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Abstract

Many cell types are known to undergo a series of morphological changes during the progression of apoptosis, leading to
their disassembly into smaller membrane-bound vesicles known as apoptotic bodies (ApoBDs). In particular, the formation
of circular bulges called membrane blebs on the surface of apoptotic cells is a key morphological step required for a number
of cell types to generate ApoBDs. Although apoptotic membrane blebbing is thought to be regulated by kinases including
ROCKI1, PAK2 and LIMKI, it is unclear whether these kinases exhibit overlapping roles in the disassembly of apoptotic
cells. Utilising both pharmacological and CRISPR/Cas9 gene editing based approaches, we identified ROCK1 but not PAK?2
or LIMK1 as a key non-redundant positive regulator of apoptotic membrane blebbing as well as ApoBD formation.
Functionally, we have established an experimental system to either inhibit or enhance ApoBD formation and demonstrated
the importance of apoptotic cell disassembly in the efficient uptake of apoptotic materials by various phagocytes.
Unexpectedly, we also noted that ROCK1 could play a role in regulating the onset of secondary necrosis. Together, these
data shed light on both the mechanism and function of cell disassembly during apoptosis.

Introduction

Apoptosis is a form of programmed cell death required for
development and maintenance of tissue homeostasis.
Remarkably, even though billions of cells undergo apop-
tosis on a daily basis, apoptotic cells are rarely observed due
to the cell clearance mechanisms in place to remove
apoptotic cells efficiently by phagocytes [1-3]. Defects in
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apoptotic cell clearance has been linked to various auto-
immune and chronic inflammatory diseases [1, 4] including
systemic lupus erythematosus [5, 6], rheumatoid arthritis
[7], colitis [8] and atherosclerosis [9]. The pathogenicity
associated with uncleared apoptotic cells is mainly due to
their progression into secondary necrosis when the plasma
membrane becomes permeabilised, leading to the release of
proinflammatory and immunogenic intracellular contents
[1, 3,5, 6].

During apoptosis, many cell types will undergo mor-
phological changes, resulting in the fragmentation of the
cell into smaller membrane-bound vesicles termed apoptotic
bodies (ApoBDs) that are typically 1-5um in diameter
[4, 10]. This process is known as apoptotic cell disassembly
and is regulated by three distinct morphological steps,
namely apoptotic membrane blebbing which involves the
generation of circular bulges from the plasma membrane,
followed by the formation of string-like membrane protru-
sions termed apoptopodia, and finally the appearance of
discrete ApoBDs [4, 10-12]. The formation of ApoBDs has
been proposed to regulate a number of processes including
prompt clearance of apoptotic cells, whereby previous stu-
dies showed that the inhibition of ApoBD formation by
pharmacological approaches can limit the efficiency of
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apoptotic cell engulfment [13, 14]. It should be noted that
the contents of ApoBDs may also contribute to the devel-
opment of autoimmune disorders [15, 16]. For example,
ApoBDs generated from mouse NIH3T3 fibroblasts was
found to contain high levels of histone H3 protein, a potent
damage-associated molecular pattern (DAMP) [17] and an
autoantigen [18].

The formation of apoptotic membrane blebs is the best
characterised step of the apoptotic cell disassembly pro-
cess and has been proposed to be regulated by a number of
kinases [19-23]. Among these the role of Rho-associated
kinase 1 (ROCK1) in promoting apoptotic membrane
blebbing has been demonstrated initially based on the
inhibition of ROCKI kinase activity with Y-27632 treat-
ment in apoptotic NIH3T3 fibroblasts [19] and human
Jurkat T cells [20], and with the overexpression of the
active ROCKI1 kinase domain in healthy Jurkat T cells
[20]. Furthermore, ROCK1 was found to be activated
during apoptosis by caspase 3-mediated cleavage of the
auto-inhibitory domain, leading to myosin light chain
(MLC) phosphorylation and subsequent actinomyosin
contraction necessary for membrane blebbing [19, 20].
Besides ROCK1, p21 activated kinase 2 (PAK2) has been
shown to be activated by caspase-mediated cleavage in
apoptotic cells [21, 22] and expression of dominant
negative PAK mutants in Jurkat T cells caused abnormal
apoptotic morphology with only rounded cells and
defective ApoBD formation [22]. In contrast to this study
[22], microinjection of active PAK2 fragment into serum-
starved NIH3T3 fibroblasts failed to promote membrane
blebbing [19], suggesting that active PAK2 fragment is
not sufficient to drive membrane blebbing. Lastly, Lim
domain kinase 1 (LIMKI1) has also been reported to reg-
ulate apoptotic membrane blebbing following caspase 3-
mediated cleavage [23]. Expression of the N-terminal
active fragment of LIMK1 induced membrane blebbing in
viable Jurkat T cells and human HeLa epithelial cells, and
downregulation of LIMK1 using siRNA reduced apopto-
tic membrane blebbing in Jurkat T cells induced to
undergo apoptosis by FasL [23]. Although these studies
suggested that a number of kinases could be involved in
regulating apoptotic membrane blebbing as well as sub-
sequent ApoBD formation, it is not clear whether they
could exhibit redundant role in these apoptotic processes.
In this study, we employ both pharmacological and
CRISPR/Cas9 gene editing based approaches to address
the importance of ROCK1, PAK2 and LIMKI1 in apop-
totic membrane blebbing and the generation of ApoBDs.
Targeting ROCKI1 but not PAK2 or LIMK1 pharmaco-
logically and genetically inhibited the formation of
dynamic membrane blebbing and ApoBDs during the
progression of apoptosis. Surprisingly, loss of LIMKI1
promoted the formation of ApoBDs. Furthermore, we
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investigated the functional importance of apoptotic cell
disassembly in the uptake of apoptotic materials by pha-
gocytes. We found that cell lines that exhibit either a
defect or enhanced ApoBD formation were less or more
readily engulfed, respectively, by phagocytes. Unexpect-
edly, we also observed that ROCK1 is important in reg-
ulating the onset of secondary necrosis and leakage of
intracellular contents.

Results

Pharmacological inhibition of ROCK1 but not PAK2
or LIMK1 inhibits apoptotic membrane blebbing

To examine the role of ROCK1, PAK2 and LIMKI1 in
apoptotic membrane blebbing initially, we used pharma-
cological compounds to target these kinases (Fig. la).
Human Jurkat T cells were used as a model as we have
previously characterised the apoptotic cell disassembly
process of this cell line in detail [12, 24]. Jurkat
T cells were treated with GSK-269962, a potent ROCK1
inhibitor [25], during anti-Fas induced apoptosis and
the formation of apoptotic membrane blebs monitored
by time-lapse differential interference contrast (DIC)
microscopy (Fig. 1b). Although GSK-269962 treatment
had minimal effect on surface blebbing, a significant
reduction (~60%) in dynamic blebbing [12] was observed
(Fig. 1b, c). In contrast, neither treatment of Jurkat T cells
with PAK2 inhibitor FRAX-1036 [26] nor LIMKI1 inhi-
bitor BMS-5 [27] during the progression of apoptosis had
an effect on surface and dynamic blebbing (Fig. 1b, c). It
should be noted that both PAK2 and LIMK1 have been
described to regulate cell cycle progression [28-31], and
the activity of FRAX-1036 and BMS-5 on Jurkat T cells
was first confirmed by cell cycle analysis (Supplementary
Fig. la and b), as well as by immunoblot analysis of
PAK?2 autophosphorylation and phosphorylation of cofilin
in FRAX-1036 and BMS-5 treated cells, respectively
(Supplementary Fig. 1c and d). Next, we examined the
role of ROCK1, PAK2 and LIMKI1 in regulating apoptotic
membrane blebbing of human THP-1 monocytic cells
and A431 squamous epithelial cells. It should be
noted that both THP-1 and A431 cells have been shown
previously to undergo membrane blebbing during apop-
totic cell disassembly [10, 32]. Similar to Jurkat T cells,
GSK-269962 but not FRAX-1036 or BMS-5 was effective
in inhibiting membrane blebbing of apoptotic THP-1
and A431 cells (Fig. 1d, e). Collectively, these data
suggest that ROCK1 but not PAK2 or LIMKI1 is the key
regulator of apoptotic membrane blebbing in these
suspension (Jurkat T and THP-1) and adherent (A431)
cells.
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Fig. 1 Inhibition of ROCK1 but not PAK2 or LIMK1 pharmacologi-
cally impairs apoptotic membrane blebbing. a Schematic showing
morphological steps and molecular regulators of apoptotic cell dis-
assembly. Pharmacological compounds targeting regulators of apop-
totic cell disassembly are also depicted. b Time-lapse DIC microscopy
images monitoring surface and dynamic blebbing of human Jurkat
T cells treated with anti-Fas to induce apoptosis and in the presence of
vehicle controls, GSK-269962 (1 uM, ROCKI1 inhibitor), FRAX-1036
(2.5puM, PAK2 inhibitor) or BMS-5 (10uM, LIMKI inhibitor).
¢ Quantitation of live microscopy data from (a) to determine the

percentage of apoptotic Jurkat T cells that underwent surface and
dynamic blebbing (n = 3). Human THP-1 monocytes (d) and human
A431 squamous epithelial cells (e) were induced to undergo apoptosis
by UV irradiation and in the presence of vehicle controls, GSK-
269962 (1 uM), FRAX-1036 (2.5 uM) or BMS-5 (10 uM). Percentage
of apoptotic cells that underwent blebbing was quantified based on live
microscopy analysis (n=3). Error bars represent s.e.m. Data are
representative of at least three independent experiments. *P <0.05,
**P<0.01, **P<0.001, NS=P>0.05, unpaired Student’s two-
tailed #-test
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Apoptotic membrane blebbing and cell disassembly
is regulated by ROCK1

To gain further insights into the role of ROCK1 in med-
iating apoptotic membrane blebbing as well as ApoBD
formation, we used an inducible CRISPR/Cas9 gene editing
system [33] to disrupt ROCK1 expression in Jurkat T cells.
ROCKI gene was targeted at exon one and three clonal
ROCK1~~ cell lines (ROCKI '~ ¢!, ROCKI '~ €,
ROCK1~~ ©) were confirmed by immunoblotting
(Fig. 2a). All three ROCK1~/~ cell lines showed similar
sensitivity to both intrinsic and extrinsic apoptotic stimuli
(UV [34] and anti-Fas [35] treatments, respectively), as
measured by caspase 3/7 activity (Fig. 2b, c). Next, anti-Fas
treated ROCK 1™/~ cell lines were examined by time-lapse
DIC microscopy to monitor their ability to undergo apop-
totic membrane blebbing in comparison to Cas9 expressing
control (Cas9) cells. ROCK1~/~ cell lines exhibited a
reduction in both surface and dynamic blebbing during the
progression of apoptosis (Fig. 2d—f), where ROCK1~/~ ¢!
cells showed a greater reduction in apoptotic cells under-
going surface blebbing compared to ROCKI1~~ € and
ROCK1~~ © cells (Fig. 2e). We further confirmed the
blebbing defect in a nonclonal ROCK1~~ Jurkat T cells
(isgROCKI cells) (Supplementary Fig. 2a—c). This defect in
apoptotic membrane blebbing was also accompanied by an
overall shortened blebbing time in all ROCK1~'~ cell lines
(Fig. 2g). Thus, these results suggest that ROCKI is
necessary for apoptotic membrane blebbing.

Since membrane blebbing is a key step of the apoptotic
cell disassembly process [11, 24], we next examined whe-
ther loss of ROCK1 could impair the formation of ApoBDs.
Utilising a previously described model system [10, 11],
cells were induced to undergo apoptosis in the presence of
the pannexin 1 (PANX1) inhibitor trovafloxacin to promote
apoptopodia-dependant ApoBD formation. Under these
conditions, we observed a significant reduction in the for-
mation of ApoBDs by all three ROCK1~~ cell lines
(Fig. 2h, i) and in isgROCKI1 cells (Supplementary Fig. 2d),
indicating that ROCKI1-mediated apoptotic membrane
blebbing is necessary for apoptopodia-dependent apoptotic
cell disassembly.

Apoptotic membrane blebbing is not regulated by
PAK2 or LIMK1

To examine the specific contribution of PAK?2 in regulating
apoptotic morphology, we generated Jurkat T cell lines that
lack PAK2 expression (PAKZ’/’) and reduced PAK2
expression (PAK2XP) (Fig. 3a). Apoptotic PAK2™'~ and
PAK2XP cells showed a comparable level of surface and
dynamic blebbing as apoptotic Cas9 control cells
(Fig. 3b—d), indicating that PAK2 is not necessary for
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apoptotic membrane blebbing in Jurkat T cells. Further-
more, loss and reduced PAK2 expression did not affect the
ability of Jurkat T cells to generate ApoBD via an
apoptopodia-dependent mechanism (Fig. 3e). It should be
noted that apoptotic THP-1 monocytes lacking PAK2
expression also exhibited no defects in ApoBD formation
(Supplementary Fig. 3a and b), indicating PAK2 is not
required for the disassembly of apoptotic cells.

Next, the importance of LIMKI1 in regulating the apop-
totic cell disassembly process was also examined.
Jurkat T cells that lack LIMK1 expression (LIMK1~/~ 1,
LIMK1~~ €% LIMK1~"~ ©®) were generated and confirmed
by immunoblotting (Fig. 3f). Consistent with pharmacolo-
gical inhibition of LIMK1 activity with BMS-5 (Fig. 1b, c),
LIMK1 "~ cell lines had no defects in surface or dynamic
blebbing during the progression of apoptosis (Fig. 3g-i),
indicating that LIMKI1 is not necessary for apoptotic
membrane blebbing in Jurkat T cells. Surprisingly, apop-
totic LIMK1~/~ cell lines showed an enhancement in
ApoBD formation as compared to Cas9 control cells in the
absence or presence of PANXI inhibition (Fig. 3j, k).
Taken together, although LIMK1 does not play a key role in
apoptotic membrane blebbing, LIMKI1 could negatively
regulate the formation of ApoBDs in Jurkat T cells.

Apoptotic cell disassembly aids efficient engulfment
of apoptotic materials

The fragmentation of apoptotic cells into ApoBDs can be
observed both in vitro and in vivo [10, 11, 36]. Yet, the
functional significance of cell disassembly during apoptosis
is not well understood, in particular whether changes in
ApoBD formation could alter the ability of phagocytes to
engulf apoptotic materials. To this end, we have generated
Jurkat T cell lines that exhibit a deficiency or enhanced cell
disassembly during apoptosis by targeting the key positive
and negative regulators, ROCKI1 (Figs. 1 and 2)
and PANX1 [11] respectively (Fig. 4a, b, Supplementary
Fig. 4a—c). It is important to note that Cas9 control,
ROCK1~~ ! and PANX1"~ ©! cell lines all showed
similar sensitivity to both intrinsic and extrinsic apoptotic
stimuli (Fig. 4c, d), and expose comparable levels of the key
‘eat-me’ signal phosphatidylserine (PtdSer, important for
phagocyte recognition and uptake) on the surface of apop-
totic cells and ApoBDs (Fig. 4e, f). When engulfment
assays were performed using human monocytic-derived
macrophages (Mo-M¢) as the phagocytes, and UV-treated
Cas9, ROCKI1~"~ ¢! or PANX1""~ ¢! cells as target cells,
Mo-M¢ showed a comparable efficiency in engulfing
apoptotic ROCK1~~ ! and Cas9 samples, whereas
enhanced ability to engulf apoptotic PANX1~/~ ¢! sample
(Fig. 4g, h). Similar engulfment assays were also performed
using other types of phagocytes including human
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monocytic-derived immature dendritic cells (Mo-iDCs) and
hamster LR73 ovary fibroblasts (Fig. 4i, j). Both Mo-iDCs
and LR73 cells showed a reduced ability to engulf apoptotic
ROCK1~"~ ©! sample, while these phagocytes engulfed
apoptotic PANX 1/~ ! and Cas9 samples to a similar level
(Fig. 44, j). Additionally, LR73 cells also showed a reduced

Anti-Fas + trovafloxacin

ability to engulf apoptotic isgROCKI cells (Supplementary
Fig. 5a). In contrast to ROCK1 deficient cells, apoptotic
PAK2™" and LIMK1™~ ' S Jurkat T cells, which
exhibit no impairment in ApoBD formation (Fig. 3e and j),
apoptosis induction (Supplementary Fig. 5b and e) and
PtdSer exposure (Supplementary Fig. 5c¢ and f), were
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<« Fig. 2 Loss of ROCKI expression impairs apoptotic membrane

blebbing and ApoBD formation. a Loss of ROCKI1 protein expression
with CRISPR/Cas9-mediated ROCKI gene disruption in three
Jurkat T cell clonal populations (ROCK1~'~ ¢!, ROCK1~/~ ©* and
ROCK1~~ ©) was validated by immunoblot analysis. Caspase 3/7
activity in ROCKI1~'~ cells induced to undergo apoptosis by UV
irradiation (b) or anti-Fas treatment (c¢) for 4 h (n =3). d Time-lapse
microscopy images monitoring the morphologies of ROCK1~~ cells
undergoing anti-Fas induced apoptosis. Arrow, cell of interest.
Quantitation of apoptotic ROCK1~~ cells that underwent surface
blebbing (e) and dynamic blebbing (f), and total blebbing time (g)
(n =3). h Representative flow cytometry plots of apoptotic cells and
ApoBDs generated by ROCK1 ™/~ cells treated with anti-Fas and
trovafloxacin (40 uM, PANXI inhibitor, to promote apoptopodia-
dependent ApoBD formation). i Formation of ApoBDs from apoptotic
ROCKI1 ™'~ cells treated with anti-Fas and trovafloxacin, as measured
by flow cytometry (n = 3). For quantitative analysis of blebbing time,
all cells showing surface or dynamic blebbing was included. The
duration between the first detection of blebbing to termination of
blebbing was measured. ApoBD formation index determined by
the number of ApoBDs divided by the number of A5™ apoptotic cells.
a—i Cas9, Jurkat T cells expressing Cas9 only was used as a control.
Error bars represent s.e.m. Data are representative of at least
three independent experiments. *P <0.05, **P <0.01, ***P <0.001,
NS = P>0.05, unpaired Student’s two-tailed r-test

readily engulfed by LR73 cells (Supplementary Fig. 5d
and g). Collectively, these data indicate that apoptotic cell
disassembly could facilitate efficient engulfment of apop-
totic materials.

ROCK1 is involved in regulating the onset of
secondary necrosis

Cytoskeletal rearrangement such as microtubule bundling
and actin polymerisation during apoptosis have been pro-
posed to maintain the integrity of the plasma membrane
[37, 38]. Given the well-established role of ROCKI in
regulating actin reorganisation [39], we asked if the loss of
ROCKI1 expression could affect the membrane integrity
of apoptotic cells. To address this, we monitored the loss
of mCherry (~29kDa, expressed in both Cas9 and
ROCK1 "~ ¢! cells) signal from apoptotic cells as a measure
of plasma membrane permeabilisation by flow cytometry
(Fig. 5a). Interestingly, at 7 and 10 but not 4h post
induction of apoptosis, a significant higher amount of
ROCKI1~~ €' cells were permeabilised as compared to
Cas9 control cells (Fig. 5a, b). Using a similar experimental
approach, membrane permeabilisation was also confirmed
by live time-lapse confocal microscopy analysis, with more
ROCK1 "~ ©! cells permeabilised at 7 and 10 h post apop-
tosis induction (Fig. 5c, d). We next monitored the release
of the cytosolic protein lactic dehydrogenase (LDH,
~140kDa) into the culture supernatant to assess cell per-
meabilisation. Consistent with flow cytometry and live
microscopy based analysis, higher levels of LDH was also
detected in the ROCK1~~ ! cell culture supernatant at 7
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and 10 but not 4 h post apoptosis induction (Fig. Se), further
demonstrating the loss of ROCK1 promotes earlier onset of
secondary necrosis. Lastly, we assessed the release of high-
mobility group box 1 (HMGBI), a nuclear protein asso-
ciated with DAMP signalling [40, 41], from apoptotic cells
into the culture supernatants. Higher levels of HMGB1 was
observed in the culture supernatant of ROCK1~"~ <! cells as
compared to Cas9 cells at 4, 7 and 10 h post induction of
apoptosis (Fig. 5f, ponceau staining in Supplementary
Fig. 6a). Recent studies have described the ability of gas-
dermin E (GSDME) following caspase 3-mediated clea-
vage, to oligomerize and form pores targeting the plasma
membrane to mediate secondary necrosis [42, 43]. Thus, we
first monitored the processing of GSDME in ROCK1~/~ ¢!
over 4h post apoptosis induction. ROCK1~~ ! cells
showed comparable level of caspase-cleaved GSDME to
Cas9 control cells (Supplementary Fig. 6b), indicating it is
unlikely that the early onset of secondary necrosis in
ROCK1~/~ €! cells was due to accelerated processing and
activation of GSDME. Furthermore, given the previously
described role of cytoskeletal rearrangement in maintaining
membrane integrity of apoptotic cells [37, 38], we also
examined the microtubule network during the progression
of apoptosis by time-lapse microscopy. Notably, dis-
assembly of microtubule network was observed for both
ROCK1~~ “! and Cas9 control cells undergoing apoptosis
(Supplementary Fig. 6c¢). Collectively, these data indicate
that the loss of ROCKI1 could lead to earlier apoptotic
membrane permeabilisation and leakage of intracellular
contents, possibly via a mechanism independent to the
function of GSDME and apoptotic microtubule network.

Discussion

While morphologic changes like membrane blebbing are
hallmarks of apoptotic cell death [44, 45] and play a key
role in facilitating the disassembly of dying cells [10, 11],
the molecular regulators and the function of this process are
not fully defined [4]. Understanding the mechanistic basis
of apoptotic cell disassembly is important especially as the
formation of ApoBDs have been implicated in various
disease settings including inflammation [8], infection [46],
atherosclerosis [47] and autoimmunity [5, 6, 48]. In this
study, using both pharmacologic and genetic approaches,
we have shown that ROCK1 but not PAK2 or LIMKI1 is a
key positive regulator of apoptotic membrane blebbing and
ApoBD formation in selected number of cell types. More-
over, we have established experimental systems to show
that apoptotic cell disassembly could aid efficient engulf-
ment of apoptotic materials.

The formation of apoptotic membrane blebs have been
proposed to be regulated by caspase-activated kinases,
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namely ROCK1, PAK2 and LIMKI, through inhibitor,  approaches, ROCK1 but not PAK2 or LIMK1 was found to
overexpression or siRNA-mediated knockdown studies  be a key positive regulator of apoptotic membrane blebbing
[19, 20, 22, 23]. In this study using time-lapse imaging, in cell types including T cells, monocytes and epithelial
newer generations of kinase inhibitors and gene editing  cells. ApoBD formation by Jurkat T cells was also largely
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<« Fig. 3 Apoptotic membrane blebbing and ApoBD formation is not

reduced with loss of PAK2 or LIMK1. a Loss and reduction of PAK2
protein expression with CRISPR/Cas9-mediated PAK?2 gene disruption
in Jurkat T cells (PAK2~'~ and PAK2XP, respectively) was analysed
by immunoblot. b Time-lapse microscopy images monitoring apop-
totic morphology of Cas9 and PAK2 ™/~ cells treated with anti-Fas to
induce apoptosis. Quantitation of apoptotic Cas9, PAK2™~ and
PAK2XP cells that underwent surface blebbing (c), dynamic blebbing
(d), and apoptotic cell disassembly in the presence of trovafloxacin (e)
(n=3). f Loss of LIMKI1 protein expression with CRISPR/Cas9-
mediated LIMKI gene disruption in three Jurkat T cell clonal popu-
lations (LIMK1~~ ¢!, LIMK1~/~ ©® and LIMK1~/~ ©3) was validated
by immunoblot analysis. g Time-lapse microscopy images monitoring
apoptotic morphology of Cas9 and LIMK1~"~ cells treated with anti-
Fas to induce apoptosis. Quantitation of apoptotic Cas9 and LIMK1 /-
cells that underwent surface blebbing (h), dynamic blebbing (i), and
apoptotic cell disassembly in the absence of trovafloxacin (j) or the
presence of trovafloxacin (k) (n = 3). Error bars represent s.e.m. Data
are representative of at least three independent experiments. *P < 0.05,
**P<0.01, ***P<0.001, NS=P>0.05, unpaired Student’s two-
tailed #-test

dependent on ROCK1 but not PAK2. In contrast to Rudel
et al. (1997) and in line with [19], PAK2 is redundant for
apoptotic membrane blebbing and cell disassembly. It is
interesting to note that through bioinformatics analysis
using the caspase-site prediction program Cascleave [49],
we did not identify any putative caspase cleavage site in
PAK?2 that was previously shown to regulate its activation
and function in apoptosis [21, 22] (Supplementary Fig. 3c),
further questioning the role of PAK2 in apoptotic mem-
brane blebbing and ApoBD formation. Although the data
presented in this study also suggest LIMKI1 is redundant for
apoptotic membrane blebbing, the loss of LIMKI1 expres-
sion in Jurkat T cells unexpectedly resulted in an
enhancement in ApoBD formation. Previous studies have
shown that LIMK(1 is rendered active during apoptosis [23]
and can function to block actin filament depolymerisation
and severing by deactivating cofilin [50]. Thus, LIMK1
may negatively regulate ApoBD formation through main-
taining actin filaments, possibly at later stages of apoptosis
when apoptopodia are disrupted to release distinct ApoBDs.
It should be noted that MLC kinase (MLCK) has also been
implicated in regulating apoptotic membrane blebbing
through the phosphorylation of MLC [51] however, since
ROCKI1 was shown previously to be necessary and suffi-
cient for MLC phosphorylation during apoptosis [20], the
role of MLCK was not investigated further in this study.
Apoptotic cells can aid their clearance via the release of
‘find-me’ signals to facilitate the recruitment of phagocytes
towards sites of cell death, and exposure of ‘eat-me’ signals
on the cell surface to mediate recognition and uptake by
phagocytes [1, 3]. Whether the formation of apoptotic
membrane blebs can also aid cell clearance has been
investigated in a number of previous studies, whereby
inhibition of ROCKI1 activity in apoptotic Jurkat T cells
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with Y-27632 did not affect their engulfment by mouse
peritoneal macrophages [52], while rat PC12 and monkey
COS-7 cells treated with Y-27632 during the progression of
apoptosis impaired the ability of PMA-differentiated THP-1
macrophages to engulf these apoptotic targets [14, 52, 53].
Moreover, it should be noted that ROCK1 is a negative
regulator of apoptotic cell uptake for bone marrow-derived
macrophages and LR73 fibroblasts, and inhibition of
ROCKI1 activity in these phagocytic cells has been shown
previously to enhance the engulfment of apoptotic thymo-
cytes [54, 55]. Thus, the contrasting observations in pre-
vious studies targeting the role of apoptotic membrane
blebbing in cell clearance may be attributed to factors
including the type of apoptotic targets and phagocytes used,
as well as the use of pharmacological inhibitors in co-
culture experiments. In this study, we utilised genetically
modified cell lines that exhibit an enhancement or impair-
ment in ApoBD formation and demonstrated that apoptotic
cell disassembly is another process during the progression
of apoptosis that could aid the clearance of apoptotic cells.
It is interesting to note that although an enhancement in
apoptotic cell disassembly promoted Mo-Md¢-mediated
engulfment of apoptotic materials, loss of ROCKI-
mediated apoptotic disassembly did not impair apoptotic
cell uptake by Mo-M¢, supporting the concept that mac-
rophages are able to engulf their targets in their entirety
[56]. In contrast to Mo-M¢, Mo-iDC and LR73 fibroblasts
were less efficient in engulfing apoptotic cells that did not
undergo apoptotic cell disassembly, highlighting that dif-
ferent types of phagocytes may have differential preference
for engulfing whole or fragmented apoptotic cells. Notably,
previous studies have shown that professional phagocytes
such as the brain microglia are able to rapidly engulf cer-
ebellar granule neurons in their entirety while non-
professional phagocytes such as primary lens epithelial
cells and baby hamster kidney cells are less efficient at
engulfing whole apoptotic neurons [56].

Maintaining plasma membrane integrity in apoptotic
cells prior to removal by phagocytes is crucial as membrane
permeabilisation can lead to the exposure of intracellular
contents, which could drive pathogenicity in various auto-
immune and inflammatory conditions [1, 5, 6, 9]. Apoptotic
microtubule networks and more recently DFNAS/GSDME
have been proposed to regulate the permeability of the
apoptotic cell plasma membrane [38, 42, 43]. Interestingly,
loss of ROCK1 in apoptotic Jurkat T cells also resulted in
an early onset of plasma membrane permeabilisation at 7
and 10h post UV-induced apoptosis, suggesting that
ROCKI is also involved in regulating the integrity of the
plasma membrane. It should be noted that apoptotic mem-
brane blebbing would have ceased at approximately 4 h post
apoptosis induction in Jurkat T cells [11], indicating that the
activity of ROCK1 during early stages of apoptosis may
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Fig. 4 Role of apoptotic cell disassembly in efferocytosis. a Schematic
showing the disassembly of apoptotic Cas9, ROCK1~~ €! and
PANX17~ ! Jurkat T cells. b Cas9, ROCK17~ ¢! and PANX17~ ¢!
cells were induced to undergo apoptosis by UV irradiation and
the formation of apoptotic cells and ApoBDs measured by
flow cytometry. The levels of viable, apoptotic and necrotic cells in
Cas9, ROCK1™~ ! and PANX17~ ! cells treated with anti-Fas
treatment (c¢) or UV irradiation (d) for 4h to induce apoptosis was
determined by flow cytometry (n = 3). Actin polymerisation inhibitor
cytochalasin D (10 uM) was used to stop the disassembly of apoptotic
cells in all samples to ensure fair comparison between cell lines. e Live
DIC and confocal images monitoring the exposure of PtdSer by UV-

irradiated Cas9, ROCK1~/~ ©! and PANX1~"~ ' cells via A5S-APC
staining. f Flow cytometry analysis of the exposure of PtdSer by
apoptotic Cas9, ROCK1~"~ ¢! and PANX1~~ ! cells based on A5-
APC staining. g Flow cytometry analysis of the uptake of UV-treated
CypHer5E-stained Cas9, ROCK1~~ ¢! and PANX17"~ €' cells by
CellTrace Violet-stained human Mo-M¢. Quantitation of the ability of
CellTrace Violet-stained human Mo-M¢ (h), human Mo-iDCs (i) and
hamster LR73 fibroblasts (j) to engulf UV-treated CypHerSE-stained
Cas9, ROCK1~/~ ¢! and PANX17"~ € cells, as measured by flow
cytometry (n = 3). Error bars represent s.e.m. Data are representative
of at least three independent experiments. *P <0.05, ***P <(.001,
NS = P>0.05, unpaired Student’s two-tailed r-test
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Fig. 5 Loss of ROCK1
expression promotes early onset
of secondary necrosis. a Flow
cytometry analysis of intact
(mCherry™#") and membrane
permeabilised (mCherry*")
Cas9 and ROCK1 ™"~ ! cells 4,
7 and 10 h post UV irradiation.
Levels of cell lysis over time
were quantified based on the
loss of mCherry in cells by flow
cytometry (b) and live
microscopy (¢ and d), as well as
the release of LDH (e) and
HMGBI (f) into the culture
supernatant. b, d and e Error
bars represent s.e.m. (n = 3).
Data are representative of at
least three independent
experiments. *P <0.05, **P <
0.01, NS = P> 0.05, unpaired
Student’s two-tailed z-test

have a lasting impact on the apoptotic cell post membrane
blebbing. Furthermore, it is interesting to noted that pre-
vious studies using NIH3T3 fibroblasts showed that
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inhibition of ROCK1 by Y-27632 reduces plasma mem-
brane permeabilisation at 4 but not 24 h post TNF-induced
apoptosis [17]. Whether the discrepancies between these
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studies are due to differences in the type of cells being used,
timing in monitoring membrane permeabilisation or apop-
totic stimuli requires further investigation. Nevertheless, it
is clear that ROCK1 may also play a role in controlling
membrane integrity of apoptotic cells and the exact
mechanism underpinning this process remains to be
determined.

Overall, this study demonstrates that ROCKI1 is a non-
redundant regulator of both apoptotic membrane blebbing
and ApoBD formation, and further establishes the impor-
tance of ApoBD formation in cell clearance.

Materials and methods
Reagents

Reagents were obtained as follows: trovafloxacin (Sigma-
Aldrich, MO), cytochalasin D (Sigma-Aldrich), anti-Fas
(clone CH11, Millipore, MA), A5-PE and A5-APC (BD
Biosciences, CA), TO-PRO-3 (Life Technologies, NY),
carboxyfluorescein diacetate succinimidyl ester (CFSE, Life
Technologies), CypHerSE (GE Lifesciences, IL), CellTrace
Violet (Life Technologies), RNase I/TI (Thermo-Fisher
Scientific, MA), propidium iodide (Sigma-Aldrich), GSK-
269962 (Tocris bioscience, UK), FRAX-1036 (Sell-
eckchem, TX), and BMS-5 (Enzo, NY).

Cell culture

Human Jurkat T cells and THP-1 monocytes were obtained
from ATCC and cultured in complete RPMI media. Com-
plete RPMI constituted of RPMI 1640 medium (Life
Technologies), 10% (vol/vol) foetal bovine serum (FBS,
Bovogen, New Zealand), penicillin (50 U/ml) and strepto-
mycin (50 mg/ml) (Life Technologies), and 0.2% (vol/vol)
MycoZap (Lonza, Switzerland). Hamster LR73 ovary
fibroblasts (gift from Prof. Kodi Ravichandran) were cul-
tured in alpha-MEM (Life Technologies) supplemented
with 10% FBS, penicillin (50 U/ml) and streptomycin
(50 mg/ml). Human A431 epidermoid cells (Lonza) were
cultured in MEM (Lonza) supplemented with 10% FBS,
penicillin (50 U/ml) and streptomycin (50 mg/ml), and non-
essential amino acid and L-glutamine (Thermofisher
Scientific, MA).

Isolation of human peripheral blood mononuclear
cells (PBMCs) and generation of human monocytes-
derived macrophages (Mo-M¢) and immature
dendritic cells (Mo-iDCs)

Buffy coat was obtained with donor consent from the
Australian Red Cross Blood Service (Melbourne, Australia)

and appropriate ethics approval was granted by the La
Trobe University Human Ethics Committee. PBMCs were
isolated from buffy coat using Ficoll density gradient
separation as previously reported [57]. To isolate mono-
cytes, PBMCs were plated and incubated at 37 °C and 5%
CO, for 2h, and washed three times with 1 x PBS (Life
Technologies) to remove non-adherent cells. To generate
Mo-Md¢s, monocytes were treated with MCSF (1000 U/ml,
Miltenyi Biotec, Germany) in 5% RPMI for 7 days.
Monocytes were differentiated into Mo-iDCs with GMCSF
(1000 U/ml, Miltenyi Biotec) and IL-4 (400 U/ml, Miltenyi
Biotec) in complete RPMI for 7 days.

CRIPSR/Cas9 gene editing

A doxycycline-inducible sgRNA  vector CRISPR/
Cas9 system was used to generate gene disruptions in Jurkat
T and THP-1 cells as previously described [33]. Jurkat T
and THP-1 cells stably expressing Cas9 endonuclease and
mCherry were generated by lentiviral transduction using
pFUCas9mCherry plasmid. Targeting gRNAs were
designed using mit.edu.au/CRIPSR software [58]. The fol-
lowing oligonucleotide pairs corresponding to guide RNA
sequences ROCK1 exon 1: 5’TCCCCAGCAGCAACAT
GTCGACTG-3', 5'AAACCAGTCGACATGTTGCTGC
TG-3’, PAK2 exon 1: 5TCCCAGCAGCACCATCTTTA
GCAC-3’, 5'AAACGTGCTAAAGATGGTGCTGCT-3’,
LIMK1 exon 3: 5TCCCAAGGACTACTGGGCCCGC
TA-3’, 5’AAACTAGCGGGCCCAGTAGTCCTT-3’, LIM
K1 exon 4: 5'TCCC TGGGACCTTTATCGGTGACGGG
G-3', 5’AAACCCCCGTCACCGATAAAGGTCCCA-3,
PANX1 exon 1: 5TCCCGATGGTCACGTGCATTGC
GG-3', 5’AAACCCGCAATGCACGTGACCATC-3" were
annealed and ligated in pFghltUTG plasmid digested
with BsmB1 restriction enzyme. For LIMK1, two gRNAs
targeting exon 2 and exon 4 were used to disrupt all iso-
forms. Cas9 mCherry cells were spin infected with lentiviral
supernatant containing appropriate gRNA pFghltUTG
constructs. To generate clonal knockout cell lines, cells
were treated with doxycycline (1 pg/ml) in complete
RPMI for 72 h to induce gRNA synthesis. Cells expressing
both  mCherry (indicative of Cas9 expression) and
GFP (indicative of cells containing the gRNA insert)
were single-cell sorted into 96 well plates containing
complete RPMI using FACS Aria II (BD Biosciences).
To generate nonclonal ROCKI1 knockout cells
(isgROCKI cells), Jurkat T cells expressing both mCherry
(indicative of Cas9 expression) and GFP (indicative of cells
containing the gRNA insert) were bulk sorted and treated
with doxycycline (1 ug/ml) in complete RPMI for 7 days.
Notably, the expression of ROCK2 was unaffected
in isgROCKI1 cells treated with doxycycline (1 pg/ml)
and in clonal ROCK1™/~ cells lines as examined by
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immunoblot (described below) analysis (Supplementary
Fig. 2e, f).

Immunoblotting

Cells were lysed at 4 °C in lysis buffer (20 mM HEPES
pH 7.4, 1%, IGEPAL® CA-630, 10% glycerol, 1% Triton
X-100, 150 mM NaCl, 50 mM NaF, protease inhibitor
cocktail tablet (Roche, CH), phosphatase inhibitor cock-
tail tablet (Roche)), analysed by SDS-PAGE and immu-
noblotted using the following antibodies: anti-ROCKI1
(1:1000, clone H-85, Santa Cruz, TX), anti-PAK2 (1:500,
clone 3B5 Abcam, Cambridge, UK), anti-LIMK1 (1:1000,
Cell Signalling Technologies, MA), anti-HMGBI
(1:1000, Cell Signalling Technologies), anti-PANX1
(1:1000, clone DOMI1C, Cell Signalling Technologies),
anti-phospho-Cofilin (Ser3) (1:1000, clone 77G2, Cell
Signalling Technologies), anti-Cofilin (1:1000, clone
D3F9, Cell Signalling Technologies), anti-phospho-PAK2
(1:1000, Cell Signalling Technologies), anti-ROCK2
(1:1000, clone H-85, Santa Cruz, TX) or anti-ERK2
(1:1000, clone D-2, Santa Cruz) in 3% BSA in PBST
(0.1% Tween). Blots were incubated in secondary HRP-
conjugated sheep anti-mouse (1:5000, Millennium Sci-
ence, AU) or donkey anti-rabbit (1:5000, Millennium
Science) antibodies in 5% milk in PBST (0.1% Tween).
HRP signal was developed using ECL (GE Lifesciences)
and monitored using the Syngene G:Box gel documenta-
tion and analysis system (Syngene, MD). To re-probe
membranes, primary and secondary antibodies were
removed using stripping buffer (10% SDS, 0.5M Tris
HCl pH 6.8 0.2v/v B-mercaptoethanol) at 50 °C for
30 min. Membranes were re-blocked with 5% milk in
PBST (0.1% Tween) prior to immunoblotting.

Cell cycle arrest assay

Cells were treated with FRAX-1036 (2.5 uM), or BMS-5
(10 uM) in complete RPMI for 24 h. Cell cycle analysis
was conducted using propidium iodide DNA staining as
previously described [59]. Briefly, treated cells were fixed
in 70% ethanol. Fixed cells were treated with RNase I/TI
(62.5pug/ul) in 1 x PBS for 20 min. Cell samples were
further stained with propidium iodide (1 pg/ml) and ana-
lysed using BD FACSCanto II Flow cytometer (BD Bios-
ciences). Data was analysed using FlowJo software (version
9.8.5, FlowJo, OR).

Quantitative PCR
Cells were pelleted and lysed in TRIzol (Invitrogen,
Thermo Fisher Scientific) and processed according to

manufactures instructions. cDNA was generated from
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reconstituted RNA (1 ug total) using the iScript Select
cDNA Synthesis Kit (Bio-Rad). For PAK1, PAK4 and
LIMK?2 amplification, reverse transcription PCR (RT-PCR)
was performed using the Power SYBR Green System
(Applied Biosystems). The following primer sequences
were used to amplify cDNA, PAKI, forward: 5’ATAC
TGGATGGCACCAGAGG’' PAKI1, reverse: 5'TTGGT
GGCAATGAGGTACAA3Z’, PAK4, forward: 5'CTACGG
GCCAGAGGTAGACAZ3’, PAK4, reverse: 5'TTGTGCA
GGTTCTTCAGTCG3’, LIMKI, forward: 5'ATGCAC
ATCAGTCCCAACAA3’, LIMKI1, reverse: 5TCAGTG
TCCCCTCCAGATTC3’ ubiquitin C, forward: TGAAGA
GAATCCACAAGGAATTGA, and ubiquitin C, reverse:
CAACAGGACCTGCTGAACACTG. The house keeping
gene ubiquitin C was used as a control for gene expression.
Data was analysed using the AACT method. Quantitative
PCR analysis indicated no significant difference in expres-
sion of PAK1 and PAK4 in the PAK2 ™'~ cells as compared
to Cas9 control (Supplementary Fig. 7a and b). LIMK2
expression was reduced in LIMK1~/~ €= (Supplementary
Fig. 7c), which may be due to clonal differences. Notably,
only LIMK1 has been previously shown to be caspase-
cleaved and activated during apoptosis [23], thus changes in
LIMK?2 expression is unlikely to affect the apoptotic cell
disassembly process.

Induction of apoptosis

Cells in 1% BSA/RPMI or complete RPMI were induced to
undergo apoptosis with anti-Fas treatment (0.5 pug/ml,
Merck, Germany) and incubated at 37 °C in humidified
atmosphere with 5% CO, for 4 h or as indicated. In certain
experiments, apoptosis was induced by UV irradiation
(150 mJ/cm?®) using Stratagene UV Stratalinker 1800
(Agilent Technologies, CA).

Time-lapse confocal microscopy

Mammalian cells were seeded in a 4 or 8§ chambered
Nunc™ Lab-Tek™ II chambered coverglass (Nunc, Den-
mark) prior to induction of apoptosis and drug treatment.
For THP-1 cells, coverslips were pre-treated with Poly-1-
lysine (Sigma Aldrich). A431 cells were seeded 16 h prior
to induction of apoptosis and drug treatment. To detect
PtdSer exposure, cells were stained with A5-APC in 1%
BSA/RPMI containing 1x A5 binding buffer (BD Bios-
ciences). Time-lapse DIC and confocal imaging was
performed at 37 °C in humidified atmosphere with 5%
CO, using Spinning Disc Confocal microscope (Zeiss,
Germany) with x63 oil immersion objective. Images were
obtained at intervals of 2min or as indicated. Image pro-
cessing and analysis was carried out using Zeiss imaging
software (Zeiss).
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Quantification of cell viability, ApoBD formation and
cell lysis by flow cytometry

Samples were stained with AS-PE and TO-PRO-3, or AS-
APC only in 1 x AS binding buffer (BD Biosciences) at room
temperature (RT) in dark for 5 min [24]. Samples were ana-
lysed using BD FACSCanto II Flow cytometer (BD Bios-
ciences). Data was analysed using FlowJo software (version
9.8.5, FlowJo, OR) as previously described [24].

Engulfment assay

Phagocytes including Mo-M¢, Mo-iDC and LR73 cells
were stained with CellTrace Violet (Life Technologies) and
staining solution was replaced with complete RPMI. Target
cells (Cas9 only, ROCK1~~ and PANX1~/~ Jurkat T cells)
were stained with CypHerSE (GE Lifesciences) [60]
and induced to undergo apoptosis by UV irradiation
(150 mJ/cm?) in complete RPMI. Phagocytes and target
cells were co-cultured in 1:1 ratio for 5h at 37 °C, 5% CO,
in humidified atmosphere. Mo-M¢ and Mo-iDCs
were harvested using cell dissociation reagent (Sigma
Aldrich), and LR73 were detached with typsin-EDTA (Life
Technologies). Cells were placed on ice till analysis by
BD FACSCanto II Flow cytometer (BD Biosciences).
Data analysis was performed using FlowJo software
(version 9.8.5).

LDH release assay

LDH release assay was performed as previously described
[61] using a LDH Cytotoxic Assay Kit II (Abcam). The
release of cytosolic enzyme LDH was detected in culture
supernatants to determine cell lysis. Briefly, Cas9 and
ROCK1 "~ Jurkat T cells were induced to undergo apop-
tosis by UV irradiation in a 96 well plate and incubated in
complete RPMI at 37°C, 5% CO, in humidified atmo-
sphere. Cell suspension was centrifuged at 300 x g for
10 min to remove cells and the resultant supernatant cen-
trifuged at 3000 x g for 20 min to remove cell debris [62].
Culture supernatant was added to LDH reaction mix for
30 min at RT. The absorbance of product was measured at
450 nm using SpecraMax Mb5e Plate reader (Molecular
Devices, CA) and data was analysed using SoftMaxPro
5.2 software (Molecular Devices).

Caspase-Glo 3/7 assay

Caspase activity in samples was determined using the
Caspase-Glo 3/7 Assay (Promega, Madison, WI) according
to manufacturer’s instruction. Briefly, cells were added to
an opaque 96 well plate (30,000 cells in 50 ul) and induced
to undergo apoptosis by anti-Fas treatment or UV

irradiation, and incubated for 4h at 37°C, 5% CO, in
humidified atmosphere. Equal volume of Caspase-Glo3/7
reagent was added and incubated at RT in dark for 30 min.
Caspase 3/7 activity, as measured by the luminescence, was
determined using SpecraMax MS5e Plate reader (Molecular
Devices) and data was analysed using SoftMaxPro
5.2 software (Molecular Devices).

Protein precipitation

Protein precipitation was performed using trichloroacetic
acid (TCA) [63]. Cas9 and ROCK1™"~ Jurkat T cells Bx
10° cells in 1 ml) were induced to undergo apoptosis by UV
irradiation in RPMI supplemented with Insulin-Transferrin-
Selenium (Gibco), and incubated at 37 °C, 5% CO, in
humidified atmosphere. Cell suspension was centrifuged at
300x g for 10min to remove cells and the resultant
supernatant centrifuged at 3000 x g for 20 min to remove
cell debris [62]. TCA (12% vol/vol) was added to the
supernatant and incubated on ice for 30 min. Precipitated
protein was pelleted at 18,000x g at 4°C for 30 min
and washed with ice cold acetone. Protein precipitates
were redissolved in NuPAGE LDS sample buffer (Life
Technologies) prior to analysis by SDS-PAGE and
immunoblotting.

Statistics

Data are presented as means + s.e.m. Statistical significance
was determined by unpaired student’s two-tailed T test.
P values<0.05 were considered significant. *P <0.05,
**P<0.01, ***P <0.001.
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