabi SA, Poirier GG,
Dawson VL, Dawson TM. Poly(ADP-ribose) (PAR) binding to apoptosis-
inducing factor is critical for PAR polymerase-1-dependent cell death
(parthanatos). Sci Signal. 2011;4:ra20.

Jang KH, Do YJ, Son D, Son E, Choi JS, Kim E. AlF-independent parthana-
tos in the pathogenesis of dry age-related macular degeneration. Cell
Death Dis. 2017,8:€2526.

Kam Tl, Mao X, Park H, Chou SC, Karuppagounder SS, Umanah GE, Yun SP,
Brahmachari S, Panicker N, Chen R, et al. Poly(ADP-ribose) drives patho-
logic alpha-synuclein neurodegeneration in Parkinson'’s disease. Science
2018; 362.

Kunzi L, Holt GE. Cigarette smoke activates the parthanatos pathway

of cell death in human bronchial epithelial cells. Cell Death Discov.
2019;5:127.

. Jiang HY, Yang Y, Zhang YY, Xie Z, Zhao XY, Sun Y, Kong WJ. The dual

role of poly(ADP-ribose) polymerase-1 in modulating parthanatos and
autophagy under oxidative stress in rat cochlear marginal cells of the stria
vascularis. Redox Biol. 2018;14:361-70.

. Hong A, Moriceau G, Sun L, Lomeli S, Piva M, Damoiseaux R, Holmen SL,

Sharpless NE, Hugo W, Lo RS. Exploiting drug addiction mechanisms to
select against MAPKi-resistant melanoma. Cancer Discov. 2018;8:74-93.

. LiJ, Lluo G, Zhang C, Long S, Guo L, Yang G, Wang F, Zhang L, Shi L, Fu

Y, Zhang Y. In situ injectable hydrogel-loaded drugs induce anti-tumor
immune responses in melanoma immunochemotherapy. Mater Today
Bio. 2022;14:100238.

. MaD, LuB,Feng C,Wang C,Wang Y, Luo T, Feng J, Jia H, Chi G, Luo Y, Ge P.

Deoxypodophyllotoxin triggers parthanatos in glioma cells via induction
of excessive ROS. Cancer Lett. 2016;371:194-204.

. Zhao N, MaoY,Han G, Ju Q, Zhou L, Liu F, Xu Y, Zhao X. YM155, a survivin

suppressant, triggers PARP-dependent cell death (parthanatos) and
inhibits esophageal squamous-cell carcinoma xenografts in mice. Onco-
target. 2015;6:18445-59.

. Donizy P, Halon A, Surowiak P, Pietrzyk G, Kozyra C, Matkowski R. Correla-

tion between PARP-1 immunoreactivity and cytomorphological features
of parthanatos, a specific cellular death in breast cancer cells. Eur J
Histochem. 2013;57:e35.

. Wang R, Li C, Qiao P, Xue Y, Zheng X, Chen H, Zeng X, Liu W, Boldogh |,

Ba X. OGGT1-initiated base excision repair exacerbates oxidative stress-
induced parthanatos. Cell Death Dis. 2018;9:628.

. Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear cross talk

in cell death: parthanatos. Ann N'Y Acad Sci. 2008;1147:233-41.

. Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell.

2017;169:381-405.

. Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in three Akts.

Genes Dev. 1999;13:2905-27.

Shaw RJ, Cantley LC. Ras, PI(3)K and mTOR signalling controls tumour cell
growth. Nature. 2006;441:424-30.

Song M, Bode AM, Dong Z, Lee MH. AKT as a therapeutic target for
cancer. Cancer Res. 2019;79:1019-31.

Hsu CM, Lin PM, Tsai YT, Tsai MS, Tseng CH, Lin SF, Yang MY. NVP-BEZ235,
a dual PI3K-mTOR inhibitor, suppresses the growth of FaDu hypopharyn-
geal squamous cell carcinoma and has a synergistic effect with Cisplatin.
Cell Death Discov. 2018;4:57.

ZouY, LeiW, Su 'S, Bu J, Zhu S, Huang Q, Li Z. Chlamydia trachomatis
plasmid-encoded protein Pgp3 inhibits apoptosis via the PI3K-AKT-medi-
ated MDM2-p53 axis. Mol Cell Biochem. 2019;452:167-76.



Zhang et al. Cell Communication and Signaling

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2022) 20:93

Wesierska-Gadek J, Wojciechowski J, Schmid G. Phosphorylation regu-
lates the interaction and complex formation between wt p53 protein and
PARP-1. J Cell Biochem. 2003;89:1260-84.

Wiman KG. p53 talks to PARP: the increasing complexity of p53-induced
cell death. Cell Death Differ. 2013;20:1438-9.

XuH, Li X, Wu X,Yang Y, Dai S, Lei T, Jing D, Luo P, Luo E. Iduna protects
HT22cells by inhibiting parthanatos: the role of the p53-MDM2 pathway.
Exp Cell Res. 2019;384:111547.

Wanigasooriya K, Tyler R, Barros-Silva JD, Sinha Y, Ismail T, Beggs AD.
Radiosensitising cancer using phosphatidylinositol-3-kinase (PI13K), pro-
tein kinase B (AKT) or mammalian target of rapamycin (mTOR) Inhibitors.
Cancers (Basel) 2020; 12.

Gil R, Barth S, KanfiY, Cohen HY. SIRT6 exhibits nucleosome-dependent
deacetylase activity. Nucleic Acids Res. 2013;41:8537-45.

Van Meter M, Mao Z, Gorbunova V, Seluanov A. Repairing split ends:
SIRT6, mono-ADP ribosylation and DNA repair. Aging (Albany NY).
2011,3:829-35.

Sebastian C, Zwaans BM, Silberman DM, Gymrek M, Goren A, Zhong L,
Ram O, Truelove J, Guimaraes AR, Toiber D, et al. The histone deacety-
lase SIRT6 is a tumor suppressor that controls cancer metabolism. Cell.
2012;151:1185-99.

Masri S, Rigor P, Cervantes M, Ceglia N, Sebastian C, Xiao C, Roqueta-
Rivera M, Deng C, Osborne TF, Mostoslavsky R, et al. Partitioning circadian
transcription by SIRT6 leads to segregated control of cellular metabolism.
Cell. 2014;158:659-72.

Qi J, Cui C, Deng Q Wang L, Chen R, Zhai D, Xie L, Yu J. Downregulated
SIRT6 and upregulated NMNAT?2 are associated with the presence, depth
and stage of colorectal cancer. Oncol Lett. 2018;16:5829-37.

Kugel S, Sebastian C, Fitamant J, Ross KN, Saha SK, Jain E, Gladden A,
Arora KS, Kato Y, Rivera MN, et al. SIRT6 suppresses pancreatic cancer
through control of Lin28b. Cell. 2016;165:1401-15.

Marquardt JU, Fischer K, Baus K, Kashyap A, Ma S, Krupp M, Linke M, Teufel
A, Zechner U, Strand D, et al. Sirtuin-6-dependent genetic and epigenetic
alterations are associated with poor clinical outcome in hepatocellular
carcinoma patients. Hepatology. 2013;58:1054-64.

Zhang Y, Nie L, Xu K, FuY, Zhong J, Gu K, Zhang L. SIRT6, a novel direct
transcriptional target of FoxO3a, mediates colon cancer therapy. Thera-
nostics. 2019;9:2380-94.

LiM,HouT, GaoT, Lu X, Yang Q, Zhu Q, Li Z, Liu C, Mu G, Liu G, et al. p53
cooperates with SIRT6 to regulate cardiolipin de novo biosynthesis. Cell
Death Dis. 2018;9:941.

Kong Q, LiY, Liang Q, Xie J, Li X, Fang J. SIRT6-PARP1 is involved in HMGB1
polyADP-ribosylation and acetylation and promotes chemotherapy-
induced autophagy in leukemia. Cancer Biol Ther. 2020;21:320-31.

Jo H, Lo PK, LiY, Loison F, Green S, Wang J, Silberstein LE, Ye K, Chen H, Luo
HR. Deactivation of Akt by a small molecule inhibitor targeting pleckstrin
homology domain and facilitating Akt ubiquitination. Proc Natl Acad Sci
USA. 2011;108:6486-91.

Fransolet M, Noel L, Henry L, Labied S, Blacher S, Nisolle M, Munaut C.
Evaluation of Z-VAD-FMK as an anti-apoptotic drug to prevent granulosa
cell apoptosis and follicular death after human ovarian tissue transplanta-
tion. J Assist Reprod Genet. 2019;36:349-59.

Brennan MA, Cookson BT. Salmonella induces macrophage death by
caspase-1-dependent necrosis. Mol Microbiol. 2000;38:31-40.

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswana-
than VS, Cheah JH, Clemons PA, Shamiji AF, Clish CB, et al. Regulation of
ferroptotic cancer cell death by GPX4. Cell. 2014;156:317-31.

Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF, Wang FS, Wang X. Mixed
lineage kinase domain-like protein MLKL causes necrotic membrane
disruption upon phosphorylation by RIP3. Mol Cell. 2014;54:133-46.
Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol.
2007,8:741-52.

Liu K, Huang J, Xie M, Yu Y, Zhu S, Kang R, Cao L, Tang D, Duan X. MIR34A
regulates autophagy and apoptosis by targeting HMGB1 in the retino-
blastoma cell. Autophagy. 2014;10:442-52.

Zargarian S, Shlomovitz I, Erlich Z, Hourizadeh A, Ofir-Birin Y, Croker BA,
Regev-Rudzki N, Edry-Botzer L, Gerlic M. Phosphatidylserine externaliza-
tion, “necroptotic bodies” release, and phagocytosis during necroptosis.
PLoS Biol. 2017;15:2002711.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 20 of 21

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun'Y,
Jacobsen A, Sinha R, Larsson E, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal.
2013:6:pl1.

Germain M, Affar EB, D’Amours D, Dixit VM, Salvesen GS, Poirier GG. Cleav-
age of automodified poly(ADP-ribose) polymerase during apoptosis.
Evidence for involvement of caspase-7. J Biol Chem. 1999;274:28379-84.
Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier GG. Specific
proteolytic cleavage of poly(ADP-ribose) polymerase: an early marker of
chemotherapy-induced apoptosis. Cancer Res. 1993;53:3976-85.
Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez |, Chakravarthi B, Varambally S. UALCAN: a portal for facilitating
tumor subgroup gene expression and survival analyses. Neoplasia.
2017;19:649-58.

Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell
death. Nat Chem Biol. 2014;10:9-17.

Rushworth GF, Megson IL. Existing and potential therapeutic uses for
N-acetylcysteine: the need for conversion to intracellular glutathione for
antioxidant benefits. Pharmacol Ther. 2014;141:150-9.

MiW, Wang C, Luo G, Li J, Zhang Y, Jiang M, Zhang C, Liu N, Jiang X,

Yang G, et al. Targeting ERK induced cell death and p53/ROS-dependent
protective autophagy in colorectal cancer. Cell Death Discov. 2021,7:375.
Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC,
Cercek A, Smith RA, Jemal A. Colorectal cancer statistics, 2020. CA Cancer
J Clin. 2020;70:145-64.

Zacharakis M, Xynos ID, Lazaris A, Smaro T, Kosmas C, Dokou A, Felekouras
E, Antoniou E, Polyzos A, Sarantonis J, et al. Predictors of survival in stage
IV metastatic colorectal cancer. Anticancer Res. 2010;30:653-60.

Piawah S, Venook AP. Targeted therapy for colorectal cancer metastases:
a review of current methods of molecularly targeted therapy and the use
of tumor biomarkers in the treatment of metastatic colorectal cancer.
Cancer. 2019;125:4139-47.

Watanabe S, Tsuchiya K, Nishimura R, Shirasaki T, Katsukura N, Hibiya S,
Okamoto R, Nakamura T, Watanabe M. TP53 mutation by CRISPR system
enhances the malignant potential of colon cancer. Mol Cancer Res.
2019;17:1459-67.

Janes MR, Zhang J, Li LS, Hansen R, Peters U, Guo X, Chen'Y, Babbar A, Fir-
daus SJ, Darjania L, et al. Targeting KRAS mutant cancers with a covalent
G12C-specific inhibitor. Cell. 2018;172(578-589):e517.

Sanz-Garcia E, Argiles G, Elez E, Tabernero J. BRAF mutant colorec-

tal cancer: prognosis, treatment, and new perspectives. Ann Oncol.
2017;28:2648-57.

Mei ZB, Duan CY, Li CB, Cui L, Ogino S. Prognostic role of tumor PIK3CA
mutation in colorectal cancer: a systematic review and meta-analysis.
Ann Oncol. 2016;27:1836-48.

Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J,

Heim W, Berlin J, Baron A, Griffing S, Holmgren E, et al. Bevacizumab plus
irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N
EnglJ Med. 2004;350:2335-42.

XuW, Jing H, Zhang F. Epidermal growth factor receptor-targeted therapy
in colorectal cancer. Front Biosci (Landmark Ed). 2016;21:410-8.

De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzi-
las G, Kalogeras KT, Kotoula V, Papamichael D, Laurent-Puig P, et al.

Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of
cetuximab plus chemotherapy in chemotherapy-refractory metastatic
colorectal cancer: a retrospective consortium analysis. Lancet Oncol.
2010;11:753-62.

Sun L, Huang Y, LiuY, Zhao Y, He X, Zhang L, Wang F, Zhang Y. Ipatasertib,
a novel Akt inhibitor, induces transcription factor FoxO3a and NF-kappaB
directly regulates PUMA-dependent apoptosis. Cell Death Dis. 2018;9:911.
Weisner J, Landel |, Reintjes C, Uhlenbrock N, Trajkovic-Arsic M, Dienstbier
N, Hardick J, Ladigan S, Lindemann M, Smith S, et al. Preclinical efficacy
of covalent-allosteric AKT inhibitor borussertib in combination with
trametinib in KRAS-mutant pancreatic and colorectal cancer. Cancer Res.
2019;79:2367-78.

Allen JE, Gallant JN, Dicker DT, Amin S, Irby RB, Sharma AK; EI-Deiry WS.
The Akt inhibitor ISC-4 synergizes with cetuximab in 5-FU-resistant colon
cancer. PLoS ONE. 2013;8:59380.

LiZ, Zhao F, Cao'Y, Zhang J, Shi P, Sun X, Zhang F, Tong L. DHA attenuates
hepatic ischemia reperfusion injury by inhibiting pyroptosis and activat-
ing PI3K/Akt pathway. Eur J Pharmacol. 2018;835:1-10.



Zhang et al. Cell Communication and Signaling

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

(2022) 20:93

Gou Z, Su X, Hu X, Zhou Y, Huang L, Fan Y, Li J, Lu L. Melatonin improves
hypoxic-ischemic brain damage through the Akt/Nrf2/Gpx4 signaling
pathway. Brain Res Bull. 2020;163:40-8.

Soppert J, Kraemer S, Beckers C, Averdunk L, Mollmann J, Denecke B,
Goetzenich A, Marx G, Bernhagen J, Stoppe C. Soluble CD74 reroutes
MIF/CXCR4/AKT-mediated survival of cardiac myofibroblasts to necropto-
sis. J Am Heart Assoc. 2018;7:¢009384.

Montero J, Dutta C, van Bodegom D, Weinstock D, Letai A. p53 regulates a
non-apoptotic death induced by ROS. Cell Death Differ. 2013;20:1465-74.
Tewari M, Quan LT, O'Rourke K, Desnoyers S, Zeng Z, Beidler DR, Poirier
GG, Salvesen GS, Dixit VM. Yama/CPP32 beta, a mammalian homolog of
CED-3, is a CrmA-inhibitable protease that cleaves the death substrate
poly(ADP-ribose) polymerase. Cell. 1995;81:801-9.

Nakayama M, Sakai E, Echizen K, Yamada Y, Oshima H, Han TS, Ohki R,

Fujii S, Ochiai A, Robine S, et al. Intestinal cancer progression by mutant
p53 through the acquisition of invasiveness associated with complex
glandular formation. Oncogene. 2017;36:5885-96.

Nakayama M, Oshima M. Mutant p53 in colon cancer. J Mol Cell Biol.
2019;11:267-76.

Zhang Y, Han CY, Duan FG, Fan XX, Yao XJ, Parks RJ, Tang YJ, Wang MF, Liu
L, Tsang BK, Leung EL. p53 sensitizes chemoresistant non-small cell lung
cancer via elevation of reactive oxygen species and suppression of EGFR/
PI3K/AKT signaling. Cancer Cell Int. 2019;19:188.

Vivanco |, Sawyers CL. The phosphatidylinositol 3-Kinase AKT pathway in
human cancer. Nat Rev Cancer. 2002,2:489-501.

Fasano C, Disciglio V, Bertora S, Lepore Signorile M, Simone C. FOXO3a
from the nucleus to the mitochondria: a round trip in cellular stress
response. Cells. 2019;8:1110.

Zou ZW, LiuT, LiY, Chen P, Peng X, Ma C, Zhang WJ, Li PD. Melatonin
suppresses thyroid cancer growth and overcomes radioresistance via
inhibition of p65 phosphorylation and induction of ROS. Redox Biol.
2018;16:226-36.

Su X, Shen Z,Yang Q, Sui F, Pu J, Ma J, Ma S, Yao D, Ji M, Hou P. Vitamin C
kills thyroid cancer cells through ROS-dependent inhibition of MAPK/
ERK and PI3K/AKT pathways via distinct mechanisms. Theranostics.
2019,9:4461-73.

Fischbach A, Kruger A, Hampp S, Assmann G, Rank L, Hufnagel M, Stockl
MT, Fischer JMF, Veith S, Rossatti P, et al. The C-terminal domain of p53
orchestrates the interplay between non-covalent and covalent poly(ADP-
ribosyl)ation of p53 by PARP1. Nucleic Acids Res. 2018;46:804-22.

Elkholi R, Chipuk JE. How do | kill thee? Let me count the ways: p53
regulates PARP-1 dependent necrosis. BioEssays. 2014;36:46-51.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Inhibition of AKT induces p53SIRT6PARP1-dependent parthanatos to suppress tumor growth
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture and treatment
	Antibodies and reagents
	Cell viability and apoptosis assays
	ROS production assay
	Western blotting
	Real-time reverse transcriptase (RT) PCR
	Immunofluorescence staining
	Flow cytometry
	Co-immunoprecipitation
	Xenograft mouse model and treatment
	Histopathology
	Statistical analysis

	Results
	Targeting AKT suppressed colorectal cancer growth and induced apoptosis
	AKT inhibition triggers not only apoptosis but also parthanatos and pro-survival autophagy
	Blocking PARylation activity abrogated parthanatos induced by AKT inactivation.
	P53 is indispensable in AKT inhibition induced parthanatos
	P53 activates PARP1 directly to promote parthanatos while mutant p53 losses this function
	ROS promotes AKT inhibition induced parthanatos
	SIRT6 promotes AKT inhibition induced parthanatos
	AKT inhibition exhibited a p53 dependent antitumor effect via parthanatos in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


