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Abstract
During apoptosis, dying cells undergo dynamic morphological changes that ultimately lead to their disassembly into frag-
ments called apoptotic bodies (ApoBDs). Reorganisation of the cytoskeletal structures is key in driving various apoptotic 
morphologies, including the loss of cell adhesion and membrane bleb formation. However, whether cytoskeletal components 
are also involved in morphological changes that occur later during apoptosis, such as the recently described generation of 
thin apoptotic membrane protrusions called apoptopodia and subsequent ApoBD formation, is not well defined. Through 
monitoring the progression of apoptosis by confocal microscopy, specifically focusing on the apoptopodia formation step, 
we characterised the presence of F-actin and microtubules in a subset of apoptopodia generated by T cells and monocytes. 
Interestingly, targeting actin polymerisation and microtubule assembly pharmacologically had no major effect on apoptopodia 
formation. These data demonstrate apoptopodia as a novel type of membrane protrusion that could be formed in the absence 
of actin polymerisation and microtubule assembly.
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Introduction

Cellular membrane protrusions involving dynamic exten-
sions of the plasma membrane vary greatly in morphology, 
regulation and function. Well-characterised membrane pro-
trusions generated by both resting and activated cells include 
filopodia [1], lamellipodia [2], membrane nanotubes [3] and 
invadopodia [4]. Such protrusions are generally actin-rich 
and their formation is dependent on polymerisation of actin 
monomers leading to the assembly of filamentous actin 

(F-actin) [5–9]. Notably, F-actin disassembly and reassem-
bly is especially important for membrane protrusions such 
as lamellipodia and filopodia that facilitate cell motility [8, 
10, 11], where F-actin assembly has been shown to predomi-
nantly occur at the leading edge of the extending protru-
sion [11, 12]. F-actin is also a key component of membrane 
nanotubes, which are generated from F-actin initiating pro-
trusions [7, 9, 13]. In the case of lamellipodia, actin branch-
ing in addition to actin polymerisation plays an important 
role in the formation of a dynamic protrusive actin network 
[11, 14, 15]. Directed actin polymerisation combined with 
actin depolymerisation at opposing ends of actin filaments, 
a process known as treadmilling, has been shown to be a key 
process underpinning extension of the leading edge of lamel-
lipodia [16–18]. While most membrane protrusions rely less 
on microtubules to drive their formation, particularly in the 
case of lamellipodia and filopodia [5, 19–21], tubulin-based 
microtubules have been implicated in exerting the forces 
required for endothelial cell invadopodia to protrude and 
extend into a 3D collagen matrix [22].

In addition to membrane protrusions generated by healthy 
viable cells, new types of protrusions have recently been 
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described that form exclusively during the progression of 
apoptosis (a form of programmed cell death) when the apop-
totic cell undergoes disassembly [23–26]. After the induction 
of apoptosis, apoptotic cells can undergo a series of morpho-
logical changes including plasma membrane blebbing (step 1 
of apoptotic cell disassembly), apoptotic membrane protrusion 
formation (step 2) and generation of membrane-bound extra-
cellular vesicles known as apoptotic bodies (ApoBDs) (step 
3) [24, 26–28]. Apoptotic membrane protrusions can exhibit 
a diverse range of morphologies including thin string-like 
structures such as those generated by apoptotic T cells (called 
apoptopodia), or a ‘beads-on-a-string’ like structures such as 
those formed by apoptotic monocytes (beaded-apoptopodia) 
[24, 26]. Apoptopodia often associate with ApoBDs and can 
undergo fragmentation to release an abundance of ApoBDs 
during the final stages of the apoptotic cell disassembly pro-
cess [24, 26]. Although the membrane channel pannexin 1 
(PANX1) was recently described as a negative regulator of 
apoptopodia formation [24, 26], molecular components 
involved in driving the formation of these protrusions are yet 
to be fully defined.

Given the importance of the dynamic cytoskeletal behav-
iour in the formation of a variety of cellular protrusions and 
in other morphological stages of apoptosis (e.g. during mem-
brane blebbing) [29–31], we investigated the potential con-
tribution of actin and tubulin cytoskeletal components in the 
formation of apoptotic membrane protrusions. We used confo-
cal live imaging approaches to characterise the apoptotic mem-
brane protrusions produced by apoptotic T cells, monocytes 
and epithelial cells, and assessed the requirement of actin poly-
merisation and microtubule assembly in protrusion formation 
during apoptotic cell disassembly. These studies clearly identi-
fied a subset of apoptopodia generated by Jurkat T cells and 
THP-1 monocytic cells which contained F-actin and microtu-
bules. Surprisingly however, actin polymerisation was found 
to be not essential for the formation of apoptopodia, while 
microtubule assembly may play a minor role in this process. 
Notably, pharmacological inhibition of microtubule assembly 
also had minimal effects on ApoBD formation in all cell types 
tested. Furthermore, we showed that vimentin, a component 
of the intermediate filament cytoskeleton, is unlikely to play 
a major role in the formation of apoptopodia and ApoBDs 
by apoptotic Jurkat T cells. Together, these findings highlight 
apoptopodia as a unique subclass of membrane protrusion 
whereby their formation is independent of key cytoskeletal 
comments such as F-actin.

Results

T cells and monocytes form apoptotic membrane 
protrusions in cell suspension and in 3D cultures

The apoptotic cell disassembly process in T cells and 
monocytes has been described in detail [24, 26] and 
involves three morphologically distinct steps (Fig. 1a). 
As mentioned above, step 1 of the disassembly process 
includes the formation of circular bulges on the plasma 
membrane called blebs as a result of actomyosin contrac-
tion, and is regulated by Rho-associated coiled coil con-
taining kinase 1 (ROCK1) [29, 30, 32]. This is followed 
by step 2 of apoptotic cell disassembly with the formation 
of apoptopodia/beaded-apoptopodia (Fig. 1a). Previously, 
the formation of apoptopodia and beaded-apoptopodia by 
apoptotic T cells and monocytes, respectively, were largely 
described in cells suspended in culture media [23, 26, 28]. 
However, whether apoptopodia possess the physical char-
acteristics to form in 3D matrices that mimic the physi-
ological environment of tissue, similar to other types of 
cellular protrusions like invadopodia [22] has remained 
unclear. Therefore, we initially monitored the formation of 
apoptopodia by human Jurkat T cells in a 3D culture model 
(cells were cultured in the matrix medium Cultrex®, con-
sisting largely of the extracellular matrix proteins laminin 
and Collagen IV) during the progression of apoptosis by 
live differential interference contrast (DIC) microscopy. 
Jurkat T cells were induced to undergo apoptosis by UV 
irradiation and treated with trovafloxacin (trova, a PANX1 
inhibitor) to promote apoptopodia-mediated apoptotic cell 
disassembly [26]. Similar to cells undergoing apoptosis in 
suspension, apoptotic Jurkat T cells also clearly generated 
apoptopodia in Cultrex® (Fig. 1b). Importantly, similar 
results were also observed for primary cultures of mouse 
thymocytes undergoing UV-induced apoptosis (Fig. 1c). 
Next, we monitored the disassembly of human apoptotic 
THP-1 monocytic cells and demonstrated that THP-1 cells 
were able to generate characteristic beaded-apoptopodia in 
suspension and in 3D cultures, ~ 3 h post UV irradiation 
(Fig. 1d). Furthermore, apoptotic primary mouse mono-
cytes were also able to generate beaded-apoptopodia in 
3D cultures, ~ 3 h post UV irradiation (Fig. 1e). Together, 
these data indicate that the formation of apoptotic mem-
brane protrusions is not limited to cells in suspension but 
also extends to those grown in 3D environments. Notably, 
for the remainder of this study, the cell suspension model 
was employed to monitor the role of cytoskeletal compo-
nents in the formation of protrusions and ApoBDs.

We next measured the rate at which Jurkat T cell and 
THP-1 monocyte apoptopodia extend. Using live time-
lapse DIC microscopy, the longest protrusion generated 
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by individual apoptotic cells was monitored from the ini-
tiation of protrusion formation to the maximal protrusion 
extension prior to any fragmentation or retraction events 
(Fig. 1f). To monitor apoptopodia formation in Jurkat 
T cells in this study, we developed a model by using 

ROCK1−/− Jurkat T cells which bypass the membrane 
blebbing stage of apoptotic cell disassembly (ROCK1 is 
the key regulator of membrane blebbing for Jurkat T cells) 
[33], allowing clear identification of apoptopodia forma-
tion when cells were induced to undergo apoptosis and in 
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Fig. 1   Characterisation of T cell and monocyte apoptopodia in sus-
pension and in 3D culture. a Schematic diagram detailing the three 
steps of apoptotic cell disassembly for T cells and monocytes includ-
ing apoptotic membrane blebbing, apoptopodia formation and 
ApoBD release. b Representative DIC microscopy images of viable 
and apoptotic Jurkat T cells in Cultrex® 3D matrix, and apoptotic 
Jurkat T cells in suspension. Jurkat T cells were induced to undergo 
apoptosis by UV irradiation for ~ 4 h and in the presence of 40 µM 
trovafloxacin (trova), a PANX1 inhibitor to promote apoptopodia-
mediated disassembly. c Representative DIC microscopy images 
of viable and apoptotic primary mouse thymocytes in Cultrex® 3D 
matrix, ~ 4 h post UV irradiation, 40 µM trova. d Representative DIC 

microscopy images of viable and apoptotic THP-1 monocytes in Cul-
trex® 3D matrix, and apoptotic THP-1 cells in suspension ~ 3 h post 
UV irradiation. e Representative DIC microscopy images of viable 
and apoptotic primary mouse CD14+ monocytes in Cultrex® 3D 
matrix, ~ 3 h post UV irradiation. f Time-lapse DIC microscopy mon-
itoring apoptotic (UV-irradiated) THP-1 monocyte protrusion veloc-
ity. g Average protrusion velocity rate of apoptotic (UV-irradiated) 
ROCK1−/− Jurkat T cells treated with 40  µM trova (n = 22 cells), 
THP-1 monocytic cells (n = 30) and A431 epithelial cells (n = 26). 
Error bars represent SEM. b–e Data are representative of at least two 
independent experiments. Apoptosis induced by 150 mJ/cm2 UV irra-
diation.
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the presence of trova to promote apoptopodia formation. 
It should be noted that THP-1 monocytes can generate an 
abundance of apoptopodia under basal conditions [24]. 
The average velocity of protrusion extension was 1.21 µm/
min (SEM ± 0.19) and 2.42 µm/min (SEM ± 0.33) for Jur-
kat T cells and THP-1 monocytes, respectively (Fig. 1g). 
Notably, the velocity of apoptopodia extension recorded is 
comparable to the velocity of growing microtubules [34], 
but considerably higher than the velocity of F-actin poly-
merisation [35].

The role of F‑actin in apoptotic membrane 
protrusion formation

To determine whether F-actin, a key cytoskeletal compo-
nent, may be involved in the formation of apoptopodia by 
Jurkat T cells or THP-1 monocytes, we utilised the cell per-
meable probe SiR-actin to monitor F-actin localisation and 
a plasma membrane staining approach (using either annexin 
A5 (A5) or anti-CD45) to help visualise apoptopodia. First, 
we monitored apoptotic Jurkat T cells at ~ 4 h post UV-
induced apoptosis (using the same cell model as described 
above whereby Jurkat T cells are deficient in ROCK1 and 
treated with the PANX1 inhibitor trova) and found that both 
F-actin rich (SiR-actinhigh) and F-actin depleted (SiR-actin-
low) protrusions could be observed, with approximately 90% 
of apoptopodia-forming cells capable of producing F-actin 
rich apoptopodia (Fig.  2a, b, Supplementary video 1). 
Using a similar experimental approach, we observed apop-
totic THP-1 monocytes at ~ 3 h post UV-induced apopto-
sis and approximately 55% of these apoptopodia-forming 

cells produced protrusions containing F-actin (Fig. 2c, d). It 
should be noted that quantification was performed on z-stack 
images to ensure the entire apoptopodia was captured (Sup-
plementary video 1 and 2). These results were consistent 
with primary cells undergoing apoptosis whereby apoptotic 
primary mouse thymocytes and bone marrow-derived mono-
cytes were also able to generate apoptopodia containing 
F-actin (Fig. 2e, f). To investigate whether actin polymeri-
sation contributed to the formation of apoptopodia, Jurkat 
T cells were treated with cytochalasin D (cyto-D) to inhibit 
actin polymerisation during the progression of apoptosis and 
monitored by live DIC microscopy. Interestingly, at 4 h post 
apoptosis induction, cyto-D treatment had no effect on the 
percentage of apoptotic cells forming apoptopodia (Fig. 2g, 
Supplementary Fig. 1). Furthermore, THP-1 monocytes 
treated with cyto-D during the progression of apoptosis 
resulted in an increase in the percentage of apoptopodia-
forming cells (Fig. 2h, Supplementary Fig. 2). To ensure 
the effect we observed was not due to microtubule assembly 
compensating for the loss of actin polymerisation, we also 
quantified apoptopodia formation when both actin polymeri-
sation and microtubule assembly were blocked simultane-
ously by cyto-D and noco treatment, respectively, and we 
found no decrease in the percentage of apoptotic cells form-
ing protrusions (Supplementary Fig. 3a, b). Notably, treat-
ment of Jurkat T and THP-1 cells with cyto-D during apop-
tosis also did not alter the percentage of apoptopodia that 
contained F-actin (Fig. 2i, j). Taken together, these results 
highlight that although apoptopodia may contain F-actin, 
actin polymerisation is not necessary for the formation of 
such apoptotic membrane protrusions.

The role of microtubules in apoptotic membrane 
protrusion formation

As our data suggests that actin polymerisation may not play 
a key role in driving apoptopodia formation, we next exam-
ined the role of another key component of the cytoskeleton, 
microtubules, in the formation of apoptopodia. Using the 
same cell models as described above, we stained Jurkat T 
cells and THP-1 monocytes with the cell permeable probe 
SiR-tubulin to monitor the distribution of microtubules dur-
ing the apoptotic cell disassembly process. Apoptotic Jurkat 
T cells generated both microtubule rich (SiR-tubulinhigh) and 
microtubule depleted (SiR-tubulinlow) apoptopodia, whereby 
approximately 61% of apoptopodia-forming cells produced 
microtubule rich apoptopodia (Fig. 3a, b, Supplementary 
video 3). When monitoring apoptotic THP-1 monocytes, 
only ~ 20% of all apoptopodia-forming apoptotic cells 
could generate microtubule rich apoptopodia (Fig. 3c, d, 
Supplementary video 4). It should be noted that apoptotic 
primary mouse thymocytes and monocytes also generated 
apoptopodia containing microtubules (Fig. 3e, f). We next 

Fig. 2   The role of actin polymerisation in apoptotic membrane pro-
trusion formation. a Representative confocal microscopy images of 
apoptotic ROCK1−/− Jurkat T cells (40  µM trova) stained with the 
fluorescent probe SiR-actin (red, F-actin) and A5-FITC (green, Ptd-
Ser exposure, indicative of the plasma membrane). b Percentage of 
apoptotic ROCK1−/− Jurkat T cells with protrusions containing SiR-
actin staining (i.e. SiR-actinhigh). c Representative confocal micros-
copy images of apoptotic THP-1 monocytes stained with SiR-actin 
(red) and CD45-FITC (green, indicative of the plasma membrane). d 
Percentage of apoptotic THP-1 monocytes with protrusions contain-
ing SiR-actin staining. Confocal microscopy images of apoptotic pri-
mary mouse thymocytes (40 µM trova) e or, apoptotic primary mouse 
CD14+ monocytes f stained with SiR-actin. g Percentage of apoptotic 
ROCK1−/− Jurkat T cells (40  µM trova) forming membrane protru-
sions, with and without 10 µM cytochalasin D (cyto-D) treatment. h 
Percentage of apoptotic THP-1 cells forming membrane protrusions 
with and without 10 µM cyto-D treatment. i Percentage of apoptotic 
ROCK1−/− Jurkat T cells (40  µM trova) that generate protrusions 
containing SiR-actin staining in the presence or absence of 10  µM 
cyto-D treatment. j Percentage of apoptotic THP-1 cells that generate 
protrusions containing SiR-actin staining in the presence or absence 
of 10  µM cyto-D treatment. Error bars represent SEM (n = 3), data 
are representative of three independent experiments, NS = p ≥ 0.05, 
*p < 0.05, unpaired Student’s two-tailed t test. Apoptosis induced by 
150 mJ/cm2 UV irradiation.

◂
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treated Jurkat T cells with nocodazole (noco), a microtu-
bule destabilising drug, immediately after the induction of 
apoptosis and monitored cell disassembly by time-lapse DIC 

microscopy. Noco treatment had no effect on the percentage 
of apoptotic Jurkat T cells forming apoptopodia (Fig. 3g). 
In contrast, noco treatment partially impaired apoptopodia 
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formation by apoptotic THP-1 monocytes (Fig. 3h). It should 
be noted that noco treatment was effective in reducing the 
percentage of microtubule rich apoptopodia generated by 
Jurkat T cells and to a lesser extent for THP-1 monocytes 
(Fig. 3i, j), validating that noco was able to destabilise 
microtubules in our experimental setting. Furthermore, 
activity of noco on Jurkat T cells was also confirmed by cell 
cycle arrest analysis (Supplementary Fig. 4). Collectively, 
these data demonstrate that microtubules are present in a 
subset of apoptopodia generated by apoptotic T cells and 
monocytes, and microtubules may partially contribute to the 
formation of apoptopodia by apoptotic THP-1 monocytes 
but not Jurkat T cells.

Disruption of actin polymerisation 
but not microtubule assembly inhibits ApoBD 
formation

To further examine the role of cytoskeletal components in 
the overall apoptotic cell disassembly process, we monitored 
the formation of ApoBDs by T cells and monocytes in the 
presence of inhibitors of actin and tubulin polymerisation. 
Blocking actin polymerisation by treatment with either cyto-
D or lantrunculin A inhibited ApoBD formation by apoptotic 
Jurkat T cells and THP-1 monocytes (Fig. 4a–d). Rather 
than reducing ApoBD formation through targeting apoptotic 
membrane protrusion formation, this effect is likely attrib-
uted to blocking membrane blebbing (i.e. step 1 of apoptotic 
cell disassembly) as this process is dependent on actomyo-
sin contraction [29]. Therefore, while actin polymerisation 
may not be essential for apoptopodia formation (Fig. 2g, h), 

it is necessary for the apoptotic cell disassembly process. 
In contrast, inhibition of microtubule assembly by noco 
or demecolcine (a drug that depolymerises microtubules; 
activity validated by cell cycle arrest analysis as shown in 
Supplementary Fig. 4) had no major impact on the forma-
tion of ApoBDs by both apoptotic Jurkat T cells and THP-1 
monocytes (Fig. 4e, h), suggesting that the assembly of 
microtubules is not necessary for apoptotic cell disassembly.

Reduction in vimentin expression does not affect 
the formation of apoptotic membrane protrusions 
and ApoBDs by Jurkat T cells

Intermediate filament components such as vimentin have 
been shown to play a role in the formation of cellular pro-
trusions including invadopodia and lamellipodia, and have 
important interactions with actin and tubulin in these set-
tings [6, 36, 37]. Therefore, to investigate the role of vimen-
tin in apoptotic membrane protrusion formation, vimentin 
was targeted using a doxycycline (dox)-inducible CRISPR/
Cas9-based approach in Jurkat T cells (isgVimentin cells). 
Dox treatment of isgVimentin cells resulted in a decrease 
in vimentin expression compared to untreated isgVimentin 
control cells, as detected by immunoblotting (Fig. 5a). When 
monitoring apoptotic cell disassembly by flow cytometry, 
reduction in vimentin expression did not alter ApoBD for-
mation by Jurkat T cells, in either the absence or presence 
of the PANX1 inhibitor trova (Fig. 5b). Furthermore, Jurkat 
T cells generated an abundance of apoptopodia, ~ 4 h post 
UV irradiation, despite dox treatment and thus reduction in 
vimentin expression, as monitored by live DIC microscopy 
(Fig. 5c). Taken together, these data suggest that vimentin 
is unlikely to play a key role in the disassembly of apoptotic 
Jurkat T cells.

The role of actin and tubulin in apoptotic A431 cell 
disassembly

In addition to apoptopodia and beaded-apoptopodia, Moss 
et al. previously described a rigid class of apoptotic mem-
brane protrusions termed microtubule spikes [25]. As the 
name suggests, microtubule spikes are highly enriched with 
microtubules and have only been observed on a few cell 
types, in particular the epithelial carcinoma cell line, A431 
[25]. Therefore, we sought to investigate the cytoskeletal 
components of the so-called microtubule spikes to allow 
comparison with apoptopodia as described above. First, 
we examined UV-irradiated A431 cells by time-lapse DIC 
microscopy and found that apoptotic cells were able to gen-
erate rigid apoptotic membrane protrusions as previously 
described (Fig. 6a). Notably, the protrusion velocity of A431 
cell apoptotic membrane protrusions were also determined 
revealing an average velocity of 1.30 µm/min (SEM ± 0.15) 

Fig. 3   The role of microtubule assembly in apoptotic membrane 
protrusion formation. a Representative confocal microscopy images 
of apoptotic ROCK1−/− Jurkat T cells (40  µM trova) stained with 
the fluorescent probe SiR-tubulin (red, microtubules) and A5-FITC 
(green, PtdSer exposure, plasma membrane). b Quantification of 
apoptotic ROCK1−/− Jurkat T cells with protrusions containing 
SiR-tubulin staining (i.e. SiR-tubulinhigh). c Representative confo-
cal microscopy images of apoptotic THP-1 monocytes stained with 
SiR-tubulin (red) and CD45-FITC (green, plasma membrane). d 
Quantification of apoptotic THP-1 cells with protrusions containing 
SiR-tubulin staining. Confocal microscopy images of apoptotic pri-
mary mouse thymocytes (40 µM trova) e or apoptotic primary mouse 
monocytes f stained with SiR-tubulin (red). g Percentage of apoptotic 
ROCK1−/− Jurkat T cells (40  µM trova) forming membrane protru-
sions in the presence or absence of 20 µg/mL nocodazole (noco). h 
Percentage of apoptotic THP-1 cells that generate membrane protru-
sions in the presence or absence of 20 µg/mL noco. i Percentage of 
apoptotic ROCK1−/− Jurkat T cells (40  µM trova) with protrusions 
containing SiR-tubulin staining in the presence or absence of 20 µg/
mL noco. i Percentage of apoptotic THP-1 monocytes with protru-
sions containing SiR-tubulin staining in the presence or absence of 
20  µg/mL noco treatment. Error bars represent SEM (n = 3), data 
are representative of three independent experiments, NS = p ≥ 0.05, 
*p < 0.05, **p < 0.01, unpaired Student’s two-tailed t test. Apoptosis 
was induced by 150 mJ/cm2 UV irradiation.

◂
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(Fig. 1g). Next, we stained A431 cells with the cell permea-
ble probes SiR-actin and SiR-tubulin, and monitored the dis-
tribution of F-actin and microtubules throughout the course 
of apoptosis by live confocal microscopy. Approximately 
84% and 90% of apoptotic A431 cells generated membrane 
protrusions rich in F-actin and microtubules, respectively 
(Fig. 6b–e). Similar to Jurkat T cells, pharmacological inhi-
bition of actin polymerisation had no effect on the ability of 
A431 cells to form apoptotic membrane protrusions (Fig. 7a, 
Supplementary Fig. 5) but markedly reduced the formation 
of ApoBDs (Fig. 7b, c), possibly due to blocking the mem-
brane blebbing stage of apoptotic A431 cell disassembly 
[33]. In contrast, pharmacological inhibition of microtubule 
assembly resulted in an impairment of apoptotic membrane 
protrusion formation (Fig. 7d, Supplementary Fig. 5) but had 
minimal effect on ApoBD formation by A431 cells (Fig. 7e, 
f). Collectively, these data suggest that although microtu-
bule assembly is important for the formation of apoptotic 

membrane protrusions by A431 cells, microtubules do not 
play a major role in the disassembly of apoptotic A431 cells.

Regulation of apoptotic A431 cell disassembly 
by PANX1 and vesicular trafficking

The formation of apoptopodia by T cells and monocytes 
during apoptosis is negatively regulated by caspase-acti-
vated PANX1 membrane channels and positively regulated 
by vesicular trafficking [24, 26]. Thus, we sort to examine 
whether apoptotic membrane protrusions generated by A431 
cells (previously described as microtubule spikes) are also 
regulated by PANX1 and vesicular trafficking. Address-
ing these questions could help clarify whether microtubule 
spikes (as described in Moss et al. [25]) and apoptopodia are 
distinct forms of protrusions or microtubule spikes are sim-
ply a subtype of apoptopodia that are microtubule rich. First, 
we examined whether PANX1 is activated in A431 cells 

Fig. 4   The effect of pharmacological modulation of F-actin and 
microtubule assembly on ApoBD formation. The ApoBD formation 
index (ApoBDs/A5+ apoptotic cells, as measured by flow cytometry) 
of Jurkat T cells (40 µM trova) in the presence of increasing concen-
trations of cyto-D (a) or lantrunculin A (b). ApoBD formation by 
apoptotic THP-1 monocytes in the presence of increasing concen-
trations of cyto-D (c) or lantrunculin A (d). ApoBD formation by 
apoptotic Jurkat T cells (40 µM trova) in the presence of increasing 

concentrations of noco (e) or demecolcine (f). ApoBD formation by 
apoptotic THP-1 monocytes in the presence of increasing concen-
trations of noco (g) or demecolcine (h). Error bars represent SEM 
(n = 3), data are representative of three independent experiments, 
NS = p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA 
and Tukey post-hoc test. Apoptosis was induced by 250 ng/mL anti-
Fas treatment or 150  mJ/cm2 UV irradiation for Jurkat T cells or 
THP-1 cells, respectively.
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during apoptosis and if the disassembly of A431 cells is neg-
atively regulated by PANX1. Immunoblotting demonstrated 
that similar to Jurkat T cells [38] and THP-1 monocytes [39], 
A431 epithelial cells express PANX1 and PANX1 is subject 
to proteolytic cleavage upon apoptosis induction (Supple-
mentary Fig. 6a). It is of interest to note that ROCK1, a 
positive regulator of apoptotic membrane blebbing follow-
ing caspase-mediated cleavage, is also expressed by A431 
cells and is proteolytically cleaved during apoptosis (Sup-
plementary Fig. 6a). A key function of PANX1 channels is 
to mediate the passage of small molecules, in particular the 
release of ATP during apoptosis [38]. Therefore, we utilised 
a bioluminescence assay to detect ATP in the cell culture 
supernatant from untreated and UV-treated A431 cells. An 
increase in ATP in the cell culture supernatant was detected 
following induction of apoptosis by UV irradiation (Sup-
plementary Fig. 6b). Notably, ATP release by UV-treated 
A431 cells was also inhibited by the PANX1 inhibitor trova 
(Supplementary Fig. 6b). To further examine the activation 
of PANX1 in A431 cells during apoptosis, we measured the 
uptake of the membrane impermeable nucleic acid binding 

dye TO-PRO-3 by apoptotic cells, whereby TO-PRO-3 can 
enter early apoptotic cells via caspase-activated PANX1 
channels [38]. Using a flow cytometry-based approach, 
we observed an increase in TO-PRO-3 uptake by apoptotic 
A431 cells as compared to viable A431 cells, and the uptake 
of TO-PRO-3 by apoptotic A431 cells was inhibited by trova 
(Supplementary Fig. 6c). Next, to examine whether caspase-
activated PANX1 is a negative regulator of A431 cell disas-
sembly, PANX1 activity was targeted pharmacologically by 
trova treatment and apoptotic cell disassembly monitored by 
time-lapse DIC microscopy and flow cytometry. Although 
apoptotic A431 cells generated multiple membrane protru-
sions in the absence of PANX1 inhibition, trova treatment 
induced a notable increase in A431 cells undergoing cell 
disassembly (Supplementary Fig. 6d). To better quantify 
the apoptotic cell disassembly process, ApoBD formation 
by apoptotic A431 cells was measured by flow cytometry 
and trova (40 µM) treatment promoted ApoBD formation 
(Supplementary Fig. 6e). It is worth noting that trova treat-
ment was able to alter the apoptotic cell disassembly process 
without affecting the levels of apoptosis or necrosis (data 

Fig. 5   Knockdown of vimentin has no impact on apoptotic cell disas-
sembly. a Reduction in Jurkat T cell vimentin protein expression by 
CRISPR/Cas9-mediated gene disruption upon dox treatment (1  µg/
mL, 3 days). b ApoBD formation by untreated and trova (40  µM) 
treated isgVimentin Jurkat T cell mixed populations with and with-
out dox (1 µg/mL, 3 days). Cas9 only Jurkat T cells used as controls. 
Error bars represent SEM (n = 3), data are representative of three 

independent experiments, NS = p ≥ 0.05, unpaired Student’s two-
tailed t test. c Representative confocal microscopy images of viable 
and apoptotic isgVimentin Jurkat T cell mixed populations (40  µM 
trova, and 1 µM GSK269962 (ROCK1 inhibitor) to inhibit membrane 
blebbing to help visualise apoptopodia formation) with and without 
dox (1  µg/mL, 3 days). Apoptosis was induced by 150  mJ/cm2 UV 
irradiation.
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not shown). In previous studies, the formation of apopto-
podia and ApoBDs by apoptotic Jurkat T cells and THP-1 
monocytes could be blocked by the antidepressant sertraline 
[24]. Sertraline was initially identified from a drug screen 

for inhibitors of ApoBDs, and its mechanism on apoptotic 
cells was attributed to its possible function in interfering 
with vesicular trafficking [24]. Similarly, sertraline-treated 
apoptotic A431 cells also generated less apoptotic membrane 

Fig. 6   Localisation of F-actin and microtubules during apoptotic 
A431 cell disassembly. a Representative time-lapse DIC microscopy 
images of UV-irradiated A431 epithelial cells undergoing apoptotic 
cell disassembly over 4–5  h. b Representative confocal microscopy 
images of UV-irradiated A431 cells stained with SiR-actin (red) and 
A5-FITC (green). c Quantification of the percentage of apoptotic 
A431 cells with protrusions containing SiR-actin staining. d Repre-

sentative confocal microscopy images of UV-irradiated A431 cells 
stained with SiR-tubulin (red) and A5-FITC (green). e Quantification 
of apoptotic A431 cells with protrusions containing SiR-tubulin stain-
ing. Error bars represent SEM (n = 3), data are representative of three 
independent experiments. Apoptosis was induced by 150 mJ/cm2 UV 
irradiation.
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protrusions and ApoBDs as compared to vehicle-treated 
cells (Supplementary Fig. 6f, g), without affecting the levels 
of apoptosis or necrosis (data not shown). Together, these 
data suggest that the mechanism underpinning the disas-
sembly of A431 epithelial cells during apoptosis is similar 
to other cell types such as T cells and monocytes.

Discussion

Recently, two new types of string-like apoptotic membrane 
protrusions have been described during the progression of 
apoptosis, namely apoptopodia and beaded-apoptopodia [24, 
26]. Although some mechanistic insights underpinning the 
generation of these apoptotic membrane protrusions have 

been described (i.e. regulation by PANX1 and vesicular 
trafficking), the role of cytoskeletal components in protru-
sion formation has not been characterised. In comparison 
to lamellipodia, invadopodia and nanotubes, cell protru-
sive structures that are reliant on actin polymerisation and 
remodelling for their formation and function [5, 6, 8, 13], 
our results indicate that apoptopodia are a distinct subclass 
of membrane protrusion in which their formation is not 
dependent on actin polymerisation despite the presence 
of readily detectable levels of F-actin within apoptopodia. 
Although actin polymerisation does not appear to provide 
the protrusive force to promote apoptopodia extension, it 
does not preclude other roles of F-actin in apoptopodia biol-
ogy. As described in this study, F-actin was found in most 
apoptopodia even when actin polymerisation was targeted 

Fig. 7   The role of actin and tubulin polymerisation in apoptotic A431 
cell disassembly. a Percentage of apoptotic A431 cells forming mem-
brane protrusions, with and without 10 µM cyto-D treatment, at 4–5 h 
post induction of apoptosis. Generation of ApoBDs by apoptotic 
A431 cells in the presence of increasing concentrations of cyto-D 
(b) or lantrunculin A (c), as measured by flow cytometry. d Percent-
age of apoptotic A431 cells forming membrane protrusions, with and 
without 20 µg/mL noco treatment, at 4–5 h post induction of apop-

tosis. ApoBD formation by apoptotic A431 cells in the presence of 
increasing concentrations of noco (e) or demecolcine (f), as measured 
by flow cytometry. Error bars represent SEM (n = 3), data are repre-
sentative of three independent experiments, NS = p ≥ 0.05, *p < 0.05, 
**p < 0.01, ***p < 0.001, one-way ANOVA and Tukey post-hoc test 
(a, d) or unpaired Student’s two-tailed t test (b, c, e, f). Apoptosis was 
induced by 150 mJ/cm2 UV irradiation.
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pharmacologically, suggesting that F-actin may have other 
functions within apoptopodia, possibly stabilising the pro-
trusion or parts of it for a period of time. Notably, for well 
characterised membrane protrusions like filopodia, an influx 
of water and an increase in hydrostatic pressure can provide 
the force necessary to push out the membrane and generate 
filopodia structures [40, 41]. Actin is then thought to poly-
merise into the already growing filopodia [40], and possibly 
contribute to protrusion stability [41]. Interestingly, inhibi-
tion of actin polymerisation can disrupt filopodia morphol-
ogy and rigidity [41], similar to the subtle changes in apop-
topodia morphology observed in this study after treatment 
with actin polymerisation inhibitors (Supplementary Figs. 1, 
2). Furthermore, the extension rate of growing filopodia is 
similar to the rate we have described for apoptopodia exten-
sion [42]. It is also important to note that the F-actin present 
in apoptopodia following cyto-D treatment may derive from 
existing actin filaments in the cell prior to drug treatment, 
since cyto-D does not destabilise existing F-actin but blocks 
further actin polymerisation. Nevertheless, how F-actin can 
localise into apoptopodia and whether actin polymerisa-
tion can contribute to apoptopodia stability requires further 
investigation.

It is well documented that microtubules are an impor-
tant cytoskeletal component in cells undergoing apoptosis, 
particularly playing an important role in plasma membrane 
blebbing and lining the membrane to prevent the early onset 
of secondary necrosis [23, 43, 44]. Additionally, microtu-
bules were shown to play an important role in the formation 
of microtubule rich apoptotic membrane protrusions termed 
microtubule spikes, initially described in human A431 epi-
thelial cells undergoing apoptosis [25]. Consistent with pre-
vious studies, the majority (~ 90%) of apoptotic membrane 
protrusions generated from A431 cells were found to contain 
microtubules. In contrast, only a smaller subset of apopto-
podia generated from apoptotic Jurkat T cells and THP-1 
monocytes (~ 60% and 20%, respectively) contained micro-
tubules. Interestingly, these observations raise the question 
whether apoptotic membrane protrusions should be named 
based on the cytoskeletal components present in the protru-
sions. Since only a subset of thin apoptotic membrane pro-
trusions generated from apoptotic A431, Jurkat T and THP-1 
cells contain microtubules (likewise for F-actin), and most 
(~ 90%) of the apoptotic membrane protrusions generated 
from apoptotic A431 cells also contain F-actin, our findings 
highlight that apoptotic membrane protrusions should not 
be named based on their cytoskeletal composition. It is also 
important to note that noco treatment, which induces micro-
tubule disassembly, only had a minor effect on apoptotic 
membrane protrusion formation. Furthermore, contrary to 
the findings of Moss et al. [25], noco treatment had minimal 
effect on ApoBD formation, suggesting microtubule assem-
bly is not essential for apoptotic cell disassembly. However, 

these discrepancies between the current and previous studies 
may be due to differences in the methodologies used to mon-
itor apoptotic cell disassembly as previous studies quantified 
ApoBD formation following sample fixation and cytospin 
to collect samples for microscopy analysis [25], whereas 
ApoBDs were monitored in this study by a flow cytometry-
based approach based on the exposure of PtdSer and relative 
size without extensive sample processing procedures.

One major difference between the membrane protrusions 
generated from viable cells (such as filopodia and lamellipo-
dia) and apoptopodia by apoptotic cells is their functional 
roles. Viable cells produce stable membrane protrusions 
that aid migration and invasion and thus, their function is 
dependent on the membrane protrusion remaining intact 
and withstanding surrounding forces. However, apoptopo-
dia remain a unique class of membrane protrusions which 
are expected to undergo fragmentation to perform their key 
function (i.e. formation of ApoBDs). In previous studies 
[26], apoptopodia were found to separate large membrane 
blebs of apoptotic cells and subsequently generate ApoBDs 
upon fragmentation of the apoptopodia structure. Thus, it is 
conceivable that apoptopodia may contain a unique cytoskel-
etal composition that facilitates protrusion formation before 
breakage to release ApoBDs.

Finally, the functional roles of thin apoptotic membrane 
protrusions like apoptopodia are still yet to be fully defined. 
Nevertheless, the generation ApoBDs via an apoptopodia-
dependent mechanism was recently shown to aid the uptake 
of apoptotic materials by macrophages [33]. Moreover, cell 
disassembly via the formation of apoptopodia could also 
alter the distribution of cellular contents into ApoBDs [45]. 
In addition to the regulation of ApoBD formation, it is pos-
sible that thin apoptotic membrane protrusions may directly 
promote apoptotic vesicle uptake. For example, previously 
so-called microtubule spikes generated by A431 cells were 
suggested to facilitate interactions between apoptotic cells 
and neighbouring phagocytes to promote cell clearance [25]. 
Since apoptopodia can expose the ‘eat-me’ signal PtdSer 
as shown in this study, apoptopodia may also interact with 
surrounding phagocytes as a possible ‘bridging mechanism’ 
to guide the phagocyte to the remaining debris and there-
fore aid apoptotic vesicle uptake. Moreover, whether these 
interactions between the apoptotic cell and phagocyte are 
important to facilitate the cell disassembly process would 
also be of interest to examine. Furthermore, other cellular 
protrusions generated by viable cells can have important 
function in cell motility [2], intercellular communication 
[46] and environment sensing [47]. For example, immune 
cell-derived nanotubes can contain important cell surface 
molecules, such as MHC class I, and these surface molecules 
can be transferred from cell to cell via connecting nanotubes 
[46]. With this in mind, it would be of interest to determine 
the range of surface molecules present on thin apoptotic 
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membrane protrusions like apoptopodia and whether the 
generation of apoptopodia could mediate the transfer of cell 
surface molecules to neighbouring cells. Notably, a num-
ber of studies have demonstrated the ability of ApoBDs to 
aid intercellular communication by transferring cytokines, 
microRNAs, signalling molecules and cell surface recep-
tors to neighbouring cells [48–51]. Thus, the formation of 
apoptopodia could potentially facilitate intercellular commu-
nication via both direct and indirect (i.e. through ApoBDs) 
mechanisms.

Taken together our results presented in this study dem-
onstrate that apoptotic membrane protrusions such as apop-
topodia represent a unique class of membrane protrusions 
which can be generated in the absence of certain cytoskeletal 
components.

Methods

Cell culture

THP-1 monocytes and Jurkat T cells were obtained from 
ATCC. A431 epithelial cells were obtained from Lonza. 
ROCK1−/− (clone 1) Jurkat T cells were previously gener-
ated by CRISPR/Cas9 technology [33]. Jurkat T cells and 
THP-1 monocytes were cultured in complete RPMI media 
(cRPMI) including RPMI 1640 (Life Technologies, 22400-
089), 10% (vol/vol) foetal calf serum (FCS) (Gibco, 10099-
141) and 50 IU/mL penicillin, 50 µg/mL streptomycin mix-
ture (Life Technologies, 15140122). A431 epithelial cells 
were cultured in complete MEM (cMEM) including MEM 
(Lonza), 10% (vol/vol) foetal calf serum (FCS) (Gibco, 
10099-141) and 50 IU/mL penicillin, 50 µg/mL streptomy-
cin mixture (Life Technologies, 15140122), L-glutamine and 
non-essential amino acid (Thermofisher Scientific). All cells 
lines were cultured at 37 °C, 5% CO2.

Isolation of primary mouse monocytes 
and thymocytes

For isolation of primary mouse cells, 6–8 week old C56BL/6 
mice (either male or female) were used under approval of 
AEC15-36, La Trobe University. All experiments were 
approved by the La Trobe University Animal Ethics Com-
mittee in accordance with the National Health and Medi-
cal Research Council Australia code of practice for the care 
and use of animals for scientific purposes. Primary mouse 
monocytes were isolated from the bone marrow using the 
negative selection monocyte isolation kit (MACS Miltenyi 
Biotec), as per the manufactures protocol. To isolate primary 
thymocytes, the thymus was harvested, homogenised and 
filtered through a 70 µm cell strainer to generate a single 
cell suspension.

Induction of apoptosis

To induce apoptosis by UV irradiation, cells were exposed 
to 150 mJ/cm2 UV irradiation using the UV Stratagene 
Stratalinker 1800 (Alient Technologies). Alternatively, to 
induce Jurkat T cells to undergo apoptosis by anti-Fas treat-
ment for flow cytometry-based assays, cells were incubated 
with 250 ng/mL anti-Fas [24]. Approximately ~ 80% of Jur-
kat T cells were apoptotic 4 h post anti-Fas treatment (data 
not shown). Cells were incubated for 4 h at 37 °C, 5% CO2 
unless otherwise specified.

DIC and fluorescence microscopy

For DIC microscopy including time-lapse imaging, 7.5 × 104 
cells were seeded in the wells of a 4 well Nunc® Lab-Tek® 
II chamber Slide system in either cRPMI or 1% BSA/serum 
free RPMI medium. A431 cells were imaged in 1% BSA/
serum free MEM medium. Additionally, for THP-1 analysis, 
wells were precoated with 1% poly-l-lysine (Sigma-Aldrich). 
Apoptosis was induced as above and where specified the fol-
lowing drugs were added: trova (40 µM), cyto-D (10 µM), 
noco (20 µg/mL) and sertraline (15 µM) immediately after 
apoptosis induction. Cell samples were imaged for 4 h at 
37 °C, 5% CO2 unless otherwise specified. Imaging was 
performed using the Zeiss Spinning Disk confocal micro-
scope equipped with a × 63/1.4 oil objective and images 
were acquired every 2 min.

For imaging of actin and tubulin, cells were incubated 
overnight in cRPMI containing 1:1000 SiR-actin or SiR-
tubulin probes (Spirochrome). Cells were then centrifuged 
at 300×g for 5 min and the plasma membrane was stained 
with CD45-FITC (1:150, 20 min, ice) or A5-FITC (1:200, 
10 min, RT). CD45 was used as a plasma membrane marker 
for THP-1 cells as the level of PtdSer exposure on apoptotic 
THP-1 cells during cell disassembly is low (data not shown). 
Apoptosis was induced as described above and where indi-
cated 10 µM cyto-D or 20 µg/mL noco was added prior to 
imaging. Time-lapse confocal microscopy was performed by 
imaging cells every 20 min for 4 h with the Zeiss Spinning 
Disk confocal microscope, using × 63/1.4 oil objective and 
incubation was maintained at 37 °C, 5% CO2. To determine 
F-actin/microtubule rich (SiR-actinhigh/SiR-tubulinhigh) and 
F-actin/microtubule depleted (SiR-actinlow/SiR-tubulinlow) 
apoptotic membrane protrusions, z-stack confocal micros-
copy images were captured using the same microscopy 
settings.

Apoptotic protrusion velocity quantification

DIC confocal microscopy analysis was performed as out-
lined above for THP-1 monocytes or ROCK1−/− Jurkat T 
cells in 1% BSA/serum free RPMI using the Zeiss Spinning 
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disk confocal microscope. Apoptosis was induced as above 
and ROCK1−/− Jurkat T cells were treated with 40 µM trova. 
For Jurkat T cell and THP-1 monocyte analysis, images were 
acquired every 2 min and every 5 min for A431 epithelial 
cells. To determine the average velocity of thin apoptotic 
membrane protrusion formation, membrane protrusion 
extension was measured until protrusions began to retract 
or fragment. Protrusions from approximately 10 cells per 
experiment were quantified to determine the protrusion for-
mation velocity in μm/min. Scatter plot was constructed by 
Graph Pad Prism 7.

3D culture imaging

To image apoptotic membrane protrusion formation within 
a 3D culture, Cultrex® Reduced Growth Factor Basement 
Membrane Matrix (Trevigen) was used. Briefly, 2.5 × 104 
Jurkat T cells, THP-1 monocytes, primary mouse thymo-
cytes and primary mouse monocytes were collected and 
mixed with 10 µL ice cold Cultrex®. The Cultrex®/cell 
suspension was then added directly to the centre of a 8 well 
Nunc® Lab-Tek® II chamber Slide system and incubated 
at 37 °C for 20 min. Next, 200 µL of 2% Cultrex®/cRPMI 
was added to each well and cells were incubated for a fur-
ther 40 min at 37 °C. Apoptosis was induced and imaging 
performed as outlined above.

Flow cytometry

To quantify ApoBD formation in the presence of cytoskel-
etal inhibitors, THP-1 monocytes or Jurkat T cells were pre-
pared in 1% BSA/serum free RPMI. A431 cells were pre-
pared in 1% BSA/serum free MEM. Apoptosis was induced 
as described above and cells were incubated in the respective 
concentration of trova, cyto-D, lactruculin A, noco, deme-
colcine or sertraline (drugs were added immediately after 
induction of apoptosis) for 4 h 37 °C, 5% CO2. Apoptotic 
samples were stained with 1:200 A5-FITC and 0.5 µM TO-
PRO-3 in 1x A5 binding buffer for 10 min, at RT in the 
dark. Samples were then kept on ice and in the dark until 
flow cytometric analysis using the BD FACSCanto II flow 
cytometer (BD Biosciences). Data analysis was performed 
as outlined in Jiang et al. [52], using FlowJo software 8.8.10 
(Tree Star).

CRISPR/Cas9 gene editing

To generate vimentin deficient Jurkat T cells, a doxycy-
cline-inducible sgRNA vector CRISPR/Cas9 system was 
used [33, 53]. Briefly, Jurkat T cells stably expressing Cas9 
endonuclease were generated as previously described [33]. 
Vimentin-specific gRNA sequences exon 2 5′-TCC​CTC​CTA​
CCG​CAG​GAT​GTT​CGG​-3′ and 3′-AAA​CCC​GAA​CAT​CCT​

GCG​GTA​GGA​-5′ were designed using mit.edu.au/CRISPR 
software [54], annealed and ligated into the Fgh1tUTG 
plasmid. Jurkat T cells expressing Cas9 were spin infected 
with lentiviral supernatant containing Fgh1tUTG-vimentin 
sgRNA and mixed population of sgRNA/Cas9 double posi-
tive cells were isolated using FACSAria III cell sorter (BD 
biosciences). Cells were then treated with 1 µg/mL doxycy-
cline where specified for 3 days to generate gene disruption.

Immunoblotting

Immunoblotting was performed to confirm disruption of 
vimentin expression by CRISPR/Cas9, and validate PANX1/
ROCK1 expression and caspase-mediated cleavage. Approx-
imately 1 × 106 cells were induced to undergo apoptosis 
where specified (for A431 cells), as described above. 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 cocktail tablet 
(Roche)], separated by 10–12% SDS-PAGE gel analysis and 
immunoblotted with the following antibodies: anti-vimentin 
(1:1000 clone v9, Santa Cruz), anti-ERK2 (1:1000, clone 
D-2, Santa Cruz), anti-PANX1 (1:1000, clone D9M1C, Cell 
Signalling Technologies) and anti-ROCK1 (1:1000, clone 
H-85, Santa Cruz).

ATP release assay

Approximately 3 × 104 A431 cells were seeded into a 96-well 
microtitre plate. Cells were untreated or treated with UV 
irradiation with or without 40 µM trova as specified. After 
4 h, cell supernatants were collected following centrifuga-
tion at 350×g for 5 min and 300×g for 5 min and transferred 
to a 96-well flat-bottom black plate. ATP was detected by 
a luciferase-based assay, where an equal volume of biolu-
minescence reagent (Roche Diagnostics) was added to each 
sample supernatant and endpoint luminescence was recorded 
on a M5e SpectraMax spectrometer (Molecular Devices). 
ATP concentration in cultured supernatant was determined 
from an ATP standard curve.

Statistical analysis

Data are represented as the mean ± the standard error of the 
mean (SEM). Statistical analysis was performed using a one 
way ANOVA and Tukey post-hoc test or unpaired Students’ 
two-tailed t-test. p-values less than 0.05 were considered to 
be significant.
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