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Abstract

Caspases are well known for their role in apoptosis. Recent-
ly, nonapoptotic roles of caspases have been identified, how-
ever, these noncanonical roles are not well documented and
the mechanisms involved are not fully understood. Here, we
studied the role of cleaved caspase-3 using human- and
mouse-proficient caspase-3 cancer cell lines and human-
deficient caspase-3 cancer cells. Cleaved caspase-3 functioned
as a transcription factor and directly bound to DNA. A DNA-
binding domain was identified in the small subunit of
caspase-3 and an active conformation was essential for
caspase-3 transcriptional activity. Caspase-3 DNA binding
enhanced angiogenesis by upregulating the expression of

Introduction

Apoptosis is a well-known physiologic process that enables the
maintenance of homeostasis in multicellular organisms. Apopto-
sis can be induced by different stimuli such as cytotoxic drugs,
irradiation, and hypoxic stress. One of the best-known markers of
apoptosis is the proteolytic cleavage of pro-caspase-3 into its
active form, caspase-3 (Casp-3). Once cleaved, Casp-3 translo-
cates into the nucleus, where it cleaves specific substrates (1).
Depending on the context, activation of Casp-3 is considered a
deleterious event in different pathophysiologic processes, such as
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proangiogenic genes and by activating pathways that pro-
moted endothelial cell activation. Some proapoptotic genes
were downregulated in caspase-3-proficient cells. Inhibiting
caspase-3 increased the efficacy of chemotherapy and
decreased spontaneous tumor development. These data
highlight a novel nonapoptotic role of caspase-3 and sug-
gest that cleaved caspase-3 could be a new therapeutic target
in cancer.

Significance: These findings report a noncanonical func-
tion of caspase-3 by demonstrating its ability to transcrip-
tionally regulate the VEGFR pathway.

neurodegenerative disorders or ischemia, or as a positive marker
of effective therapeutic strategy such as in cancer. However, in
recent years, new investigations have identified new nonapoptotic
roles of caspases. Indeed, in cancer, activation of Casp-3 was
described as a stimulator of tumor cell repopulation during
radiotherapy treatment (2), or a driver of tumor cell proliferation
in pancreatic cancer (3) and melanoma (4). Recently, Casp-3 was
described as a mediator of neoangiogenesis in dying cells after X-
ray therapy (5). Nevertheless, all nonapoptotic roles of Casp-3
rely on its proteolytic activity (6-9). In this article, we showed that
Casp-3 activation induced transcriptional changes, leading to the
upregulation of genes involved in angiogenesis and downregula-
tion of genes involved in proapoptotic pathways. We have shown
that Casp-3 was able to directly interact with the promoter of
various proangiogenic genes, such as VEGFA gene, and induce
transcription thanks to a specific DNA-binding domain. In vivo,
the pharmacologic targeting of Casp-3 increased chemotherapy
cytotoxicity in cancer cells.

Materials and Methods

Cell lines

All cell lines were cultured at 37°C under 5% CO, MCF7, MDA-
MB-231, 4T1, and CT26 cells were obtained from ATCC. COLO-
205 and HT29 cells sensitive and resistant to oxaliplatin were
obtained from Pr. Olivier Adotevi and Pr Christophe Borg's lab
(Inserm U1098, Besancon, France). MCF7, MCF7-Casp-3 (stably
transfected), and MDA-MB-231 cells were cultured in DMEM
(high glucose). 4T1, CT26, COLO-205, and HT-29 sensitive and
resistant to oxaliplatin were cultured in RPMI1640. Mediums
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were supplemented with 10% (vol/vol) FCS, 1% penicillin,
streptomycin, and amphotericin B, 4 mmol/L HEPES. Colo-
205 and HT-29 resistant to oxaliplatin were cultured with oxa-
liplatin at 3 ug/mL. Using concerning culture conditions of our
MCF?7 cells, experiments were performed simultaneously with
MCF7 Casp-3~/~ and Casp-3™/" within five cell subclonings. After
five passages, new vials of both cells were thawed and new
experiments were carried out. All cell lines were sequenced at the
exome level and the transcriptomic level for authentication.

Next-generation sequencing

Total RNA was extracted with TRIzol reagent from MCF7 and
Casp-3-transfected MCF7 cells treated or not with docetaxel.
Libraries and analysis were performed as described previous-
ly (10). Chromatin immunoprecipitation (ChIP) sequencing was
performed as described previously (11) for MCF7 or MCF7 Casp-
3*/* cells treated or not with docetaxel. Next-generation sequenc-
ing data are available on the GEO website with the SuperSeries
reference: GSE87227.

Ethics approval and consent to participate

The study on patient samples was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of the Centre Georges-Francois Leclerc (Dijon,
France), the Comité Consultatif de Protection des Personnes en
Recherche Biomédicale de Bourgogne. Written informed consent
was obtained from all patients before enrollment.

All the mice were maintained in specific pathogen-free condi-
tions and all experiments followed the guidelines of the Feder-
ation of European Animal Science Associations. All animal experi-
ments were approved by the Ethics Committee of Université de
Bourgogne (Dijon, France).

In vivo experiments

MDA-MB-231 cells were cultured for 24 hours with control
inhibitor as control or with the Casp-3 inhibitor, Z-DEVD-FMK.
Then, 5 x 10 MDA-MB-231 cells in serum-free culture medium
were inoculated subcutaneously into the right side of 8-week-old
nude (nu/nu) BALB/c mice. As soon as tumors reached 400 mm?,
the mice were sacrificed and tumors were collected, included with
optimal cutting temperature (OCT), and conserved at —80°C.
Frozen sections were marked with CD31 antibody and DAPI.

BALB/c mice were subcutaneously injected with CT-26 or 4T1
cells and treated with 5-fluorouracil (50 mg/kg) + irinotecan
(40 mg/kg) or docetaxel (10 mg/kg), respectively, 8 days after the
tumor graft. Z-FA-FMK control inhibitor, Z-DEVD-FMK Casp-3
inhibitor, or anti-mouse VEGFA was injected intraperitoneally.
siRNA transfections were performed twice a week as described
previously (12) with anti-mouse pro-Casp-3 (GGATAGTGTITC-
TAAGGAA), anti-mouse pro-caspase-6 (CCTGGTACATTCAG-
GATIT), and anti-mouse pro-caspase-7 (CCTGTTAGAGAAACC-
CAAA) siRNA

Twelve-week-old TG3 transgenic mice (13) had been intraper-
itoneally treated with Z-DEVD-FMK or Z-FA-FMK as a negative
control for 4 months. Mice were sacrificed and tail tumor nodes
were counted.

Statistical analysis

GraphPad Prism software was used for the statistical analysis.
Statistical significance is shown as *, P < 0.05; **, P < 0.01;
% P <0.001; and ****, P < 0.0001.
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Results

Casp-3-dependent apoptosis is associated with tumor
angiogenesis

It is known that an increase of standardized uptake value
maximum (SUV,,.x corresponding to the ratio between tracer
binding in the tumor on total injected radioactive activity nor-
malized by the patient body weight) after one course of neoad-
juvant docetaxel is a marker of nonresponse to treatment (14, 15).
To understand the mechanism involved in the increase of SUV, .«
after docetaxel treatment, and consequently resistance to treat-
ment, tumors generated with the aggressive MDA-MB-231 cells
were treated or not with docetaxel. Two weeks later, FDG uptake
was measured by PET scanner. First, we observed that docetaxel
treatment induced FDG uptake compared with nontreated cells
(Fig. 1A). As an increase of FDG uptake is correlated with tumor
progression, we hypothesized that an inhibition of apoptosis by
the pharmacologic Casp-3 inhibitor Z-DEVD-FMK would
increase FDG uptake by tumors. Tumors treated by Casp-3 inhib-
itor alone presented a reduced size and, surprisingly, the inhibi-
tion of apoptosis completely abolished FDG uptake induced by
docetaxel treatment (Fig. 1B and C). In agreement with literature,
the decrease of FDG uptake, induced by Casp-3 inhibition, after
one cycle of docetaxel was correlated with a decrease of tumor
growth (Fig. 1D). As FDG uptake was described as being corre-
lated with tumor angiogenesis (16), we wondered whether the
result observed with FDG uptake was linked to tumor blood
vessels. For that, we stained mouse blood vessels in the MDA-MB-
231 tumors used for PET scanner experiments. We observed that
docetaxel increased blood vessel density and that Casp-3 inhibitor
treatment led to an inhibition of this phenomenon (Fig. 1E
and F). In addition, quantification of tumor mouse vessels by
CD31 mRNA expression analysis showed that docetaxel induced
the expression of this blood vessel marker and that Casp-3
pharmacologic inhibition reduced its expression (Fig. 1G). To
confirm that angiogenesis was impacted by docetaxel and Casp-3
pharmacologic inhibition, we performed RNA sequencing of
human MDA-MB-231 injected into nude mice and treated or not
with docetaxel + the Casp-3 inhibitor Z-DEVD-FMK. The
sequences obtained were first aligned with the mouse genome.
This enabled us to identify mechanisms induced by tumor cells in
the host. Unsupervised clustering revealed that untreated tumors'
profile was closer to that of tumors treated with the Casp-3
inhibitor Z-DEVD-FMK, or docetaxel and Z-DEVD-FMK than to
that of tumors treated with docetaxel alone (Fig. 1H). ClueGO
software analysis of a cluster of genes specifically induced in
tumors treated with docetaxel alone revealed enrichment in genes
involved in mechanisms known to promote angiogenesis (blood
vessel development, morphogenesis of branching structures, and
response to wounding; Fig. 1H).

We secondly aligned sequences with the human genome. By
comparing treated and nontreated tumors, we observed that the
treatment of MDA-MB-231 tumors with docetaxel-induced path-
ways involved in angiogenesis according to ClueGO analysis
(Supplementary Fig. S1A). By performing additional analysis
using Enrichr software (17, 18), we observed that numerous
pathways inducing angiogenesis were significantly enriched in
docetaxel-treated cells such as alpha adrenergic (19),
oxytocin (20-22), thyrotropin (23), muscarinic receptor (24),
p38 MAPK (25), 5-hydroxytryptamine (26), and platelet-derived
growth factor (27) pathways (Supplementary Fig. S1B).
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Figure 1.

Activation of Casp-3 stimulates angiogenesis. A, Images of FDG uptake experiment in mice previously injected with MDA-MB-231 cells cultured with Z-FA-FMK
control inhibitor and treated or not with docetaxel (10 nmol/L). B, Images of FDG uptake experiment in mice previously injected with MDA-MB-231 cells cultured
with Z-DEVD-FMK Casp-3 inhibitor and treated or not with docetaxel (10 nmol/L). C, Quantification of SUV . calculated from analysis of FDG uptake. D, Tumor
growth in nude BALB/c mice after subcutaneous injection of MDA-MB-231 cells preincubated with Z-FA-FMK control inhibitor or with Z-DEVD-FMK Casp-3
inhibitor, followed by intraperitoneal injection of docetaxel (10 mg/kg; n = 8 per group). Immunofluorescence staining analysis of OCT-embedded tumors from
mice previously injected with MDA-MB-231 cells cultured with Z-FA-FMK control inhibitor or with Z-DEVD-FMK Casp-3 inhibitor and treated or not with docetaxel
(10 nmol/L). CD31 vessels, red; nuclei, blue. F, Vessels quantification of immunofluorescence staining in E. G, RT-PCR analysis of CD31 expression in tumors in E.
Data are presented as mean =+ SD. H, Cluster and ClueGO software analysis showing RNA-sequencing data of human MDA-MB-231 injected into nude mice and
treated or not with docetaxel (10 nmol/L) & the Z-DEVD-FMK Casp-3 inhibitor. I, Number of nodes of HUVECs cultured or not with supernatant form MCF7
Casp-3~/" or Casp-3*/* cells. *, P< 0.05; **, P< 0.01; ****, P< 0.001.
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To address the role of Casp-3-dependent cell death in angio-
genesis, the naturally Casp-3-deficient cells (MCF7) were stably
transfected with an empty vector (Casp3~/~) or with a plasmid
encoding Casp-3 cDNA (Casp-3/*). Both cell lines were treated
with docetaxel at 10 nmol/L. This dose of docetaxel induced Casp-
3 (Supplementary Fig. S1C) and caspase-9 (Supplementary
Fig. S1D) cleavage in Casp-3*/* cells with no differences observed
neither in caspase-7 (Supplementary Fig. S1E) nor in caspase-8
(Supplementary Fig. S1F) cleavage nor in apoptosis (Supplemen-
tary Fig. S1G) nor in cell growth (Supplementary Fig. S1H)
between both cell lines. After 24 hours of treatment, the medium
containing docetaxel was removed; cells were washed and incu-
bated for additional 24 hours with fresh docetaxel-free medium.
Afterward, endothelial tube formation experiments were per-
formed with the 24-hour conditioned drug-free cell medium. We
observed that only docetaxel-treated Casp-3-proficient cells were
able to induce tube formation and stabilize formed tubes (Fig. 11).
Altogether, these data suggest that Casp-3-dependent apoptosis
could induce neovessel formation and its stabilization.

Activation of Casp-3 induces proangiogenic gene expression
We previously observed that apoptosis and particularly
Casp-3-dependent apoptosis correlated with increased neovessel
formation and vasculature stabilization. To decipher the mech-
anism involved in this phenomenon, we performed massive
mRNA sequencing on Casp-3-deficient and Casp-3-proficient
MCF7 cells treated with 10 nmol/L docetaxel as mentioned
previously. This analysis allowed the identification of a set of
522 transcripts specifically upregulated in Casp-3-deficient cells,
aset of 283 transcripts overexpressed in both cell lines, and a set of
1,197 transcripts specifically upregulated in Casp-3-proficient
cells (Fig. 2A; Supplementary Table S1). Each subset had an
enrichment of particular pathways as detected by Enrichr soft-
ware. In the subset of 522 transcripts, four pathways were signif-
icantly enriched (Supplementary Fig. S2A), whereas in the subset
of 283 transcripts, eight pathways were enriched (Supplementary
Fig. S2B) as for the subset of 1,197 transcripts (Supplementary
Fig. S2C). Interestingly, in the third subset, appeared a pathway
named "Signaling events mediated by VEGFR1 and VEGFR2."
Using ClueGO software, we confirmed that angiogenesis-related
pathways were enriched in these 1,197 transcripts (Fig. 2B). As an
example, the increased expression of the proangiogenic ANXA2,
CIGALT1, and VEGFA genes was validated by qPCR exclusively in
treated Casp-3-proficient cells (Fig. 2C). As VEGFA is a major
proangiogenic gene involved in formation of neovessels and
stabilization of vasculature, and as VEGFR1 and 2 signaling
seemed activated only in Casp-3-proficient cells (Supplementary
Fig. S2C), therefore, we decided to study its regulation by cleaved
Casp-3 as an illustration of our observations. Although docetaxel
cytotoxicity was identical in Casp-3-proficient and -deficient
cells (Supplementary Fig. S1G and S1H), VEGFA mRNA expres-
sion increased continuously over time only in Casp-3-proficient
cells (Fig. 2D), resulting in a higher VEGFA secretion in treated
Casp-3-proficient cells (Fig. 2E) 72 hours after docetaxel treat-
ment initiation (48 hours after docetaxel removal). Literature
previously reported that VEGFA expression can be induced by
NF-xB (28) or Casp-3-activated PKCd (29). Using specific siR-
NAs, we showed that neither NF-«xB (Fig. 2F) nor PKC? (Fig. 2G)
was involved in the VEGFA upregulation observed in our condi-
tions. In contrast, extinction of Casp-3 by siRNA (Fig. 2H) or
inhibition of Casp-3 activity by the pharmacologic inhibitor

www.aacrjournals.org
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Z-DEVD-FMK (Supplementary Fig. S2D) prevented VEGFA
mRNA increase. In 2015, it was hypothesized that AKT phos-
phorylation was responsible for the induction of VEGFA expres-
sion in response to Casp-3 cleavage (5). In our experimental
conditions, the pharmacologic inhibition of AKT activity had no
effect on VEGFA expression (Fig. 2I). Once cleaved, Casp-3 cleaves
and activates the 2 downstream caspases-6 and -7. Still with siRNA
strategy, it appeared that neither caspase-6 (Fig. 2J) nor caspase-7
extinction (Fig. 2K) had an impact on the induction of VEGFA
mRNA expression following docetaxel treatment of Casp-3-pro-
ficient cells. Casp-3 can share substrates with its downstream
caspases, especially with caspase-7. To confirm that our observa-
tion was linked only to cleaved Casp-3, we pharmacologically
inhibited Casp-3 in combination with siRNA strategy against
Casp-3, caspase-6, or caspase-7. These experiments indicated that
the Z-DEVD-FMK Casp-3 inhibitor lost its activity only in pres-
ence of the siRNA targeting Casp-3 (Supplementary Fig. S2E). To
be active, Casp-3 needs to be cleaved by using upstream caspases,
such as caspases-8 and -9. siRNA strategy targeting both upstream
caspases, we surprisingly observed that both caspase-8 (Supple-
mentary Fig. S2F) and caspase-9 (Supplementary Fig. S2G) extinc-
tion induced a slight decrease of VEGFA mRNA expression com-
pared with treated control. Nevertheless, when both upstream
caspases were downregulated, we observed a similar impact to
that obtained with casp-3 inhibition (Fig. 2L). Indeed, upon
docetaxel treatment, Casp-3 activation is triggered by both cas-
pase-8 and caspase-9 (30). Consequently, silencing of both
caspases-8 and -9 was required to prevent Casp-3 activation.
Finally, we also tested whether VEGFA mRNA expression could
be influenced by chemotherapy-induced Casp-3 activation, with-
out external targeting of Casp-3. For that, we have used the two
colon cancer cell lines HT-29 and Colo-205. For each cell line, we
disposed of a sensitive versus a resistant oxaliplatin clone. Treat-
ment by oxaliplatin induced Casp-3 activation and cell death only
in sensitive clones and not in resistant ones. Thus, VEGFA induc-
tion in both cell lines was exclusively observed in the sensitive
clone (Fig. 2M). Taken together, these results demonstrated that
only cleaved Casp-3 was involved in the induction of VEGFA and
by extension in proangiogenic gene expression in response to
chemotherapy.

Cleaved Casp-3 binds DNA and induces transcription

We previously observed that activation of Casp-3 induced the
expression of proangiogenic genes. As this induction seemed to be
exclusively due to cleaved Casp-3 and as cleaved Casp-3 translo-
cated into the nucleus under docetaxel treatment (Fig. 3A and B),
we wondered whether cleaved Casp-3 could be able to interact
with DNA. To elucidate this point, we performed ChIP sequenc-
ing (ChIP-seq) experiments by immunoprecipitating cleaved
Casp-3 after docetaxel treatment in Casp-3-deficient MCF7 and
Casp-3-proficient MCF7 cells. We first observed interactions
between cleaved Casp-3 and DNA. These interactions were at
2% with gene promoters, 40% in intergenic regions, 30% in
introns, and 1% in exons (Fig. 3C). From aligned data, we
obtained three putative consensus DNA sequences of interaction
between DNA and cleaved Casp-3 (Fig. 3D). Next, bioinformatics
analyses revealed that cleaved Casp-3 interacted with 1,406 genes
whose 117 genes had an expression induced only in the presence
of Casp-3 (Fig. 3E; Supplementary Table S2). Among these
117 genes, the most enriched pathway was the "Signaling events
mediated by VEGFR1 and VEGFR2" (Supplementary Fig. S3A),
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Figure 2.

Activation of Casp-3 induces VEGFA expression. A, Venn diagram of an RNA sequencing analysis in Casp—3’/’ and Casp-3*/* MCF7 cells 48 hours after
docetaxel (10 nmol/L) treatment. B, Pathway activation analysis performed with the ClueGEO software from the 1,197 genes upregulated only in treated Casp-3-
proficient MCF7 cells. C, RT-PCR analysis of ANXA2, CIGALT1, and VEGFA expression in Casp—3’/’ and Casp—3+/+ MCF7 cells treated or not with docetaxel (10
nmol/L). D, RT-PCR analysis of VEGFA expression at O hour, 24 hours, 48 hours, and 72 hours after the start of docetaxel treatment (10 nmol/L) in Casp—Z’/’ and
Casp—S”+ MCF7 cells. E, ELISA of VEFGA secretion after docetaxel treatment (10 nmol/L) in Casp»S’/’ and Casp—S”+ MCF7 cells. RT-PCR analysis of VEGFA
mMRNA expression from Casp-3’/’ and Casp-?/+ MCF?7 cells treated or not with docetaxel (10 nmol/L) and transfected with control siRNA or siRNAs targeting
NF-xB (F), PKC3 (G), pro-Casp-3 (H), pro-caspase-6 (J), pro-caspase-7 (K), pro-caspase-8, and pro-caspase-9 (L), or treated with the AKT inhibitor ipatasertib
(1) and corresponding immunoblot analysis testing the corresponding siRNA efficacy. M, RT-PCR analysis of VEGFA expression in HT-29 and Colo-205 cells
sensitive or resistant to oxaliplatin and treated or not with oxaliplatin. Data are presented as mean + SD. *, P< 0.05; **, P< 0.01; ***, P< 0.001; ns, nonsignificant.
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suggesting that cleaved Casp-3 was able to bind and activate genes
involved in this pathway. Notably, ChIP-seq revealed an interac-
tion between cleaved Casp-3 and the promoter of VEGFA
(Fig. 3F), confirmed by ChIP PCR experiments (Supplementary
Fig. S3B). We also observed that cleaved Casp-3 interacted with
promoters of ANXA2 (Fig. 3G) and C1GALT1 (Fig. 3H), both
induced in treated Casp-3-proficient cells (Fig. 2C). On the
contrary, no interaction was observed with VEGFB and VEGFC
promoters (Supplementary Fig. S3C) that were not induced by
Casp-3 activation. As cleaved Casp-3 seemed to interact with
DNA, we wondered whether this interaction was functional.
Consequently, we performed luciferase assays. The transfection
of the VEGFA promoter upstream from the luciferase gene was
associated with luciferase signal detection only in presence of
Casp-3 (Fig. 3I), whereas absence of pro-caspases-6 and -7 did not
impact luciferase signal detection (Supplementary Fig. S3D). Pro-
caspase-3 is structured in three main domains: a prodomain, a
large subunit, and a small subunit (Supplementary Fig. S3E). To
decipher the involvement of each pro-caspase-3 domain in the
interaction between cleaved Casp-3 and DNA, we generated a
Casp-3 protein without prodomain. This truncation induces a
specific nuclear location of noncleaved Casp-3 (31). This prodo-
main-truncated Casp-3 did not induce any VEGFA mRNA expres-
sion after treatment into Casp-3-deficient cells, whereas the full-
length Casp-3 did (Fig. 3J). This observation suggests that acti-
vation of Casp-3 by cleavage is necessary for its transcriptional
activity. Similarly, we generated a Casp-3 protein lacking the small
subunit. The expression of this second truncated form of Casp-3 in
Casp-3-deficient cells was not associated with an increase of
VEGFA mRNA (Fig. 3K). This result suggested that the interaction
between cleaved Casp-3 and DNA needed the small subunit of
Casp-3. Furthermore, we analyzed the catalytically inactive
C163A isoform of Casp-3 that can adopt a conformation equiv-
alent to wild-type Casp-3 but with no protease activity (32).
Overexpression of this proteolytic-inactive mutant of Casp-3
induced VEGFA promoter activity as the wild-type Casp-3 (Sup-
plementary Fig. S3F), suggesting that the catalytic activity of
Casp-3 is not necessary for its transcriptional activity, contrarily
to its conformation. Next, we wondered whether we could detect
an amino acid sequence enabling an interaction with DNA. By
using BindN tool (33), we observed the presence of a 15-amino
acid sequence "AYSTAPGYYSWRNSK" with putative DNA inter-
action properties located in the small subunit of Casp-3 (Sup-
plementary Fig. S3E). To test the DNA-binding ability of this 15
amino acid sequence, we generated a Casp-3 protein lacking the
15 amino acids and performed luciferase assays with the VEGFA
promoter. The overexpression of the mutated Casp-3 was not able
to induce luciferase activity in Casp-3-deficient cells (Fig. 3L) and
completely abolished the luciferase activity induced by docetaxel
(Supplementary Fig. S3G), even in the absence of caspases-3, -6,
or -7 (Supplementary Fig. S3H). This observation suggested that
this 15 amino acid sequence might be involved in DNA binding
and consequently gene transcription induction by Casp-3 as the
putative DNA-binding domain truncated Casp-3 was not able to
interact with VEGFA promoter as demonstrated by ChIP exper-
iment (Fig. 3H). Finally, as this putative DNA-binding domain is
located in the small subunit of Casp-3 and as this small subunit
was necessary for transcription induction, we wondered whether
the small subunit alone was sufficient for transcription induction.
We therefore generated a plasmid encoding only the small sub-
unit of Casp-3 and performed a luciferase assay with the VEGFA
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promoter. As obtained with the DNA-binding domain truncated
Casp-3, overexpression of the small subunit alone did not induce
luciferase activity in Casp-3-deficient cells (Fig. 3L), and no
interaction between the small subunit of Casp-3 and the VEGFA
promoter was observed (Fig. 3M). In Casp-3-proficient cells, the
overexpression induced the same activation of the VEGFA pro-
moter as the control (Supplementary Fig. S3I). Nevertheless,
when we associated this overexpression with the extinction of
caspases-3, -6, or -7, the activation of VEGFA promoter was
completely abolished in absence of Casp-3 (Supplementary
Fig. S3J), suggesting that the induction observed in Supplemen-
tary Fig. S3G was due to endogenous Casp-3. These results
suggested that both subunits of cleaved Casp-3, and consequently
a specific 3D structure of Casp-3, were required for the transcrip-
tional activity of cleaved Casp-3.

Casp-3 inhibition increases response to cytotoxic treatment
As described previously, we surprisingly observed that Casp-3
inhibition completely abolished the FDG uptake in tumors
treated with docetaxel through angiogenesis inhibition. Moreover
it also dramatically decreased tumor growth. These observations
suggested that Casp-3 activation promoted aggressiveness of
cancer cells by promoting neovessel formation and stabilization.
To validate this observation in humans, we first studied the extent
of the tumor vascular network, through the analysis of CD31
mRNA expression, before and after neoadjuvant chemotherapy in
61 locally advanced breast tumors and correlated data with
relapse-free survival (RFS). We observed a significantly worse RFS
in patients with increased CD31 mRNA expression after cytotoxic
treatment than in patients with a decreased CD31 mRNA expres-
sion (Fig. 4A). On the same patients, we studied Casp-3 activation
by IHC at the same time point. It appeared that the number of
tumors with increased nuclear staining (Casp-3 cleavage) was
about twice more than in tumors with decreased nuclear staining,
indicating that neoadjuvant treatment induced Casp-3 activation.
Moreover, 73% of tumors presenting increased CD31 expression
also showed an increase of Casp-3 cleavage, and 67% of tumors
with decreased CD31 expression showed a decrease of Casp-3
activation (Fig. 4B). This difference between both groups was
statistically significant (P = 0.041). These findings indicated that
neoadjuvant chemotherapy induced Casp-3 activation and that
angiogenesis was increased in the majority of human breast
tumors harboring Casp-3 activation. As the observations done
in mouse were validated in humans, we wondered whether
cleaved Casp-3 could be a therapeutic target. For that, we have
used the mouse colon CT26 and mammary 4T1 cancer cell lines
for in vivo experiments. Both mouse cell lines harbor the same
behavior as human cell lines in response to Casp-3 activation by
chemotherapy. Both increased VEGFA expression in response to
cytotoxic treatment in the presence of cleaved Casp-3 (Supple-
mentary Fig. S4A). In vivo, treatment of CT26 tumors with 5-
fluorouracil + irinotecan did not affect tumor growth, whereas
intratumor injection of anti-mouse Casp-3 siRNA alone slightly
decreased tumor growth. Interestingly, the combination of siRNA
with cytotoxic treatment dramatically increased the antitumor
effects of 5-fluorouracil + irinotecan (Fig. 4C). In parallel, we also
tested the impact of anti-mouse caspase-6 and anti-mouse
caspase-7 siRNAs on tumor growth in absence and presence of
cytotoxic treatment. Contrary to Casp-3 targeting, the targeting of
caspase-6 and caspase-7 did not affect tumor growth (Supple-
mentary Fig. S4B). The same observation was obtained with
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Figure 3.

Cleaved Casp-3 binds DNA on a specific binding site, thanks to a DNA-binding domain. A, Immunoblot analysis of Casp—Z’/’ and Casp—3*/+ MCF7 cells at 0 and
72 hours after docetaxel (10 nmol/L) treatment start, showing the subcellular distribution of cleaved Casp-3, with B-actin and PARP used as cytoplasmic and
nuclear markers, respectively, to assess the purity of the fractionation. B, Fluorescence microscopy in Casp—3’/’ MCF7 cells transiently transfected with pro-
Casp-3-GFP plasmid treated or not with docetaxel (10 nmol/L). C, Distribution of Casp-3 ChIP-seq peaks among various genome regions. D, Determination of
Casp-3-binding motifs by analysis of Casp-3 ChIP-seq peaks from MCF7 Casp—3+/+ cells. Left, letter size indicates frequency of nucleotide. Right, significance of
motif occurrence. E, Venn diagram showing the interaction between genes upregulated in Casp-3-proficient MCF7 cells and Casp-3-interacting genes. Casp-3-
binding peaks identified by ChIP-seq on VEGFA (F), ANXA2 (G), and CIGALT1 (H) promotersin Casp—3’/’ and Casp—3+/+ MCF7 cells treated or not with
docetaxel (10 nmol/L). Asterisks, interaction peaks between Casp-3 and the promoter; arrows, gene orientation. Blue and green colors correspond to read 1and
read 2 during sequencing run. |, Firefly luciferase activity in 293T cells after transfection of luciferase reporter constructs for the VEGFA promoter with various
combinations of Casp-3-specific siRNA and docetaxel treatment (10 nmol/L), and immunoblot analysis testing transfection efficiency. J, RT-PCR analysis of
VEGFA expressionin Casp-3’/’ MCF7 cells treated or not with docetaxel (10 nmol/L) after transfection of plasmids encoding Casp-3 or prodomain-truncated
Casp-3. K, RT-PCR analysis of VEGFA expression in Casp—?f/’ or Casp-3 */+ MCF7 cells treated or not with docetaxel (10 nmol/L) after transfection of plasmids
encoding Casp-3 or Casp-3 without the small subunit. L, Firefly luciferase activity in Casp—3’/’ MCF7 cells transfected with plasmid encoding either pro-Casp-3,
or the small subunit truncated Casp-3, or a DNA-binding domain truncated Casp-3, and then treated or not during 24 hours with docetaxel (10 nmol/L). M, ChIP
PCR analysis performed in Casp—S’/’ MCF7 cells transfected with plasmid encoding either pro-Casp-3, or the small subunit truncated Casp-3, or a DNA-binding
domain truncated Casp-3, and then treated or not during 24 hours with docetaxel (10 nmol/L). Data are presented as mean 4 SD. *, P< 0.05; **, P< 0.01.
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Figure 4.

Caspase-3 inhibition increases response to cytotoxic treatment. A, Analysis of CD31 mRNA expression before and after neoadjuvant chemotherapy in 61locally
advanced breast tumors and correlated data with RFS. B, Graph representing the number of tumors presenting Casp-3 staining increase or decrease depending
on CD31 expression variation (increase or decrease) after chemotherapeutic treatment. C, Tumor growth in BALB/c mice after subcutaneous injection of CT-26
cells, followed by intraperitoneal injections of 5-fluorouracil (FU; 50 mg/kg) and irinotecan (Iri; 40 mg/kg) with or without injections of Casp-3-specific SiRNA
into the tumor twice a week (n = 8 per group). D, Tumor growth in BALB/c mice after subcutaneous injection of CT-26 cells, followed by intraperitoneal injection
of FU (50 mg/kg) and irinotecan (40 mg/kg) with weekly intraperitoneal injection of Z-FA-FMK control inhibitor or of Z-DEVD-FMK Casp-3 inhibitor (n = 8 per
group). E, Tumor growth in BALB/c mice after subcutaneous injection of CT-26 cells, followed by intraperitoneal injection of FU (50 mg/kg) and irinotecan

(40 mg/kg) with or without intraperitoneal injection of anti-mouse VEGFA-blocking antibody (one day after chemotherapy injection; n = 8 per group). F, Tumor
growth in BALB/c mice after subcutaneous injection of 4T1 cells, followed by intraperitoneal injection of docetaxel (DTX; 10 mg/kg) with weekly intraperitoneal
injection of Z-FA-FMK control inhibitor or with weekly intraperitoneal injection of Z-DEVD-FMK Casp-3 inhibitor (n = 8 per group). G, Tumor growth in BALB/c
mice after subcutaneous injection of 4T1 cells, followed by intraperitoneal injection of docetaxel (10 mg/kg) with or without intraperitoneal injection of anti-
mouse VEGFA blocking antibody (one day after chemotherapy injection; n = 8 per group). H, Number of tail tumors on TG3 mice treated or not with weekly
intraperitoneal injection of Z-FA-FMK control inhibitor or Z-DEVD-FMK Casp-3 inhibitor for 4 months. I, Correlation between IHC analyses of Casp-3

activation in 31locally advanced breast tumors and RT-PCR analysis of VEGFA expression. Data are presented as mean 4+ SD. *, P< 0.05; **, P< 0.01;

***, P<0.001; ****, P< 0.001.
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systemic inhibition of Casp-3 with the pharmacologic inhibitor
Z-DEVD-FMK, administered intraperitoneally (Fig. 4D). More-
over, treatment of tumors with an anti-mouse VEGFA therapeutic
antibody in association with chemotherapy showed the same
benefit (Fig. 4E) as that observed with inhibition of Casp-3 by
siRNA or the Z-DEVD-FMK inhibitor (Fig. 4C and D). Similar
observations were obtained with the mammary 4T1 cancer cell
model, where both inhibition of Casp-3 (Fig. 4F) and VEGFA
targeting (Fig. 4G) further increased docetaxel growth inhibition.

In Fig. 1C, we observed that the pharmacologic inhibition of
Casp-3 with Z-DEVD-FMK inhibitor strongly decreased tumori-
genicity of highly tumorigenic MDA-MB-231 cancer cells. On the
basis of the data previously described, we could hypothesize that
cleaved Casp-3 promoted tumor development by inducing tumor
angiogenesis through the induction of transcription of proangio-
genic genes as VEGFA. To test this hypothesis, we wondered
whether the pharmacologic inhibition of Casp-3, in a spontane-
ous melanoma mouse model, could decrease the development of
tumors. The Casp-3 inhibitor Z-DEVD-FMK, or the control inhib-
itor Z-FA-FMK, was intraperitoneally injected once a week in
12-week-old TG3 mice. Four months later, mice were sacrificed
and tail tumor nodes were counted. It appeared that mice treated
with control Z-FA-FMK harbored a mean of 10 (7-12) nodes,
whereas mice treated with the Casp-3 inhibitor Z-DEVD-FMK had
a mean of only 3.4 (0-7) nodes (Fig. 4H), confirming that
activation of Casp-3 could be tumorigenic. Finally, we wondered
whether Casp-3 activation, detected by IHCin 31 locally advanced
breast tumors, could be correlated with an increased VEGFA
mRNA expression. We observed that tumors with a low Casp-3
activation (less than 20% of stained nuclei) harbored a signifi-
cantly lower expression of VEGFA mRNA than did tumors with
high Casp-3 activation (more than 20% of stained nuclei; Fig. 41).

Cleaved Casp-3 possibly downregulates antiapoptotic genes
Using data obtained from massive RNA sequencing comparing
Casp-3-deficient and Casp-3-proficient cells treated or not with
docetaxel, we observed that treated Casp-3-proficient cells spe-
cifically downregulated 486 genes. The analysis of these down-
regulated genes indicated a significant enrichment of eight path-
ways (Fig. 5A). Surprisingly, among these eight pathways specif-
ically downregulated in treated Casp-3-proficient cells, seven
were involved in apoptosis induction: FAS, TRAIL, IFNy, cer-
amide, TNF receptor, RAC1, and Tap63 pathways. This observa-
tion suggested that the activation of Casp-3 decreases the expres-
sion of genes inducing apoptosis, especially extrinsic apoptosis.
As we previously showed that cleaved Casp-3 was able to bind
DNA and promote gene transcription, we wondered whether it
was also able to inhibit transcription of proapoptotic genes by
direct interaction with DNA. For that, we compared the list of the
486 downregulated genes with the list of the 1,407 Casp-3-
interacted genes. Among the 36 genes common between both
lists (Fig. 5B), no pathways were significantly enriched (Fig. 5C),
suggesting that the mechanism underlying downregulation was
not due to a direct interaction of Casp-3 with DNA. We then
focused on genes present in enriched pathways of Fig. 5A. Sixteen
genes were represented in these downregulated pathways: ARRBI,
BIRC2, DHRS3, GPX2, IQGAP1, IRF1, MAP3K1, MAP3K11,
NQO1, PIK3CB, PKN1, PRKCD, RACGAP1, RIPK1, SMPD1, and
ZYX (Fig. 5D). Among these 16 genes, except RACGAP1 for which
Casp-3 interacted with an enhancer region of this gene, nonewas a
target of Casp-3 DNA-binding activity (Fig. 5E), suggesting that
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these downregulations were probably due to an indirect mech-
anism. However, the analysis of these 15 genes without interac-
tion with Casp-3 showed that their expression was mainly under
the control of two transcription factors: NFE2L2 and FOXA2,
suggesting that a putative indirect mechanism explaining down-
regulation of antiapoptotic genes in Casp-3-proficient cells might
be an inhibition of NFE2L2 and FOXA2 (Fig. 5F).

Discussion

One of the hallmarks of cancer is resistance to apoptosis (34),
suggesting that apoptosis induction in cancer cells is an important
anticancer mechanism. Since a few years, some works tend to
demonstrate that caspases' activation (6-8, 35), and especially
Casp-3 (2, 4, 5, 9, 36-38), could have impact independently of
apoptosis that could even have inverse effects on cell death. In this
work, we showed that apoptosis-triggering Casp-3 activation is
responsible for transcriptional changes such as upregulation and
downregulation of some genes compared with apoptosis in
absence of Casp-3. Among upregulated genes, we observed that
some genes involved in angiogenesis, another hallmark of cancer,
were significantly represented. This overexpression of genes, such
as VEGFA, the main driver of angiogenesis, was correlated with an
increased angiogenesis in vivo. This observation is in agreement
with two previous studies, which showed that Casp-3 activation
was linked to angiogenesis induction in a hepatocyte model (39)
and in a cancer model after treatment with ionizing radiations (5).
Consequently, we decided to focus on VEGFA expression as an
illustration of Casp-3 transcriptional activity. We showed that the
induction of VEGFA was exclusively due to cleaved Casp-3 and
not NF-«xB (28) in our experimental conditions. Our observation
could be explained by the proteolytic cleavage and therefore
inhibition of NF-kB by cleaved Casp-3 (40), contrary to the
angiogenesis stimulated by Casp-8 in glioblastoma that is due
to NF-xB activation (41).

Our results also contradict the hypotheses that the induction of
angiogenesis by Casp-3 requires the activating proteolytic cleav-
age of PKCS by Casp-3 (29), or AKT activation (5, 29). Our results
could be in accordance with different studies. Indeed, PKC was
shown to induce stabilization of VEGFA translation without
impacting its transcription (42). Moreover, AKT was described
as a target of cleaved Casp-3, inducing an abolishment of its
activity (43, 44). As once cleaved, Casp-3 translocates into the
nucleus, we wondered whether the induction of proangiogenic
genes could be due to an unexpected transcriptional function
of cleaved Casp-3. After its proteolytic activation, Casp-3 migrates
to the nucleus and directly interacts with DNA, especially
in regions containing proangiogenic genes, to induce transcrip-
tion. This interaction needs the 15 amino acid motif
"AYSTAPGYYSWRNSK" and the formation of the tertiary structure
between small and large subunits of Casp-3. Nevertheless, the
proteolytic activity of Casp-3 is not necessary for its transcrip-
tional activity, as the overexpression of the inactive C163A Casp-3
isoform was able to induce VEGFA expression to the same extent
as wild-type Casp-3. We demonstrate that cleaved Casp-3 trans-
locates into the nucleus for a function other than its canonical
proteolytic activity. Moreover, we confirmed a link between Casp-
3 activation and angiogenesis in breast tumors. Almost 75% of
breast tumors presenting an increase in CD31 mRNA after che-
motherapy also showed an increase in Casp-3 activation. Besides,
increased angiogenesis could be related to a worse RES in breast
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tumors. In addition to its role in the induction of angiogenesis,
VEGFA is also described as an inducer of resistance in cancer
cells (45). Recently, VEGFA (46) and Casp-3 (47) were associated
with the development of fibrosis in pancreatic cancer, a marker of
resistance to chemotherapeutic treatment (48). VEGFA has also
been associated with an increased infiltration of immunosup-
pressive cells, myeloid-derived suppressor cell, in ovarian cancer,
resulting in local immunity inhibition and a poor prognosis (49).
In parallel with the direct upregulation of genes, Casp-3 was also
able to induce downregulation of other genes, some involved in
proapoptotic pathways. This downregulation was not due to a
direct interaction with promoters but possibly through the inhi-
bition of NFE2L2 and FOXA2. At the transcriptional level, FOXA2
was not detected in our RNA-seq analysis, whereas NFE2LE was.
The inhibition of NFE2L2 could be due to its cleavage by cleaved
Casp-3 as described in HeLa cells during TNFo.-mediated apo-
ptosis (50). This double effect of Casp-3 activation (upregulation
of proangiogenic genes and downregulation of proapoptotic
genes) could explain the observation showing that Casp-3 inhi-
bition improved chemotherapy efficacy. Consequently Casp-3
can be a new therapeutic target. Moreover, this double effect could
explain that Casp-3 targeting could prevent tumor growth in mice
but also tumor development in genetically predisposed mice,
suggesting that Casp-3 inhibition could be a prophylactic treat-
ment for patients with a familial risk of cancer. The therapeutic use
of Casp-3 inhibitors could be rapidly tested in clinics as a
feasibility study was performed for the use of Casp-3 inhibitors
in Pemphigus vulgaris (51), and a randomized clinical trial of
emricasan, a pan-caspase inhibitor, was performed in subjects
with nonalcoholic fatty liver disease (52).

Our data indicate that Casp-3 could be a therapeutic target to
enhance the efficacy of chemotherapy. In contrast, in other
medical domains such as neurodegenerative diseases or ischemic
disorders of heart or brain, our data could encourage the devel-
opment of Casp-3-protective treatments. Indeed, in cases of
myocardial infarction, Casp-3 is rapidly cleaved (53), resulting
in a putative induction of proangiogenic genes and decrease of
proapoptotic genes, which could protect cardiac muscle (54, 55).
In a previous study, we showed that the inhibition of caspase-6
blocked apoptosis without blocking Casp-3 activation (12). In
these conditions, we could speculate that the inhibition of
caspase-6 could block the deleterious impact of apoptosis on
heart cells without affecting the benefit of Casp-3 activation on the
production of other proangiogenic factors. A similar rationale
could be applied to ischemic stroke, in which cleaved Casp-3 is
essential for neuroprotection (56) and an increase in VEGFA is
neuroprotective (57). Finally, VEGF stimulates neural stem cells'
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