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Abstract

The intracellular immunophenotyping of antigens involved in Regulated Cell Death (RCD) has allowed the
detection flow cytometrically of several of these processes simultaneously. it permits the detailed analysis of the
37¢/RIP3°), RIP1
(Caspase-3+ve/RIP3+ve), late apoptosis (Zombie- ve/Caspase-3"¢/RIP3), necroptosis or resting cells
(RIP3Hitve/ve/Caspase-37°), parthanatos or hyper-activation of PARP (H2AX™¢/PARP**¢/Caspase-3**¢), DNA
Damage Response (DDR) and cleaved PARP within live and dead cells. The sarco/endoplasmic reticulum inhibi-

degree of classic early apoptosis (Zombie“*/Caspase- dependent apoptosis

tor thapsigarin (Tg) induced apoptosis which was reduced by zVAD, while the observed oncosis was unaffected
by necrostatin-1. Tg up-regulated parthanatos in live and dead resting Jurkat cells (Zombie**/-
Caspase-37¢/RIP3**). Tg treatment lead to reduced DDR in live resting cells and live RIP1-dependent apoptotic
cells. All dead cell phenotypes showed an increased incidence of DDR and a decrease of cleaved PARP. zVAD
blockade of Tg decreased DDR in dead apoptotic dead cell populations and increased parthanatos in dead resting
cells. While necrostatin-1 blockade increased DDR in live and dead resting cells and decreased cleaved PARP in
all live cell phenotypes. Necrostatin-1 blockade of Tg also resulted in increased levels of parthanatos in dead
resting oncotic cells. In conclusion, we demonstrate here the effects of the drug Tg on various cell death pathways
by employing a flow cytometric assay that allows researchers to perform a more in-depth gain more screen of the

mode of action of drugs. This approach may be useful in the targeting of drugs in the treatment of cancer.
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Introduction

The three types of cell death have been placed into three named
major divisions which currently include Accidental Cell Death
(ACD), Programmed Cell Death (PCD) and Regulated Cell Death
(RCD). Broadly this included firstly oncosis, secondly homeostat-
ic apoptosis and thirdly programmed apoptosis and necrosis and
includes macro-micro-autophagy [1-4]. Cell death research has
been achieved by the excellent use of Western Blot and fluores-
cent microscopy over many decades identifying more forms of
cell death from initial identification of apoptosis, autophagy and
necrosis as the three broad forms of regulated cell death [1-4].
Flow cytometry with its multi-parameter capability has been
under-employed since it was being used to mainly study apoptosis
[5,6]. The recent development of a multi-parameter immunophe-
notyping flow cytometric based assay identifying eight forms of
RCD and two of ACD each divided into numerous sub-popula-
tions has highlighted the complexity of the links between all of

these forms of cell death [7-9]. This assay also showed that
dead cells have a similar profile no matter what form of cell
death or drug was employed. This highlights a potential signifi-
cant issue with the use of Western Blot technology which does
not consider the ratio of live to dead cells within a cell sample
which can cause a biasing of the observed result [7-9]. Also,
there are still problems of obtaining only one result from one
sample when employing the Western Blot approach when clear-
ly there are multiple forms of cell death occurring simultane-
ously [7-9]. The flow cytometry assay has been used to identify
necroptosis, apoptotic and riptosome cells
(RIP1-dependent apoptosis) based upon cell viability/RIP3/-
Caspase-3 phenotyping. It was further sub-divided into defined
populations bearing the biological markers for DNA damage
H2AX and cleaved PARP. These extra markers allow the identi-
fication of cells undergoing the DNA Damage Response (DDR,

expressing
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H2AX+ve/PARP-ve), cleaved PARP as a result of Caspase-3
dependent apoptosis (H2AX/PARP™¢) and hyper-activation
of PARP (H2AX™¢/PARP"*) indicating parthanatos in cells not
expressing Caspase-3 [10-12].

Autophagy has been shown to reduce the level of DNA
Damage within live resting Jurkat cells (RIP3**“Caspase-3"°)
and increased DDR levels in resting dead Jurkat cells [9,13].
Oncosis has been shown to consist of two main dead popula-
tions based upon cell viability/RIP3/Caspase-3 phenotyping
which were also shown to express H2AX and PARP allowing
the identification of DDR (H2AX), cleaved PARP, hyper-acti-
vation of PARP in apoptotic cells or parthanatos in Caspase-3
negative cells [9,11,14-16].

This flow cytometric approach to simultaneously measure
multiple forms of cell death has been useful in studying the
mode of action of cell death inducing drugs. Thapsigargin (Tg)
is a sesquiterpene lactone [17] which has previously been
reported to induce numerous affects upon different cell types
including cell cycle arrest [18,19], apoptosis [20-24], endoplas-
mic reticulum (ER) stress [19,20,25,26], parthanatos
[12,15,25], initiation and blockade of autophagic flux at the
lysosomal fusion step (19) and induction of regulated necrosis
via it’s affects upon mitochondrial function [14,15,25]. We set
out to investigate Tg’s effects using this assay to gain more
insight into the complexity of the resulting multiple forms of
RCD which can be simultaneously identified in Jurkat cells
which are commonly employed in cell death studies. Addition-
ally, we employed blockers of caspase and kinase activity,
zVAD and necrostatin-1 to block apoptosis and necroptosis
respectively. They may also modify the degree of DDR, cleaved
PARP, hyper-activation of PARP or parthanatos induced by the
action of Tg in the multiple regulated cell death phenotypes
which may give an insight into RCD and ACD interconnectivi-
ty. This flow cytometric assay therefore can be used as a screen-
ing tool to serve in the in-depth analysis of the mechanisms of
action of new anti-cancer therapeutic drugs.

Materials and Methods
Induction of oncosis and apoptosis

Jurkat cells (human acute T cell leukaemia cell line) were
grown in RPMI 1640 medium with 10% FBS and penicillin/str-
petomycin (Invitrogen, UK) at 37°C and 5% CO2 and either left
untreated or treated with 7 uM thapsigargin (Tg, Enzo Life
Sciences, UK) for 24 h. Cells were also pre-treated with the
pan-caspase blocker zZVAD (20 uM, Enzo Life Sciences, USA)
and/or the necroptosis blocker necrostatin-1 (60 pM Cambridge
Bioscience, UK) for 2 h before induction of oncosis with 7 pM
thapsigargin for 24 h.

Flow cytometric assay

Harvested cells were labelled with fixable live dead stain,
Zombie NIR (Near Infra-Red) (BioLegend, UK) at RT for 15
mins. Washed cell pellets were sequentially fixed in Solution A
(CalTag, UK) then 0.25% Triton X-100 (Sigma, UK) for 15 min
each at RT. Jurkat cells (1 x10°) were incubated for 20 min at
RT with 2 pl of anti-RIP3-PE (clone B-2, Cat. No. sc-374639,
Santa Cruz, USA), cleaved anti-PARP-PE-CF-595 (clone
F21-852, Becton Dickinson, USA), anti-H2AX-PE-Cy7 (clone

F21-852, Becton Dickinson, USA), anti-H2AX-PE-Cy7 (clone
2F3, BioLegend, UK) and anti-active caspase-3-BV650 (clone
C92- 605, Becton Dickinson, USA) for 20 min at RT. Washed
cells were resuspended in 400 ul PBS and analysed on a ACEA
Bioscience Novocyte 3000 flow cytometer (100,000 events).
Zombie NIR was excited by the 633 nm laser and collected at
780/60 nm detector. Caspase-3-BV650 was excited by the 405
nm laser and collected at 675/30 nm. RIP3-PE, cleaved
PARP-PE- CF-595, H2AX-PE-Cy7 were excited by the 488 nm
laser and collected at 572/28, 615/20, 780/60 nm respectively.
Single colour controls were employed to determine the colour
compensation using the pre-set voltages on the instrument
using Novo Express software (ver 1.2.5, ACEA Biosciences,
USA). Cells were gated on FSC vs SSC removing the small
debris near the origin with single cells being gated on a FSC-A
vs FSC-H dot-plot. Cells were then gated on a dot-plot of
Caspase-3-BV650 vs Zombie NIR with a quadrant placed
marking off live cells in the double negative quadrant (lower
left), with Caspase-3-BV650"/Zombie NIR™® (lower right)
indicating early apoptotic cells and lastly with
Caspase-3-BV650*¢/Zombie NIR™ and Caspase-3-BV650¢/-
Zombie NIR"™ upper quadrants indicating late dead apoptotic
and necrotic cells, respectively (Figure 1A). Live (including
early apoptotic) and dead cells were gated separately and
analysed in RIP3 vs Caspase-3 dot-plots with RIP3™¢/-
Caspase-37 indicating normal resting cells or necroptosis when
RIP3 Median Fluorescence Intensity (MFI) was up-regulated
(Figure 1B, C). RIP3¢/Caspase-3"*¢ cells indicate those that
have undergone apoptosis. Double positive events indicate cells
of the RIP1-dependent apoptosis phenotype in live and dead
cells (Figure 1B, C). This is an assumed observation, as RIP3 is
associated with RIP1 in the formation of the necrosome [27]
(RIP1 and RIP3 was observed to be present in PBMNC, data
not shown [7]). Double negative cells and all other phenotypes
were further analysed for H2AX and PARP expression (Figure
1B, C). The following populations were identified: DDR was
identified as H2AX"¢/PARP™* events, hyper-activation of
PARP or parthanatos as H2AX"¢/PARP"**, cleaved PARP by
caspase-3 dependent apoptosis as H2AX/PARP™ and
quadruple negative (QN, H2AX¢/PARP*) as shown in Figure
1D, E.

Statistics

All experiments n=3, with results expressed as mean+tSEM
for percentage positive. Student t tests were performed in Graph
Pad software Inc., USA with P = >0.05 not considered signifi-
cant (NS), P=<0.05*, P=<0.01**, P=<0.001*** when treated
cells were compared to untreated.

Results
Tg induction of cell death with caspase and RIP1 blockade
Tg induced oncosis (Zombie"*/Caspase-3°), early (Zom-
bie™¢/Caspase-3¢) and late apoptosis (Zombie*'¢/Caspase-3+°)
with zVAD reducing early and late apoptosis (Figure 2 A, B, C,
Figure 3A-F). Necrostatin-1 blockade of Tg reduced the degree
of overall cell death with a higher proportion of live cells being
present compared to that with Tg alone (Figure 2D, Figure 3G,
H). Dual blockade of Tg reduced early and late apoptosis as
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observed with zVAD blockade alone (Figure 2E, Figure 31, J).
Tg also increased the incidence of live cells that were DN for
RIP3 and Caspase-3, 26% compared to 10% in untreated cells
(Figure 3A, C). Blockade of Tg with zZVAD or Nec-1 increased
this live DN population to 35-40%, with dual blockade induc-
ing a summative affect with 60% being live DN indicating that
cells are no longer in a resting state (Figure 3E, G, I). Whereas
dead cells only showed this effect of increasing DN population
after blockade of Tg with zVAD (67%) and dual blockade
(63%, Figure 3F, H, J).

(B) Dead (D) Dead
2{Resting . RIPIAPO| =
6.16% 16.78% 16,07
B{7£1.2% 13121%
—_ { g
(A) Oncosis e P4
"2 {az1Necrosis [LAPO g32 L% X z
o T Dend Sax - |s5e6.54 2546.7%
= i B
<2 - |#&x DN_°[LAPO
g Tiot 102 100 ¢ 1% 108 10 0107 10° 104 1035 Wt 107
i b S Caspose-3EVESO-A PARPPECFI®-A
Sgd
B {10 2% (C) LiveCells (E) Live Cells
5 Jo Live 8 REAPO 3 70% =]Resting ,, RIPIAPO| = DDR Hyper-Act
107 107 10% 104 1% 108 107 2 2 Hs0.
Caspese- EVESO-A - = F5
Py 5'2
iz £
& ]

10?

w?

10" 107 10?

w'

108 107 10° 1 w08 w07

PARP-PE-CFSSA

07 107 13 104 1P 0% 207 W
Caspase JEVSSRA

Figure 1. Gating strategy of immunophenotyping of RCD. Live
(including early apoptotic, EAPO) and dead including late apoptotic
(LAPO) and necrotic cells were gated from a Zombie NIR vs.
Caspase-3-BV650 dot-plot (A). Live and dead necroptotic cells were
defined as Caspase-3"/RIP3high™c, early or late apoptotic
(Caspase-3*"¢/RIP3°), RIPI-dependent apoptotic (RIP1-APO,
Caspase-3"¢/RIP3**) and double negative (DN, Caspase-3%/RIP3)
(B, C). Then each of these live and dead cell populations were then
gated on a H2AX vs. PARP dot-plots to show the incidence of DDR
(H2AX"/PARP~), hyper-activation of PARP/parthanatos (H2AX-
v¢/PARP"*), cleaved PARP (H2AX/PARP"¢) and quadruple
negative (QN, H2AX</PARP~), (D, E).
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Figure 2. Cell death and caspase-3 activation assay. After 24 h
treatment Jurkat cells were incubated with live-fix dye Zombie NIR,
fixed, permeabilised and incubated with anti-active caspase-3-BV650
according to the Materials and Methods and 100,000 cells were
analysed flow cytometrically. Jurkat cells were untreated (A), treated
with 7 uM Tg for 24 h (B), pre- treated with 20 pM zVAD for 2 h then
treated with 7uM Tg for 24 h (C), pre-treated with 60 KM necrostatin-1
(Nec-1) for 2 h then treated with 7 uM Tg for 24 h (D), pre-treated with
20 uM zVAD and 60 pM necrostatin-1 (Nec-1) for 2 h then treated
with 7 uM Tg for 24 h (E), n=3, student t test NS (not significant),
P<0.05%, P<0.01**, P<0.001***, with arrows indicating change
compared to untreated cells.
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Figure 3. RIP3 and caspase-3 activation assay. After 24 h treatment
Jurkat cells were incubated with live-fix dye, Zombie NIR, fixed,
permeabilised and incubated with anti-active caspase-3-BV650 and
RIP3-PE according to the Materials and Methods and 100,000 cells
were analysed flow cytometrically. After gating on live and dead cells
from a Zombie NIR vs Caspase3-BV650 dot-plot untreated live (A)
and dead (B) Jurkat cells were analysed on a RIP3-PE vs
Caspase-3-BV650 dot-plot with resting phenotype or RIP3*v¢/-
Caspase-3"°. The apoptosis phenotype or RIP3¢/Caspase-3"*,
RIP1-dependent apoptosis or RIP3*¢/Caspase-3"+* and double negative
indicated by RIP3-¢/Caspase-3~. Live and dead cells treated with 7
uM Tg for 24 h (C), (D), pre-treated with 20 uM zVAD for 2 h then
treated with 7 uM Tg for 24 h (E), (F), pre-treated with 60 pM Nec-1
for 2 h then treated with 7 uM Tg for 24 h (G), (H), pre-treated with 20
uM zVAD and 60 uM Nec-1 for 2 h then treated with 7 uM Tg for 24
h (I), (J). n=3, student t test NS (not significant), P<0.05*, P<0.01**,
P<0.001***, with arrows indicating change compared to untreated
cells.

Modulation of DDR, hyper-activation of PARP/parthanatos
and cleaved PARP by Tg in live cells

The different untreated live cell phenotypes showed very
different profiles for the incidence of DDR, hyper-activation of
PARP/parthanatos and cleaved PARP. Resting live cells (Zom-
bie¢/RIP3"¥¢/Caspase-3-ve) showed a high degree of DDR
(37%) which was reduced by treatment with Tg (10%, Figure
4A, B). Untreated early apoptotic cells showed a high level of
cleaved PARP (66%) which was reduced by Tg (56%) and a
moderate level of H2AX hyper-activation of PARP (21%)
which was increased by Tg (38%, Figure 4F, G). Untreated live
RIP1- dependent apoptotic cells like resting cells showed a high
degree of DDR (31%) which was again reduced by Tg (2%,
Figure 4K, L). Tg also increased levels of cleaved PARP (26%)
and hyper-activation of PARP in live RIP1-dependent apoptotic
cells (65%, Figure 4K, L).

Lastly, live untreated DN cells showed a high degree of
cleaved PARP which was unaffected by Tg, although this popu-
lation increased levels of DDR (6%) and parthanatos (12%,
Figure 4P, Q).

Modulation of DDR, hyper-activation of PARP and
parthanatos by Tg in dead cells
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The phenotypes of dead untreated cells showed very differ-
ent profiles for the incidence of DDR, hyper-activation of
PARP/ parthanatos and cleaved PARP compared to live cells.
Resting dead cells (Zombie™¢/RIP3"¢/Caspase-3") showed
moderate levels of DDR (21%), cleaved PARP (19%) and
parthanatos (14%) all of which were unaffected by Tg except
with a reduction in cleaved PARP (9%, Figure 5A, B).

Untreated late apoptotic cells and early apoptotic cells
showed a high degree of cleaved PARP (56%) which was
reduced by Tg (24%) and a moderate level of hyper-activation
of PARP (28%) which was increased by Tg as was DDR respec-
tively (41%, 30%, Figure 5F, G). Dead untreated RIP1-depen-
dent apoptotic cells (unlike live cells) showed little DDR and
more cleaved PARP (31%) which was decreased by Tg (22%)
and hyper-activation of PARP (45%) which was increased by
Tg (65%, Figure 5K, L). The dead untreated oncotic DN cells
showed a low degree of cleaved PARP (18%) with a high
degree of QN cells (64%) very much like the live DN cells
(Figure 5P). Tg caused a reduction in the QN population of the
dead oncotic phenotype (44%) with an increase in DDR (31%)
and parthanatos (17%) compared to untreated cells (6%, Figure

5Q).
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Figure 4. Live cell hyper-activation of PARP/parthanatos cleaved
PARP and DDR assay. Jurkat cell were left untreated, treated with 7
uM Tg or pre-treated zZVAD (20 pM) and or necrostatin-1 (Nec-1:
60M) for 2 h then incubated with 7 uM Tg for 24 h. After gating on live
cells from a Zombie NIR vs. Caspase-3-BV650 dot-plot untreated or
treated live and dead Jurkat cells were analysed on a RIP3-PE vs
Caspase-3-BV650 dot-plot. From this plot live resting, early apoptotic,
RIP1-dependent apoptotic and double negative (DN) populations were
analysed for H2AX and PARP. The phenotypes for DDR (H2AX-
“¢/PARP™), hyper-activation of PARP/parthanatos (H2AX-
v¢/PARP"*), cleaved PARP (H2AX"/PARP"¢) and quadruple
negative (QN, H2AX"/PARP*) were then analysed. n=3, student t
test NS (not significant), P<0.05*, P<0.01**, P<0.001*** compared to
untreated cells.
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Figure 5. Dead cell hyper-activation of PARP/parthanatos, cleaved
PARP and DDR assay. Jurkat cells were left untreated, treated with 7
UM Tg or pre-treated with zVAD (20 uM) and or necrostatin-1 (Nec-1;
60 uM) for 2 h then incubated with 7 uM Tg for 24 h. After gating on
dead cells from a Zombie NIR vs. Caspase-3-BV650 dot-plot untreated
or treated live and dead Jurkat cells were analysed on a RIP3-PE vs
Caspase-3-BV650 dot-plot. From this plot dead resting, late apoptotic,
RIP1-dependent apoptotic and double negative (DN) populations were
analysed for H2AX and PARP. The phenotypes for DDR (H2AX-
v¢/PARP™), hyper-activation of PARP/parthanatos (H2AX-
“¢/PARP™), cleaved PARP (H2AX/PARP**) and quadruple
negative (QN, H2AX"/PARP*) were then analysed. n=3, student t
test NS (not significant), P<0.05*, P<0.01**, P<0.001*** compared to
untreated cells.

Modulation of DDR, hyper-activation of PARP/parthanatos
and cleaved PARP by Tg and zZVAD

Although zVAD reduced levels of early and late apoptosis
induced by Tg, levels of DDR, hyper-activation of PARP/part-
hanatos and cleaved PARP were not significantly changed by
zVAD in all live cell phenotypes compared to drug alone,
except the increase in cleaved PARP in the live DN cell popula-
tion (Figure 4C, H, M, R). While the dead cell phenotypes
generated by Tg/zVAD treatment were only different to that
observed with Tg in that dead resting oncotic cells showed
increased parthanatos with a return of cleaved PARP back to
levels observed in untreated cells (Figure 5A-C). Late apoptotic
and RIP-dependent apoptotic cells showed reduced levels of
DDR. Late apoptotic cells showed increased levels of cleaved
PARP compared to drug treatment alone (Figure 5G, H, L, M).

Modulation of DDR, hyper-activation of PARP/parthanatos
and cleaved PARP by Tg and Necrostatin-1

Although Nec-1 blockade of Tg only resulted in fewer dead
cells (40%) compared to Tg (26%), the resting live cell pheno-
types showed less DDR (19%) than untreated cells (37%) but
more than Tg alone (10%, Figure 4A, B, D). While early apop-
totic and live DN populations showed less cleaved PARP
(Figure 4 A, D, F, I, P, S). Also all the live cell phenotypes after
Tg/Nec-1 treatment showed increased parthanatos/hyper-acti-
vation of PARP respectively (Figure 4 A, D, F, [, K, N, P, S).
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Whereas the dead cell phenotypes also all showed less cleaved
PARP than that observed with Tg (Figure 5A, D, F, L K, N, P,
S). Although all dead phenotypes showed the increased
parthanatos/hyper-activation of PARP and DDR above that of

observed with untreated cells (Figure 5 A, B, D, F, I, K, N, P, S).

Modulation of DDR, hyper-activation of PARP and parthanatos
by Tg, zZVAD and Necrostatin-1

Although dual blockade of Tg only reduced the degree of
early and late apoptosis in a similar manner to that of zZVAD
blockade the incidence of live and dead DN cells was >60% and
the highest level shown in this study (Figure 2E, Figure 31, J).
The live resting and DN cell phenotypes showed decreased
DDR with increased levels of cleaved PARP and parthanatos
similar to that observed in zVAD/Tg treated live DN cells
(Figure 4P, R, T). Early apoptotic cells treated with
Tg/zVAD/Nec-1 as with Tg alone showed less cleaved PARP
and RIP1- dependent apoptotic cells showed less DDR (Figure
4A,E, E ], K, O, P, T). After dual blockade of Tg all dead cell
phenotypes showed reduced levels of DDR compared to Tg and
individual blockade treatments respectively (Figure 5).

Discussion

The development of a polychromatic flow cytometric
immunophenotyping assay for measuring multiple forms of
regulated cell death within a single sample has allowed the
possibility of determining the degree of changes in a broader
range of cell death parameters effected by drugs than ever
before. Tg is a drug known to induce ER stress [19,20,25,26],
apoptosis [20,22-24] and incomplete autophagy [19]. The
simple flow cytometry assay employed here demonstrates the
mode of action of Tg by revealing a number of effects it has
upon cells [7-9]. Multiple phenotypes of cells were identified
within the Jurkat population. These included live and dead
(oncotic) resting cells, early and late apoptotic, RIP1-dependent
apoptotic as well as live DN (RIP3¢/Caspase-37¢) and dead
oncotic DN cells [9]. Tg induced apoptosis which was reduced
by zVAD (pan-caspase blocker), while necrostatin-1 did not
affect the degree (20%) of necrotic Jurkat cells although the
incidence of live cells was increased [25,28]. Interestingly Tg
also induced necrosis or oncosis which was shown not to be
necroptosis, as determined in this assay by the lack of RIP3
up-regulation [7- 9,12,14,15,25].

However Tg also showed a range of affects upon the differ-
ent cell phenotypes described in that the incidence of H2AX,
cleaved PARP and hyper-activation of PARP or parthanatos
(double positive) varied in each population and whether the
cells were alive or dead. Tg caused a reduction in the degree of
live cell DDR in live resting and RIP1-dependent apoptotic
cells (with a marginal increase in DDR in live DN cells), which
perhaps is related to Tg’s ability to initiate autophagy which is
known to reduce the degree of DDR [9,13,29]. This decrease in
DNA repair in live cells is then mirrored by an increase in the
DDR in all dead cell phenotypes compared to untreated cultures
of Jurkat cells [9]. All live and dead phenotypes showed an
increase in parthanatos when active caspase-3 was not present
(H2AX"¢/PARP™¢/Caspase-37) and hyper-activation of PARP
when present (H2AX™¢/PARP*¢/Caspase-3*) in tandem with
lower levels of cleaved PARP except in live RIP1-dependent

apoptotic and resting cells [10-12,25]. So Tg not only induced
apoptosis and autophagy along with associated DNA repair
mechanisms but also induced parthanatos in both DN cell popu-
lations (RIP3-ve/Caspase-3-ve) and increased hyper-activation
of PARP in all apoptotic cell populations [25].

Blockade of Tg induced apoptosis by zVAD resulted in no
changes in the live cell phenotypic expression of H2AX and
PARP compared to that observed with drug treatment alone
except the increase in cleaved PARP in the live DN population.
Dead cells from such blockade showed increased parthanatos
and cleaved PARP in resting oncotic cells (caspase- 3-ve)
compared to Tg treatment. Late apoptotic cells showed
increased cleaved PARP with reduced DDR in both types of
dead apoptotic cells compared to Tg treatment. Thus zVAD
blockade of Tg appears to stop not only apoptosis but the
enhancement of DDR in dead cells as previously reported with
autophagy initiator chloroquine [9], while parthanatos is
increased in dead oncotic resting cells [25].

Necrostatin-1 blockade of Tg did not reduce necrosis but
increased parthanatos (like zZVAD blockade) in dead oncotic
resting cells. The reduction in DDR induced by Tg was partially
blocked by necrostatin-1 in the live and dead resting pheno-
types. Hyper-activation of PARP was increased further in early
apoptotic cells by Nec-1/Tg with a corresponding decrease in
cleaved PARP in the early apoptotic cells, late apoptotic, live
RIP1-dependent apoptotic and DN cells.

Dual blockade of Tg caused an enhancement of parthanatos
and cleaved PARP in live resting cells compared to other
treatments. While live DN cells showed higher levels of cleaved
PARP compared to Tg treatment, dead cells showed an
enhanced decrease of DDR in dead oncotic resting and DN cells
with dual blockade of Tg. Increased levels of cleaved PARP
were observed in dead oncotic resting and late apoptotic cells
with dual blockade of Tg compared to Tg alone.

This polychromatic flow cytometric assay showed that Tg
and it’s blockade by zZVAD=Nec-1 changed the degree to which
apoptosis and necrosis occurred but also the different levels of
DDR, parthanatos/hyper-activation of PARP and cleaved PARP
within four sub-populations of live and dead cells and the
degree of modulation of these markers by these biological
blocking agents. This approach to measuring the outcomes of
drug treatments is a lot more refined than is currently available
and thus its application in drug research screening will be
extremely useful.
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ACD: accidental cell death; DDR: DNA Damage Response;
DN: double negative; EAPO: early apoptosis; Tg:
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PCD: programmed cell death; QN: quadruple negative; PARP:
poly (ADP-ribose) polymerase; RCD: regulated cell death;
RIP1APO: RIP1-dependent apoptosis
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