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Anastasis confers ovarian cancer cells increased malignancy
through elevated p38 MAPK activation
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Activation of executioner caspases was once considered as a point of no return in apoptosis. However, in recent years,
accumulating evidence has demonstrated that cells can survive executioner caspase activation in response to apoptotic stimuli
through a process called anastasis. In this study, we developed a reporter system, mCasExpress, to track mammalian cells that
survive executioner caspase activation. We demonstrate that anastatic ovarian cancer cells acquire enhanced migration following
their transient exposure to apoptotic stimulus TRAIL or Paclitaxel. Moreover, anastatic cancer cells secrete more pro-angiogenic
factors that enable tumor angiogenesis, growth and metastasis. Mechanistically, we demonstrate that activation of p38 MAPK,
which occurs in a caspase-dependent manner in response to apoptotic stress to promote anastasis, persists at a higher level in
anastatic cancer cells even after removal of apoptotic stimuli. Importantly, p38 is essential for the elevated migratory and
angiogenic capacity in the anastatic cells. Our work unveils anastasis as a potential driver of tumor angiogenesis and metastasis.
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INTRODUCTION

Apoptosis is a conserved cell suicide process that functions to
remove excess or damaged cells during development or when
encountering stress. Apoptosis is typically initiated by interaction
between death receptors and their ligands or mitochondrial outer
membrane permeabilization (MOMP) induced by chemical or
physical stress. The executioners of apoptosis are caspases, which
cleave hundreds of cellular proteins, eventually leading to cell
dismantlement [1]. In the process of apoptosis, the activation of
executioner caspases was once considered as “a point of no
return” [2]. However, in recent years, accumulating evidence
demonstrates that cells can survive executioner caspase activation
in response to apoptotic stress through a process named anastasis
[3, 4]. Anastasis has been documented in multiple types of primary
mouse cells and human cancer cell lines transiently exposed to
apoptotic stimuli including ethanol, staurosporine, chemother-
apeutic drugs and death receptor ligands [5-10]. One important
question to ask is whether cells that survive executioner caspase
activation differ from those that do not activate executioner
caspases in response to apoptotic stimuli. Several reports suggest
that anastasis may drive tumor initiation. Executioner caspases are
essential for radiation- or Myc-induced genomic instability and
carcinogenesis in human mammary epithelial cells [11, 12].
Anastatic NIH3T3 cells exhibit chromosome aberration and
undergo oncogenic transformation after ethanol treatment [6].
Anastasis also causes change in cancer cells, but the features

cancer cells acquire after anastasis vary among different cancer
types. Anastatic breast cancer cells and cervical cancer cells
surviving exposure to chemotherapeutic drugs show increased
drug resistance and migration [7]. Melanoma cells that survive
executioner caspase activation induced by transient tBid over-
expression or exposure to chemotherapeutic drug dacarbazine
display elevated in vitro cell migration and in vivo metastasis but
no difference in drug resistance [9].

Apoptosis induction is a common strategy to treat cancer. Many
chemotherapeutic drugs kill cancer cells through inducing
apoptosis, but tumor relapse and metastasis often occur after
therapy [13]. In contrary to its tumor suppressive role, apoptosis is
prevalent in gastric cancer, breast cancer, ovarian cancer, and
lymphoma, and is often positively correlated with aggressiveness
[1, 14-20]. Understanding how cancer cells survive apoptotic
stress during cancer progression and chemotherapy can provide
new targets for cancer therapy. In this study, we aim to investigate
whether ovarian cancer cells can survive through anastasis in
response to apoptotic stress and whether anastasis in ovarian
cancer cells causes any phenotypic changes that may contribute
to ovarian cancer progression. We employed two ovarian cancer
cell lines, HEY and A2780 cells, and two apoptotic stimuli, a death
receptor ligand TRAIL and a chemotherapeutic drug Paclitaxel
which induces MOMP, to demonstrate that ovarian cancer cells
can survive different types of apoptotic initiation through
anastasis. Using a reporter system, mCasExpress, to label and
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isolate anastatic cells, we show that the anastatic ovarian cancer
cells acquire an increased degree of malignancy, manifested in the
forms of enhanced tumor angiogenesis and metastasis. Mechan-
istically, these anastasis-induced phenotypic changes depend on
p38, which is activated in response to apoptotic stress to promote
survival and persists in the anastatic cells to confer increased
aggressiveness.

MATERIALS AND METHODS

Cell culture and treatment

HEY cells (PROCELL, Cat# CL0671) and A2780 cells (Icell Company, Cat#
h004) were cultured at 37°C, 5% CO, with DMEM (high glucose)
(ThermoFisher Scientific, Cat# 11995-040) complemented with 10% fetal
bovine serum (AusgeneX, Cat# FBS500-S), 100U/mL penicillin and
100 pg/mL streptomycin (Spark Jade, Cat# CM0004-100ml). HUVECs (ICell,
Cat# h110) were cultured at 37°C, 5% CO, with endothelial cell basal
medium (Zhonggiaoxinzhou Biotech, Cat# 1001) supplemented with 5%
fetal bovine serum (Zhonggiaoxinzhou Biotech, Cat# 0025), 1% Endothelial
Cell Growth Supplement (ZhonggiaoXinZhou Biotech, Cat# 1052),
100 U/mL penicillin and 100 pg/mL streptomycin (Zhonggiaoxinzhou
Biotech, Cat# 0503). All cells were routinely tested for mycoplasma. When
treated, cells were randomly allocated into different treatment groups.
Both adding chemicals to cell culture and removing chemicals were
accompanied with medium replacement. In experiments with HEY-
CasExpress or A2780-CasExpress cells, doxycycline (DOX) was applied to
cell culture 6 h before addition of TRAIL, PTX or vehicle and removed
together with them. In the experiments where kinase or caspase inhibitors
were kept during TRAIL or PTX treatment and the following recovery
phase, upon removal of TRAIL or PTX, the inhibitors were added again to
recovery medium to ensure efficient inhibition during recovery. All the
apoptosis inducers, kinase inhibitors and activators used in this work are
listed in Supplementary Table S1.

Animals

4-week-old female nude (BALB/cNj-Foxn1™/Gpt, Strain¥ D000521) mice
and NCG (NOD/ShiLtJGpt-Prkdc®™2c2||2rg*™2°422/Gpt, Strain# T001475)
mice were purchased from GemPharmatech (Jiangsu, China) and
acclimated for 7 days in a specific-pathogen-free facility at 22°C and
40-50% humidity, with a 12/12 h light-dark cycle before experiments.
Animals were randomly allocated into different groups. All animal
experiments were conformed to the ethical guidelines and protocols
approved by the Animal Care and Use Committee of Shandong University.

Conditioned medium collection

Cells were starved in 2% serum medium for 24 h. Conditioned medium was
collected, centrifuged at 1000g for 5min and concentrated with 3kD
ultrafiltration tubes (Millipore, UFC900396). Before applied to cell culture,
the concentrated conditioned medium was filtered through 0.22 pym filters.

Plasmid construction

To construct pCW57-Lyn11-NES-DEVD-FIpO-hygro plasmid, FlpO was
cloned from pCAG-FIpO plasmid (Addgene# 89574). Lyn11-NES-DEVD
sequence (ggatgtataaagtcaaaagggaaagacagcgcgGGTGGAAGTGGTctgccacc
tctggagcgectgaccctgGGTGGAAGTGGTagaaaaggcgatgaggtggatggagtggatg
2agtggcgGGTGGAAGTGG) was synthesized by Integrated DNA Technolo-
gies (lowa, USA). The two fragments were inserted into pCW57-MCS1-P2A-
MCS2-hygro (Addgenett 80922) between Nhel and BamHI using In-Fusion
Cloning Kit (TakaraBio, Cat# 639650). To construct pCDH-FRT-STOP-FRT-
ZsGreen plasmid, FRT-STOP-FRT fragment was PCR amplified using
PJFRC206-10XUAS-FRT-STOP-FRT-myr:smGFP:V5 (Addgene# 63168) as
template. ZsGreen fragment was cloned from pLVX-shRNA2-ZsGreen
vector (Clontech, Cat# 632179). The pCDH-puro vector was obtained by
removing the GC3Al sequence from pCDH-puro-CMV-GC3Al (Addgene#
78910). The FRT-STOP-FRT fragment and the ZsGreen fragment were then
ligated into pCDH-puro vector using In-Fusion Cloning Kit (TakaraBio, Cat#
639650).

Virus production and infection

HEK293T cells were transfected with pCDH-puro-CMV-GC3Al (Addgene#
78910), pCDH-FRT-STOP-FRT-ZsGreen-puro or pCW57-Lyn11-NES-DEVD-
flpO-hygro with pCMV-dR8.2 dvpr (Addgene# 8455) and pCMV-VSV-G
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(Addgenet# 8454) using Lipofectamine 3000 (Invitrogen, Cat# 13778150).
The supernatant was harvested and filtered with a 0.45 um filter at 48 h
and 72 h post transfection. Ovarian cancer cells were infected overnight in
the presence of 10 ug/mL polybrene and then selected for 5-7 days in
growth medium containing 2ug/mL puromycin and/or 250 pg/mL
hygromycin.

siRNA transfection

Double-stranded RNA against MAPK14 was purchased from GenePharma.
The sequence was listed in Supplementary Table S2. Transfection of cells
was conducted with Lipofectamine RNAIMAX Reagent (Thermo Fisher
Scientific, Cat# 13778030). Cells or conditioned medium were collected at
24 h or 48h after siRNA delivery for the following transwell assays or
HUVEC tube formation experiments.

Flow cytometry and cell sorting

HEY or A2780 cells carrying GC3Al or mCasExpress were harvested after
treatment and recovery and stained with 1pg/ml 7-AAD (ThermoFisher
Scientific, Cat# A1310). Flow cytometry was done on Beckman CytoFLEX
(Beckman Coulter, Indianapolis, IN, US) and cell sorting was done on
Beckman MoFlo (Beckman Coulter, Indianapolis, IN, US).

RNA sequencing

Total RNA was extracted using Trizol (ThermoFisher Scientific, Cat#
15596-026) according to the manufacturer’s protocol. RNA quality was
evaluated on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, US) and checked using RNase free agarose gel electrophoresis.
mRNA was enriched using Oligo(dT) beads, fragmented using fragmen-
tation buffer and reversely transcribed into cDNA using NEBNext Ultra
RNA Library Prep Kit for lllumina (New England Biolabs, Cat# 7530). The
purified double-stranded cDNA fragments were end repaired, A base
added, and ligated to Illumina sequencing adapters. The ligation
products were purified using the AMPure XP Beads (1.0x). Ligated
fragments were subjected to size selection by agarose gel electrophor-
esis and PCR amplification. The cDNA library was sequenced using
lllumina Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou,
China).

RNA extraction and qRT-PCR

5 x 10° Cells were seeded in one well of a 6-well plate at 24 h before
experiments. RNA was extracted using RNA Rapid Extraction Kit (Spark
Jade, Cat# Ac1001). Quantitative real-time polymerase chain reaction
(gRT-PCR) was performed using the Real-time PCR system (Vanzyme,
Cat# Q411-03) and Analytikjena qTOWER. The primers used are listed in
the Supplementary Table S3.

Western Blot

1.0 x 10° cells were seeded at 24 h before experiments. Cell lysates were
prepared with RIPA buffer (Beyotime, Cat# P0013B) supplemented
with 1 mM PMSF. Protein concentrations were measured with the BCA
assay kit (Spark Jade, Cat# EC0001). 30 ug proteins were applied to SDS-
PAGE then transferred to PVDF membranes. The membranes were
incubated with primary antibody (1:1000) overnight at 4 °C and then with
the secondary antibody (1:2000) at room temperature for 1 h. Proteins
were detected using Chemiluminescent Substrates (Spark Jade, Cat#
ED0016) and Tanon 5200 Multi Chemiluminescence imager (Tanon Science
& Technology Co., Shanghai, China). The antibodies used are listed in the
Supplementary Table S4. All the uncropped blots are shown in “Original
Western Blots” file.

Transwell assay

The transwell assays were performed using 8 um transwell chambers
(Falcon, Cat# 353097). About 2.5 x 10* HEY or HUVECs or 5 x 10* A2780
cells were seeded into the upper chamber in 100 pL serum-reduced Opti-
MEM (ThermoFisher Scientific, Cat# 31985-088). The lower chamber was
filled with 500 pL medium containing 10% FBS (for HEY and A2780 cells) or
300 L conditioned medium (10x concentrated) plus 200 uL serum-
reduced Opti-MEM (for HUVECs). After 24 h (for HEY cells and HUVECs)
or 48h (for A2780 cells) incubation, the cells were fixed with 4%
paraformaldehyde at room temperature for 10 min. After staining with
crystal violet (Solarbio, Cat# G1065), cells that migrated were imaged using
IX73 (Olympus, Japan).
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HUVEC tube formation assay

Matrigel (BD Biosciences, Cat# 354234) was defrosted and aliquoted into
96-well plates at 50 pL/well with pre-chilled tips. The plates were then
placed in a 37 °C incubator for 1 h to allow Matrigel to solidify. HUVECs were
suspended in medium containing conditioned medium (10x concentrated)
and seeded into the Matrigel-coated plates at 3 x 10* cells/well. The 96-well
plates were centrifuged to make HUVECs settle down to the bottom of the
wells. After 2-4 h, the cells were imaged using IX73 (Olympus, Japan), and
the tube length was analyzed using Image J software.

EdU incorporation assay

Cells were seeded in 6-well plates with coverslips. After treatment, cells
were washed once with PBS. EdU incorporation and staining were
performed using BeyoClick EdU-594 kit (Beyotime, Cat# C0078S) according
to the manufacturer's protocol. The images were acquired on BX51
(Olympus, Japan).

CCK-8 assay

Cell proliferation rates were measured by the Cell Counting Kit-8 (CCK-8)
assay (Spark Jade, Cat# CT0001). Approximately 4 x 10* cells were seeded
in 96-well plates with 100 uL medium per well. After 24 h, 48 h, and 72 h,
10 uL CCK-8 solution was added to each well and incubated for 2-4 h in
dark. The absorbance at 450 nm was measured by Molecular Devices
Reader (Emax Plus, US).

ELISA

Ovarian cancer cells were seeded in 6-well plates at 90% confluency. 24 h
later, the medium was collected and centrifuged at 1000 g for 5 min. The
concentrations of PGE2 (Meimian, Cat# MM0162H2), TNF-a (Meimian, Cat#
MMO0122H2), VEGFA (Meimian, Cat# MM-14698H2) and VEGFC (Meimian,
Cat# MM-0113H2) in the medium were detected by ELISA Kkits.

In vivo Matrigel implant assay

Matrigel (BD Biosciences, Cat# 354234) mixed with conditioned medium
(100x concentrated) collected from different cell populations were
injected subcutaneously into 5-week-old female nude mice. After one
week, the mice were sacrificed and the Matrigel implants were excised to
assess the angiogenesis. The formation of neovessels was determined by
measuring the hemoglobin content using Drabkin’s reagent kit (Sigma,
Cat# 5941) according to the manufacturer’s protocol. Four mice were used
for each group. The experiments were repeated twice independently.

Subcutaneous xenograft tumor model

1 x 10° HEY cells or 5 x 10° A2780 cells were suspended with 100 ul PBS
and injected subcutaneously into female NCG mice. Tumor dimensions
were measured every other day and the tumor volume was determined
using the formula 1/2 x length x width?. When the largest tumor
reached the maximum allowed size, mice were sacrificed. The tumors
were weighted, photographed and fixed in 4% paraformaldehyde for
histological analysis.

Peritoneal metastasis model

5 x 10° HEY cells or 1 x 107 A2780 cells carrying luciferase were
suspended in 100 pl PBS and injected into abdominal cavity of female
NCG mice. After 2 or 4 weeks, the mice were imaged using IVIS Spectrum
In Vivo Imaging System (PerkinElmer, US). After the tumor growth was
confirmed, the mice were sacrificed. The tumor nodules in the peritoneal
cavity and the internal organs including livers, diaphragms, kidneys,
stomach and intestines were collected, weighed, fixed and subjected to
Hematoxylin-Eosin staining.

Immunohistochemistry

The tumors were bisected. The midline sections were immunostained for
CD31 and Ki67. The tissue sections were subjected to antigen retrieval
with citric acid (PH6.0) antigen retrieval buffer and washed with PBS
three times. Activity of endogenous peroxidase was blocked by 3%
hydrogen peroxide incubation for 10 min. 3% BSA was used in blocking
for 30 min at room temperature. Primary antibodies were incubated
overnight at 4°C. Secondary antibodies were incubated at room
temperature for 50 min. The staining was visualized using diaminoben-
zidine and counterstained with hematoxylin. The stained sections were
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imaged on BX51 (Olympus, Japan). The antibodies used are listed in
Supplementary Table S4.

Statistical analysis and reproducibility

Data are presented as the mean * standard error of the mean (SEM).
Statistical significance was determined using one-way ANOVA. The
Tukey test was used to derive adjusted P-value for multiple comparisons.
P<0.05 was considered as statistically significant. The assumption of
equal variance was validated by F-test. Statistical analyses were
performed using GraphPad Prism version 8 (GraphPad Software). The
sample sizes were chosen empirically based on the observed effects and
previous reports. The sample size for each experiment is listed in the
figure legends. When collecting and analyzing data of RT-qPCR,
immunostaining and xenograft volumes, the investigators were blinded
to the group allocation. All the experiments except those involving mice
were repeated at least three times. The experiments involving mice were
repeated twice. All the repeats were successful, and the representatives
were shown in the figures.

RESULTS

Ovarian cancer cells undergo anastasis after TRAIL or
Paclitaxel treatment

To investigate whether ovarian cancer cells can survive apoptotic
executioner caspase activation, we generated HEY cells stably
expressing a live reporter for executioner caspase activity, GC3Al
[21] (designated HEY-GC3AIl cells). The GC3AIl reporter emits
fluorescence upon executioner caspase activation [21]. Treatment
of TRAIL or Paclitaxel (PTX) for 24 h resulted in executioner caspase
activation (GC3AI") in 38% and 14% of HEY-GC3Al cells,
respectively, which was abolished by co-treatment with pan-
caspase inhibitor Q-VD-OPh (qVD) (Fig. 1a, b). Through live
imaging, we found both TRAIL and PTX treatment induced
morphological changes characteristic of apoptosis as well as
activation of executioner caspases indicated by the green
fluorescence (Fig. 1c). After 24h treatment, we replaced the
stimulus-containing medium with fresh culture medium to allow
the cells to recover. While many cells died, some green shrunk
cells gradually spread out (Fig. 1c, the red arrows), indicative of
ongoing anastasis. Anastasis was also observed in another ovarian
cancer cell line A2780 after 24 h exposure to TRAIL (Supplemen-
tary Fig. S1a, ¢) or PTX (Supplementary Fig. S1b, c), suggesting
anastasis is a general response to executioner caspase activation
in ovarian cancer cells.

mCasExpress reporter labels cells that have experienced
executioner caspase activation and their descendants

The GC3AI reporter can monitor the live executioner caspase
activity, but the labeled cells gradually lose the green fluorescence
after recovery due to the diminished caspase activity (Fig. 1c,
Supplementary Fig. S1c), making the reporter unsuitable for long-
term tracing. Therefore, we modified the previously published
Drosophila lineage tracing system for executioner caspase
activation, CasExpress [22], for its utility in mammalian cells. The
mammalian CasExpress (mCasExpress) is comprised of two
elements, the executioner caspase-activated DNA recombinase
Flp (Lyn11-NES-DEVD-Flp) and a Flp activity reporter (FRT-STOP-
FRT-ZsGreen). In cells without executioner caspase activity, the
caspase-activated Flp is kept in cytosol by the Lyn11 and nuclear
export signal (NES) sequences. In cells with executioner caspase
activation, the DEVD site between Flp and Lyn11-NES (LN)
sequences will be cleaved, resulting in nuclear translocation of
Flp, which in turn leads to removal of the transcriptional
termination signal between the two FRT sites and the subsequent
expression of green fluorescent protein ZsGreen (Fig. 1d). Thus,
using mCasExpress biosensor, cells that have experienced
executioner caspase activation as well as their daughter cells will
be labeled with green fluorescence (designated ZsGreen™ cells).
Some cultured cells may have basal level of caspase activity or
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experience transient caspase activation during in vitro culture. To
minimize the accumulation of ZsGreen™ cells during culture, we
placed the caspase-activated Flp under the control of a
doxycycline (DOX)-inducible promoter. ZsGreent cells were
observed in HEY cells carrying mCasExpress (HEY-CasExpress)
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recovered from TRAIL treatment but not in those recovered from
mock treatment (Fig. 1e). At the end of 24 h recovery, about 14%
of the attached cells in the TRAIL-treated group were ZsGreen™
while in mock-treated group only 0.2% were ZsGreen™ (Fig. 1f).
Inhibition of caspase activity by qVD during TRAIL treatment and
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Fig. 1 HEY cells undergo anastasis after TRAIL or Paclitaxel (PTX) treatment. a The representative images and quantifications of flow
cytometry data showing the percentage of GC3AI™ cells in HEY-GC3AI cells after 24 h treatment of control (0.1% DMSO), 50 pM gqVD, 400 ng/l
TRAIL, or 400 ng/pl TRAIL + 50 uM qVD. b The representative images and quantifications of flow cytometry data showing the percentage of
GC3AI™" cells in HEY-GC3AI cells after 24 h treatment of control (0.1% DMSO), 50 uM qVD, 1 pM PTX, or 1 pM PTX + 50 pM qVD. ¢ Time-lapse live
imaging of HEY-GC3AI cells after 24 h treatment (Treated 24 h) of TRAIL or PTX, and after recovery for 3h (RE 3 h), 6 h (RE 6 h), 9 h (RE 9 h) and
12h (RE 12 h). The red arrows point to the cells recovering from executioner caspase activation. The green indicates executioner caspase
activity. d The schematic of mCasExpress. LN: Lyn11-NES. e Images of HEY-CasExpress cells after 24 h recovery from TRAIL or control treatment
showing ZsGreen signals in recovered cells. HEY-CasExpress cells were treated with TRAIL for 24 h and replaced with fresh culture medium to
allow the cells to recover for another 24 h. 1pg/ml DOX was applied to the cells 6 h before TRAIL treatment, kept in the treatment medium and
removed together with TRAIL. The control cells were incubated with 1 pg/ml DOX for 30 h and then grown in fresh culture medium without
DOX for 24 h. f The representative images and quantifications of flow cytometry data showing the percentage of ZsGreen™ cells in HEY-
CasExpress cells after 24 h treatment of control (0.1% DMSO), 50 uM qVD, 400 ng/pul TRAIL, or 400 ng/ul TRAIL + 50 pM qVD plus 24 h recovery.
g The representative images and quantifications of flow cytometry data show the percentage of ZsGreen™ cells in HEY-CasExpress cells after
24 h treatment of control (0.1% DMSO), 50 uM qVD, 1 pM PTX, or 1 pM PTX + 50 pM qVD plus 24 h recovery. In f and g, qVD was added
together with DOX and kept in the culture till the end of 24 h recovery. n =3 in all the bar graphs. Data are presented as the mean + SEM.

***¥P < 0.001. ****P < 0.0001.
<

recovery strongly reduced TRAIL-induced ZsGreen™ cells (Fig. 1f),
indicating that the ZsGreen™ cells detected after recovery from
TRAIL treatment were those that had undergone anastasis. The
caspase-dependent ZsGreen™ living cells were also detected in
HEY-CasExpress cells recovered from PTX treatment (Fig. 1g),
A2780-CasExpress cells recovered from TRAIL (Supplementary Fig.
S1d) or PTX treatment (Supplementary Fig. Sle), though the
percentage of ZsGreen™ cells varied under different conditions.

Anastasis enriches transcriptome in migration and
angiogenesis

To investigate whether anastasis grants ovarian cancer cells any
new features, for each treatment-cell line combination, we sorted
the ZsGreen™ cells, which survived treatment-induced executioner
caspase activation (anastatic), and the ZsGreen™ counterpart
population, which experienced the same treatment but did not
activate executioner caspases, after 24 h recovery and cultured
them separately. The cells treated with DOX and vehicle control
were also subjected to sorting and collected as control popula-
tions (Fig. 2a). We designed primers flanking the FRT-STOP-FRT-
ZsGreen cassette to confirm the purity of the isolated cell
populations after long-term in vitro culture. The results showed
that all ZsGreen™ cells had the STOP cassette removed whereas all
ZsGreen™ and control populations kept the STOP cassette after
in vitro culture for more than five passages (Supplementary Fig.
S2a). These established cultures were used in the following
transcriptome profiling and phenotypic analyses.

To identify the global expressional changes caused by anastasis,
we performed RNA sequencing on the ZsGreen™ and ZsGreen™
populations established from HEY-CasExpress cells recovered after
24h PTX treatment (designated as HEY-PTX-ZsGreen™ and HEY-
PTX-ZsGreen™, respectively), and the control population from HEY-
CasExpress cells recovered after 24 h treatment with vehicle
control (0.1% DMSO) (designated as HEY-control®). The PCA
analysis revealed that these three populations had distinct
transcriptomes (Fig. 2b). 252 genes were differentially expressed
in HEY-PTX-ZsGreen™ cells and HEY-PTX-ZsGreen™ cells (Fig. 2c).
Gene ontology (GO) analysis revealed that the differentially
expressed genes (DEGs) between HEY-PTX-ZsGreen™ population
and HEY-PTX-ZsGreen™ population, as well as those between HEY-
PTX-ZsGreen™ population and HEY-control” population, were
enriched in GO terms related to cell migration and angiogenesis
(Fig. 2d, Supplementary Fig. S2b, ¢). The KEGG pathway
enrichment analysis showed that pathways “cytokine-cytokine
receptor interaction”, “TNFR signaling pathway”, and “IL-17 signal-
ing pathway” were enriched in HEY-PTX-ZsGreen™ cells when
compared to HEY-PTX-ZsGreen™ and HEY-control” cells (Fig. 2e,
Supplementary Fig. S2d). We validated the expressional changes
of 18 genes that belong to the GO term “cell migration” and
“angiogenesis” by RT-gPCR. Expression of 14 genes was

Cell Death & Differentiation (2023) 30:809 - 824

upregulated in HEY-PTX-ZsGreen™ cells compared to that in
HEY-PTX-ZsGreen™ cells and HEY-control® cells (Fig. 2f, Supple-
mentary Fig. S2f). Among these 14 genes, 9 were also increased in
the ZsGreen™' populations derived from other treatment-cell line
combinations (Fig. 2f, Supplementary Fig. S2e), suggesting that
genes related to migration and angiogenesis may be generally
upregulated in anastatic ovarian cancer cells.

Anastatic ovarian cancer cells acquire enhanced migratory
capacity

The upregulated expression of migration-related genes in HEY-
PTX-ZsGreent cells prompted us to evaluate their migration
capacity. Transwell assay showed that HEY-PTX-ZsGreen™ cells
migrated faster than HEY-PTX-ZsGreen™ cells, and the latter were
more migratory than HEY-control® cells (Fig. 2g). Similar difference
in migration was also observed in the control, ZsGreen™ and
ZsGreen™ populations derived from other treatment-cell line
combinations (Fig. 2h-j). These data suggest exposure to
apoptotic stimuli induces elevated migration in ovarian cancer
cells, which is further enhanced by executioner caspase activation.

Anastatic ovarian cancer cells secrete more pro-angiogenic
factors

Consistent with the increased VEGFA, VEGFC, PTGS2 and TNFA
mMRNA levels in the anastatic cells (Fig. 2f, Supplementary Fig. S2e),
elevated levels of secreted VEGFA, VEGFC, TNFa and PGE2 were
detected in the medium of the ZsGreen™ populations compared
to those in the medium of the ZsGreen™ populations and the
control populations (Fig. 3a, Supplementary Fig. S3a), indicating
that the anastatic cells produce more pro-angiogenic factors. We
then collected the conditioned medium from the ZsGreen™, the
ZsGreen™ and the control cell culture, respectively, and evaluated
their effects on proliferation, migration and in vitro tube formation
of human umbilical vein endothelial cells (HUVECs). HUVECs
incubated with the conditioned medium from different popula-
tions exhibited similar growth rate (Supplementary Fig. S4).
HUVECs incubated with medium conditioned by the ZsGreen™
cells displayed increased migration and tube formation than those
incubated with medium conditioned by the other two types of
cells (Fig. 3b-e, Supplementary Fig. S3b-e). To evaluate whether
the conditioned medium from the ZsGreen™ populations are more
angiogenic in vivo, we performed Matrigel implant assay. The
conditioned medium was subcutaneously co-injected with Matri-
gel to nude mice. After one week, the Matrigel plugs mixed with
the medium conditioned by the ZsGreen™ cells were found to
contain more blood vessels than those mixed with the medium
conditioned by the ZsGreen™ or the control cells (Fig. 3f-i,
Supplementary Fig. S3f-i). These data together indicate that the
anastatic ovarian cancer cells possess increased capability to
induce angiogenesis.
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Tumors formed by anastatic ovarian cancer cells exhibit
enhanced angiogenesis and growth in vivo

Next, we tested whether the anastatic cells promote tumor
angiogenesis and growth in vivo. We subcutaneously injected
cells from the ZsGreen™ populations, the counterpart ZsGreen™

SPRINGER NATURE

populations and the control populations to the NCG mice. The
tumors formed by the ZsGreen™ cells grew faster (Fig. 4a—c, h-j,
Supplementary Fig. S5a-c, h-j) and contained more proliferative
cells (Fig. 4d, e, k, I, Supplementary Fig. S5d, e, k, 1) and blood
vessels (Fig. 4f, g, m, n, Supplementary Fig. S5f, g, m, n) when
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Fig.2 Anastasis enriches transcriptome in migration and angiogenesis and renders ovarian cancer cells more migratory. a The schematic
of sorting ZsGreen™, ZsGreen™ and control populations from HEY/A2780-CasExpress cells after treatment with TRAIL or PTX (Drug) or vehicle
control (Vehicle) plus 24 h recovery. FACS: fluorescence activated cell sorting. b Principal component analysis (PCA) of the RNA sequencing
data. Volcano plot (c), GO enrichment (d) and KEGG pathway enrichment (e) of the DEGs between HEY-PTX-ZsGreen™ cells and HEY-PTX-
ZsGreen™ cells. f mMRNA expression of 9 migration- or angiogenesis-related genes in the indicated groups. n = 3. g-j Results of transwell assays
of the indicated populatlons In each panel, on the left are the representative images and on the right are the quantlﬁcatlons n=3in
g, h, and j. n=5 in i. Data are presented as the mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001. The control” population is
derived from the ZsGreen™ cells isolated from cells recovered from mock treatment (growth medium only) for TRAIL. The control” population
is derived from the ZsGreen™ cells isolated from cells recovered from mock treatment (0.1% DMSO) for PTX.
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Fig. 3 Anastatic HEY cells secrete more pro-angiogenic factors. a The concentration of VEGFA (n = 3), VEGFC (n = 3), PGE2 (n = 4) and TNFa
(n=3) in the conditioned medium (CM) from the indicated populations. b, ¢ The results of transwell assays to show migration of HUVECs
induced by CM collected from the indicated populations. On the left are the representative images and on the right are the quantifications.
n=4inb.n=9in c.d, e The results of tube formation of HUVECs induced by CM collected from the indicated populations. On the left are the
representative images and on the right are the quantifications.n=3 in d and n =4 in e. f, g The results of Matrigel implant assays to show the
in vivo angiogenesis triggered by CM from the indicated populations. On the left are the representative images of the Matrigel implants and
on the right are the quantifications of Hemoglobin content in the Matrigel implants. n = 8. h, i The representative images of CD31 staining in

the sections of the Matrigel implants. The scale bar is 20 um. Data are presented as the mean + SEM. *P < 0.05; **P <0.01; ***P < 0.001;
*¥*¥p < 0.0001.
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Fig. 4 Tumors formed by anastatic ovarian cancer cells exhibit enhanced growth and angiogenesis. a Change of the volume of the
xenografts formed by HEY-control”, HEY-TRAIL-ZsGreen™ or HEY-TRAIL-ZsGreen™ populations over time. n=6. b Image of the collected
xenografts. ¢ The weight of the xenografts in b. n=6. d The representative images of Ki67 staining in xenografts. e Quantification of the
percentage of Ki67* cells. n = 4. f The representative images of CD31 staining in xenografts. g Quantification of the percentage of CD31" area.
n = 3. h Change of the volume of the xenografts formed by A2780-control, A2780-TRAIL-ZsGreen™ or A2780-TRAIL-ZsGreen" populations over
time. i Image of the collected xenografts. j The weight of the xenografts in i. n = 6. k The representative images of Ki67 staining in xenografts.
I Quantification of the percentage of Ki67" cells. n=4. m The representative images of CD31 staining in xenografts. n Quantification of the
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***¥P < 0.001; ****P <0.0001.

SPRINGER NATURE

Cell Death & Differentiation (2023) 30:809 - 824



L. Sun et al.

a . oz b c d
o @ Control?
S 2 % (x10°) o PTX-ZsGreen-
£ ; x 6 © PTX-ZsGreen*
2 = - 84
O o o £ . i
ol Control”],;: >PVoe o |
. 4 8 3r PTX-ZsGreen feflqevaw aoss |
=] 000 PTX-ZsGreen' Bl oqa®esopis el
8 L
2 Qe L
2 | s 1k o000 g )
g HEY
b b
Radisnce Control® PTX-ZsGreen- PTX-ZsGreen* HEY
(p/seclcm?/sr)
© Control? f g Control?  PTX-ZsGreen- PTX-ZsGreen*
I PTX-ZsGreen g ;
i + 20 Diaphragm S - ’ w
PTX-ZsGreen __ Dl -é w ‘
1 £ === Stomach a
T a5 == |ntestine &
S 2 T
g’ coEd 1= I gp 60 WO
E100~ £ g E
% (] oo s 5 10 .
ssol T ° 85 [ s [
S 50 + E 5 &
= ol z S _
= o. o} 177]
0 ¥ o0 0
(e £
HEY BYE SR 3
£

HEY

Fig. 5 Anastatic HEY cells exhibit elevated in vivo metastasis. a The representative luciferase images of live mice injected with HEY-control®,
HEY-PTX-ZsGreen~ or HEY-PTX-ZsGreen* populations, respectively, to show the intraperitoneal growth and dissemination of tumors in vivo.
b The representative images to show the tumors formed on the internal organs. The white arrows point to tumors. ¢ Quantification of the
number of the tumor nodules in the peritoneal cavity but not attaching to any internal organs in each mouse. n = 6. d The image of the tumor
nodules in the peritoneal cavity but not attaching to any internal organs. e The weight of the tumor nodules collected from the peritoneal
cavity of mice in the control” (n = 7), PTX-ZsGreen™ (n = 9) and PTX-ZsGreen™ (n = 11) groups. f The number of mice with tumors metastasize
to the indicated organs. g The representative images of the indicated organs from mice in all three groups. The white arrows point to the
tumors. h Hematoxylin & Eosin (H&E) staining of different organs from mice injected with HEY-PTX-ZsGreen™ cells. The tumor areas are
outlined with dashed black lines. In ¢ and e, data are presented as the mean + SEM.

compared to the tumors formed by the other two types of cells.
These data indicate that anastatic cells promote tumor growth
and angiogenesis better than cells with no experience of
executioner caspase activation. Given that the in vitro growth
rates of the ZsGreen™, the ZsGreen™ cells and the control cells
were similar (Supplementary Fig. S6), the enhanced growth of
tumors formed by the anastatic cells may be attributed to their
pro-angiogenic capacity.

Anastatic cells are more metastatic in vivo

The enhanced migration and angiogenic capacity of the
anastatic cells suggest that they may exhibit increased
metastasis in vivo. To verify this speculation, we introduced
luciferase to HEY-PTX-ZsGreen™, HEY-PTX-ZsGreen~ and HEY-
control” cells using lentivirus and intraperitoneally injected them
into the NCG mice. We then monitored the tumor growth and
dissemination in vivo, and found that two weeks after injection,

Cell Death & Differentiation (2023) 30:809 - 824

the number and the weight of the peritoneal disseminated
nodules formed by HEY-PTX-ZsGreen™ cells were higher than
those formed by the other two groups (Fig. 5a-e). HEY-PTX-
ZsGreen™ cells also exhibited more metastasis to diaphragm,
stomach, liver, kidney and intestine (Fig. 5f-h). Similar enhance-
ment of in vivo metastasis in the ZsGreen™ population was also
observed in HEY cells recovered from TRAIL treatment (Supple-
mentary Fig. S7). These data indicate that ovarian cancer cells
derived from anastasis acquire increased metastatic capability
in vivo.

The elevated production of pro-angiogenic factors in
anastatic cells relies on increased p38 activity

The next question to ask is what accounts for the increased
angiogenic capacity in the anastatic cells. It has been reported
that activated caspase-3 can trigger expression of pro-angiogenic
genes [23, 24]. However, none of the ZsGreen™, the ZsGreen™ and
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Fig. 6 The enhanced angiogenic capacity in the anastatic HEY cells depends on elevated p38 activity. a Western blots of the indicated
phosphorylated proteins and total proteins in all the populations established from HEY cells. The numbers below each pair of the blots are the
normalized ratios of the band intensity. b The mRNA expression of VEGFA, VEGFC, TNFA and PTGS2 in the indicated populations with or without
24 h treatment of the p38 inhibitor SB203580. n = 3. 0.1% DMSO was used as control for SB203580. ¢, d The tube formation of HUVECs
triggered by the conditioned medium (CM) collected from the indicated populations treated with or without SB203580 for 24 h.n= 3. e, f The
tube formation of HUVECs triggered by CM collected from the indicated populations transfected with siNC (control) or siMAPK14#1 for 48 h.
n = 3. g, h The results of Matrigel implant assays to show the in vivo angiogenesis triggered by CM from the indicated populations. On the left
are the representative images of the Matrigel implants and on the right are the quantifications of Hemoglobin content in the Matrigel
implants. n=4. i, j The representative images of CD31 staining in the sections of the Matrigel implants. The scale bar is 20 pm. Data are
presented as the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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the control populations had detectable caspase-3 activity
(Supplementary Fig. S8a). Moreover, the upregulated expression
of pro-angiogenic genes in the ZsGreen™ populations was not
attenuated by qVD (Supplementary Fig. S8b), suggesting the pro-
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angiogenic phenotypes of the anastatic cells are not due to any
residual executioner caspase activity. The KEGG pathway analysis
revealed enrichment of the DEGs in TNFR signaling pathway
(Fig. 2e, Supplementary Fig. S2d). The kinases downstream of
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Fig. 7 p38 is activated by caspases during apoptosis induction and early recovery. a Western blots of phosphor-p38 and p38 in HEY cells
treated with TRAIL (TRAIL T24h), PTX (PTX T24h) or control for 24 h and in HEY cells after 6 h recovery from TRAIL or PTX treatment (TRAIL
RE6h or PTX RE6h). The numbers below the blots are the normalized ratios of the band intensity. b The mRNA expression of VEGFA, VEGFC,
TNFA, and PTGS2 in control HEY cells, HEY cells treated with PTX or TRAIL for 24 h and cells after 6 h recovery from PTX or TRAIL treatment with
or without the presence of the p38 inhibitor SB203580. n = 3. 0.1% DMSO was used as control for SB203580. ¢ The schematic of cell treatment
and sorting. WB Western Blotting. d The representative of flow cytometry showing isolation of GFP, GFP'®" and GFP"9" populations from
TRAIL-treated HEY-GC3AI cells and isolation of control population. e The percentage of living cells at 24 h after cell sorting in the indicated
groups. Red arrows in the left images point to attached living cells. n = 3. f Western blots showing p38 phosphorylation in the indicated
groups. g RT-gPCR results showing expression of VEGFA, VEGFC, TNFA, PTGS2 in the indicated groups. n = 3. h Western blots showing the effect
of qVD on p38 phosphorylation after 24 h TRAIL treatment (TRAIL 24 h) and after 6 h recovery (RE6h). 0.1% DMSO was used as control for qVD.
i Tube formation assays of HUVECs incubated with conditioned medium (CM) from HEY-GC3AI cells treated with 0.1% DMSO, 50 uM qVD, or
400 ng/ml TRAIL + 50 pM gVD as shown in the schematic. n =4. Data are presented as the mean £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001;

**¥*P < 0.0001.

TNFR like MAPK, NFkB and Akt have all been reported to regulate
angiogenesis [25-32]. We evaluated the activity of JNK, ERK, p38,
Akt and NFkB in different cell populations. Only p38 was found to
be activated in all of the ZsGreen™ populations compared to the
counterpart ZsGreen~ populations or the control populations
(Fig. 6a, Supplementary Fig. S9a). We then tested the effect of
inhibiting different pathways on the pro-angiogenic capacity of
the anastatic cells. Among the tested inhibitors, only p38 inhibitor
suppressed upregulation of all four pro-angiogenic genes in all the
ZsGreen™ populations (Fig. 6b, Supplementary Figs. S9b, S10, S11).
Moreover, treating different populations of the cancer cells with
inhibitors for p38 but not the other kinases abolished the
difference in their capacity to trigger tube formation of HUVECs
(Fig. 6¢, d, Supplementary Figs. S9¢, d and S12). Suppression of
enhanced pro-angiogenic capacity in the ZsGreen™ populations
were also achieved using two independent siRNAs against
MAPK14 gene, which encodes p38a (Fig. 6e, f, Supplementary
Figs. S9e, f, S13, S14). Suppression of p38 in cancer cells also
prevented upregulation in the in vivo angiogenic capacity of the
conditioned medium from ZsGreent populations (Fig. 6g-j,
Supplementary Fig. S9g-j). These data suggest that increased
pro-angiogenic capacity in the anastatic cells relies on elevated
p38 activity.

We also evaluated whether the kinases in TNFR signaling are
involved in the enhanced migration of anastatic cells. While
inhibition of Akt had no effect on migration, inhibition of either
p38, JNK, NFkB or ERK reduced the difference in migration
between the ZsGreen' cells and the other two types of cells
(Supplementary Figs. S15 and S16), suggesting the enhanced
migration of anastatic cells requires activity of multiple kinases.

p38 is activated by caspases during apoptosis induction and
early recovery

As a major stress response kinase, p38 is known to be activated in
response to a wide variety of stimuli [33, 34]. We monitored p38
activity in cancer cells during their exposure to apoptotic stimuli
and the early recovery phase. Increased phosphor-p38 was indeed
detected in HEY cells at the end of 24 h TRAIL treatment and in
A2780 cells at the end of 24 h treatment with TRAIL or PTX.
Interestingly, the phosphor-p38 level was even further upregu-
lated at the recovery phase (Fig. 7a, Supplementary Fig. S17a).
Although the phosphor-p38 remained unchanged in HEY cells
after 24h PTX treatment, it was elevated after 6h recovery
(Fig. 7a). We also observed upregulation of the pro-angiogenic
genes in HEY and A2780 cells at 6 h recovery after treatment,
which was suppressed by p38 inhibition (Fig. 7b, Supplementary
Fig. S17b). These results suggest that activation of p38 and the
p38-dependent induction of pro-angiogenic gene expression
were initiated during treatment, increased during early recovery
and persisted after cells were fully recovered. To investigate
whether p38 activation during treatment and early recovery is
related to caspase activation, we isolated cells with different levels
of GFP intensity (GFP", GFP'®" and GFP"9") from HEY-GC3AI and
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A2780-GC3Al cells at 6 h recovery from TRAIL treatment (Fig. 7¢, d,
Supplementary Fig. S17c). At 24 h after sorting, the percentage of
living cells was similar in the GFP'o¥ populations and in the GFP”
populations but strongly reduced in the GFPM9" populations
(Fig. 7e, Supplementary Fig. S17d), suggesting the “live or die” fate
after executioner caspase activation may be determined by the
level of executioner caspase activity. We further compared p38
activity and expression of pro-angiogenic genes in the GFP'_O""
populations, which contains more anastatic cells than the GFP"9"
populations, to those in the GFP™ populations. Both p38 activation
and expression of pro-angiogenic genes were dramatically
upregulated in the GFP'" populations (Fig. 7f, g, Supplementary
Fig. S17e, f). Furthermore, inhibition of caspase activity suppressed
p38 activation and expression of pro-angiogenic genes at the end
of 24h TRAIL treatment and after 6h recovery (Fig. 7h,
Supplementary Figs. S17g and S18a-d), indicating p38 activation
and the p38-dependent expression of pro-angiogenic genes
during treatment and early recovery relies on caspase activity.
Moreover, cancer cells with caspases inhibited during TRAIL
treatment and the first 72 h recovery displayed migration and pro-
angiogenic capacity similar to those without TRAIL treatment
(Fig. 7i, Supplementary Figs. S17h and S18e, f), suggesting the
TRAIL-induced upregulation of migration and pro-angiogenic
capacity relies on caspases. In addition, treatment with dehydro-
corydaline, which induced p38 activation independent of cas-
pases, was sufficient to increase the migration and pro-angiogenic
capacity of HEY or A2780 cells (Supplementary Fig. S19). These
data together indicate that stress-induced executioner caspase
activation triggers p38 activation, which persist to confer anastatic
cells enhanced migration and pro-angiogenic capacity.

p38 activation during apoptosis induction and recovery is
required for anastasis

p38 is a stress-activated kinase that can promote both apoptosis
and survival [33, 34]. We then investigated whether p38 activation
during treatment and recovery is required for anastasis. We
developed a strategy to evaluate the effects of various chemicals
on anastasis using the GC3Al and the mCasExpress reporters.
Upon treatment with apoptosis stimuli, cells with activated
executioner caspases either die or undergo anastasis and survive.
A reduction in the percentage of cells that survive executioner
caspase activation (ZsGreen™ 7-AAD ™), but not the percentage of
cells with executioner caspase activation (GC3AI™), would indicate
inhibition of anastasis. On the other hand, an increase in the
percentage of ZsGreen™ 7-AAD ™ cells, but not the percentage of
GC3AI" cells, would indicate enhancement of anastasis (Fig. 8a).
p38 inhibition by SB203580 reduced the fraction of ZsGreen™
7-AAD™ cells in HEY-CasExpress cells recovered from TRAIL or PTX
treatment (Fig. 8b, c¢) while the percentage of TRAIL- or PTX-
induced GC3AI* HEY cells remained unchanged or increased
(Fig. 8b, d). Similar results were obtained in A2780 cells (Fig. 8e, f).
These data indicate that anastasis in ovarian cancer cells following
TRAIL or PTX treatment requires p38 activity.
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DISCUSSION

The discovery of anastasis unveils two types of apoptosis
resistance, avoidance of executioner caspase activation and
anastasis, both of which spare cells from apoptotic death. In this
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study, we aim to characterize the differences between ovarian
cancer cells that survive through these two distinct types of
apoptosis resistance and to investigate the underlying mechan-
ism. We demonstrate that in ovarian cancer cells facing apoptotic
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Fig. 8 p38 activation during apoptosis induction and recovery is required for anastasis. a The schematic of the strategy to analyze the
effect of a chemical on anastasis or caspase activation. “O” indicates no change. b The schematic showing the procedure for cell treatment.
¢ Representative images and quantification of flow cytometry showing the percentage of ZsGreen™ 7-AAD ™ cells in HEY-CasExpress cells after
24 h recovery from TRAIL or PTX treatment with or without SB203580. 0.1% DMSO was used as control for SB203580. d Representative images
and quantification of flow cytometry showing the percentage of GC3AI™ cells in HEY-GC3AI cells after 24 h treatment with TRAIL or PTX with
or without SB203580. e Representative images and quantification of flow cytometry showing the percentage of ZsGreen™ 7-AAD ™ cells in
A2780-CasExpress cells after 24 h recovery from TRAIL or PTX treatment with or without SB203580. f Representative images and quantification
of flow cytometry showing the percentage of GC3AI* cells in A2780-GC3AI cells after 24 h treatment with TRAIL or PTX with or without
SB203580. n = 3. Data are presented as the mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. g Summary of the molecular events
during and after anastasis. In ovarian cancer cells facing apoptotic stress, active executioner caspase induces p38 activation to promote
anastasis. The elevated p38 activation persists in anastatic cells to drive migration together with ERK, JNK and NFkB and to promote

angiogenesis, leading to enhanced tumor angiogenesis, growth and metastasis.

stress, the active executioner caspases induce p38 activation to
promote anastasis, and that the elevated p38 activity persists in
the anastatic cells to drive migration and the expression of pro-
angiogenic genes, leading to enhanced tumor angiogenesis,
growth and metastasis (Fig. 89).

We found that ovarian cancer cells gained enhanced
migration after survival from executioner caspase activation.
Similar observation has also been reported in breast cancer cells,
cervical cancer cells, and melanoma [5, 7, 9], indicating that
migration enhancement is a common phenotypic change
accompanying anastasis. More importantly, we demonstrated
that anastatic cancer cells are more pro-angiogenic. It has been
reported that apoptotic glioma cells and breast cancer cells can
trigger angiogenesis through caspase-dependent secretion of
pro-angiogenic factors like VEGFA and PGE2 [23, 24]. Previously,
we and others demonstrated upregulated expression of pro-
angiogenic genes in Hela cells [5] and in primary mouse liver
cells [35] within 24h recovery from ethanol treatment.
Consistently, here we observed elevated expression of pro-
angiogenic factors at 6 h after removal of apoptotic stimuli. We
further showed that cells with executioner caspase activation
exhibited higher expression of pro-angiogenic genes than those
without executioner caspase activation and that inhibition of
caspases during exposure to apoptosis stimuli and recovery
blocked the afterward enhancement in the capacity of the
cancer cells to promote angiogenesis. These data together
indicate that stress-induced executioner caspase activation is
essential for anastatic cells to become more angiogenic.
Interestingly, the anastatic cells remained more angiogenic
even when they were separated from dead cells and no longer
had caspase activity, suggesting that although caspase activity is
necessary for initiating the change in angiogenesis, neither the
presence of apoptotic cells nor active executioner caspases is
required for anastatic cells to maintain a high pro-angiogenic
capacity.

How do anastatic cells maintain enhanced pro-angiogenic
capacity when they no longer have executioner caspase activity?
Two possible mechanisms may be involved. First, consistent with
previous reports [26, 27, 31, 36-38], we found the increased
expression of pro-angiogenic genes in anastatic cells relied on p38
activity. In the meanwhile, pro-angiogenic factors like VEGFs
and TNFa can also activate p38 [39-42]. Therefore, p38 and the
pro-angiogenic factors may form a positive feedback loop to
maintain the high p38 activity and strong expression of pro-
angiogenic genes in anastatic cells. On the other hand, in
mouse brain exposed to ethanol, caspase-3 activation has been
shown to induce epigenetic changes through degradation of
DNA methyltransferases DNMT1 and DNMT3A and methyl-CpG
binding protein MeCP2 [43, 44]. Therefore, transient executioner
caspase activation may induce epigenetic changes in anastatic

cells, leading to persisting expression of p38 activators.
Further investigation is needed to unveil the underlying
mechanism.
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It is important to elucidate the factors that regulate anastasis.
We previously identified two essential drivers for anastasis, Akt1
and Ciz1, in Drosophila [10]. Seervi et al. found inhibition of XPOT1,
a key molecule in the nuclear export pathway, suppresses
anastasis in breast cancer cells after exposure to chemotherapeu-
tic drugs [7]. Here we identified p38 as a key regulator of anastasis
in ovarian cancer cells. As a stress-activated kinase, the pro-
apoptotic role of p38 is well established. Activated p38 can trigger
apoptosis through phosphorylation of Bim, Bax and p53 [45-47].
However, p38 has also been reported to have pro-survival
function. Inhibition of p38 sensitizes cancer cells to radiation- or
chemotherapy-induced apoptosis [48-51]. Active p38 can pro-
mote survival through activation of -catenin [52] and JAK/STAT
signaling [53]. p38 activation also causes G1 arrest and cellular
senescence, which can be regarded as survival strategies to resist
apoptosis in some cell types [45, 54-56]. Our work reveals that p38
promotes anastasis, survival after stress-induced executioner
caspase activation. How does p38 regulate anastasis? Valon
et al. reported that the pulse of ERK activity in cells with mild
executioner caspase activation blocks accumulation of execu-
tioner caspase activity and protects the cells from death in
Drosophila notum epithelium [57], suggesting interrupting ampli-
fication of executioner caspase activity may be a way to promote
anastasis. Alvarado-Kristensson et al. found p38 can phosphorylate
caspase-8 and caspase-3 to inhibit their protease activity in
isolated neutrophils [58]. Therefore, in cancer cells facing
apoptotic stress, p38 activation induced by active executioner
caspases may in turn block further amplification of executioner
caspase activity, leading to anastasis. Further efforts are needed to
test this hypothesis.

In conclusion, our work demonstrates that anastatic cancer cells
become more malignant via their enhanced migratory and pro-
angiogenic capacities. These newly acquired features enable them
to invade more aggressively and to create a pro-tumor
microenvironment. Targeting anastasis during chemotherapy
may prevent tumor relapse and metastasis.
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