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Abstract

The blebbishield emergency program helps to resurrect apoptotic cancer stem cells (CSCs)
themselves. Understanding the mechanisms behind this program is essential to block resurrection
of CSCs during cancer therapy. Here we demonstrate that endocytosis drives serpentine filopodia
to construct blebbishields from apoptotic bodies and that a VEGF-VEGFR2-endocytosis-p70S6K
axis governs subsequent transformation. Disengagement of RalGDS from E-cadherin initiates
endocytosis of RalGDS and its novel interaction partners cdc42, VEGFR2, cleaved p-catenin, and
PKC-C as well as its known interaction partner K-Ras. We also report novel interactions of
p45S6K (cleaved p70S6K) and PKM-{ with PAK-1 filopodia-forming machinery specifically in
blebbishields. Thus, a RalGDS-endocytosis-filopodia-VEGFR2-K-Ras-p70S6K axis drives the
blebbishield emergency program, and therapeutic targeting of this axis might prevent resurrection
of CSCs during cancer therapy.
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Introduction

Blebbishield formation is fundamental to resurrect cancer stem cells (CSCs) after apoptosis.

Apoptotic CSCs reconstruct apoptotic bodies into blebbishields, which then fuse with one
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another to form stem-cell spheres (transformation)!; however, the cellular and molecular
events underlying the reconstruction of apoptotic bodies into blebbishields and subsequent
transformation from blebbishields are not understood. CSCs have been implicated in
resistance to therapy2. Understanding the mechanisms of blebbishield emergency program is
essential to block resurrection of CSCs during cancer therapy to prevent recurrences.

Mitotic cells resemble apoptotic cells with respect to Golgi fragmentation® ® despite the
survival outcomes of mitotic cells and apoptotic cells are totally different. Mitotic cells
transiently arrest endocytosis during mitosis and resume endocytosis during the reattachment
phase®-9, whereas in apoptotic cells, endocytosis is inactivated’®. Since blebbishields are
capable of survival after apoptosis, blebbishields might use mechanisms similar to mitosis to
enable survival. Recent evidence demonstrates that RalA and RalA binding protein 1
(RalBP1; also known as RLIP76) are necessary for Ras-induced tumorigenesis in human
cells1, where RalBP1 mediates endocytosis!2. RalBP1 is regulated by RalA, which in turn
is super-regulated by RalGDS!3. Furthermore, endocytosis is an inevitable feature of
tumorigenesis4. Hence, endocytosis is a platform that could connect mitotic cells,
blebbishields, and tumorigenesis.

Here we demonstrate that blebbishields and mitotic cells expose their endomembranes, such
as Golgi membranes, at the cell surface and resorb these exposed membranes back to the
perinuclear region by endocytosis (endocytosis in blebbishields is in contrast to apoptosis).
Endocytosis drives novel serpentine filopodia formation which tether and tie apoptotic
bodies together to facilitate blebbishield formation. Inhibiting dynamin-mediated endosome
scission blocks blebbishield formation and promotes apoptotic body formation. On the other
hand, the VEGF-VEGFR2-endocytosis-p70S6K axis is required for blebbishield-mediated
transformation. Apoptotic events release RalGDS and its novel interaction partners cdc42,
VEGFRZ2, cleaved p-catenin, and PKC-{, as well as its previously known interaction partner
K-Ras, from E-cadherin-mediated plasma membrane anchorage to initiate endocytosis in
blebbishields. Furthermore, we detected novel p45S6K (cleaved p70S6K) and PKM-{
(cleaved PKC-{) interactions with PAK-1 filopodia-forming machinery specifically in
blebbishields, explaining formation of serpentine filopodia. Therefore, the RalGDS-
endocytosis-filopodia-VEGFR2-K-Ras-p70S6K axis is essential for blebbishield-mediated
resurrection of CSCs, and therapeutic targeting of this axis might prevent resurrection of
CSCs during cancer therapy.

Results and discussion

Fusogenic membranes from the perinuclear region mediate fusion of blebbishields with
mitotic cells

Mitotic cells resemble apoptotic cells in two major aspects: loss of attachment with adjacent
cells and Golgi fragmentation® ®. However, mitotic cells exhibit more efficient reattachment
to the substratum than apoptotic cells do; hence, blebbishields might use a similar
mechanism to resurrect after apoptosis. Since blebbishields exhibit intense fusion behavior?,
we first examined whether blebbishields can fuse with mitotic cells by simultaneously
tracking the origin of surface membranes of blebbishields and mitotic cells. We tagged the
surface membranes of blebbishields with PKH26 (red) and the surface membranes of mitotic
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cells with PKH67 (green) and allowed the blebbishields and mitotic cells to reattach to the
substratum in co-culture. Interestingly, 70.79% (standard error of the mean [SEM] £1.58%)
of blebbishield-derived cells fused with mitotic cells (Fig. 1a, b). Co-existence of
blebbishield-derived cells and mitosis-derived cells in the same colonies without fusion
demonstrated that the PKH dyes and dye-tagged membranes were not cross-presented to
adjacent cells by any means (Fig. 1a). Importantly, both blebbishield surface membranes and
mitotic-cell surface membranes accumulated at the perinuclear region in reattached cells,
albeit with minor differences in the cisto trans perinuclear distribution (similar to ¢/s-Golgi
to trans-Golgi positions) (Fig. 1c). Time-lapse microscopy revealed vesicular movements
around perinuclear accumulations, suggesting that the PKH-labelled membranes were
transported as vesicles (Supplemental movie S1). Notably, 92.1% (SEM +1.96%) of
blebbishield-derived cells and 88.4% (SEM £2.12%) of reattached mitotic cells exhibited
perinuclear accumulation of PKH-labelled membranes (which had previously been exposed
at the cell surface in blebbishields and in mitotic cells respectively); the remaining cells
exhibited punctate distribution of PKH-labelled surface membranes throughout the
cytoplasm, similar to the distribution of fragmented Golgi vesicles (Fig. 1d).

Serpentine filopodia and box-braid filopodia network provide mechanical force to
construct blebbishields from apoptotic bodies

Unlike classic apoptotic cells, in which cellular contents are packed under the plasma
membrane into apoptotic bodies, early-stage blebbishields displayed two distinct types of
apoptotic bodies, one with a rough plasma membrane surface and the other with a relatively
smooth endomembrane surface (Fig. 2a, subpanel 1). Interestingly, in early-stage
blebbishields, both of these types of apoptotic bodies were tethered by long (>5 um), stout
(~0.25 um in diameter), serpentine filopodia (Fig. 2a, subpanels 2 and 3, and Fig. 2b).
Serpentine filopodia of blebbishields differed from previously described long filopodial®: 16
in that serpentine filopodia possessed a bulb (Fig. 2a, subpanels 2 and 3, and Fig. 2b,
subpanels 1 and 2), which might supply the cytoskeletal and energy components needed to
extend and operate the serpentine filopodia. The serpentine filopodia tethering adjacent
apoptotic bodies in early-stage blebbishields were twisted on each other to form box-braid
filopodia (Fig. 2b, subpanels 1 and 3) and formed box-braid filopodia network to cover the
surface of the apoptotic bodies (Fig. 2b, subpanel 3). The finding of serpentine filopodia tied
around apoptotic bodies (Fig. 2b, subpanel 2) indicated that serpentine filopodia provided
mechanical strength to hold the apoptotic bodies together by apposition. Filopodia formation
is one of the early steps of membrane fusion between cells 17 where filopodia probe the
environment to find target membranes and form adherent junctions by “adhesion-zippers” to
facilitate fusion 16 18, Adhesion-zippers are anti-parallel filopodia pairs from adjacent cells
with B-catenin-a-catenin linkers between surface E-cadherin and the internal actin
cytoskeleton 18, Serpentine filopodia differed from adhesion-zippers in that serpentine
filopodia formed box-braid filopodia (not anti-parallel), formed box-braid filopodia
networks, and also possessed bulbs. In contrast to early-stage blebbishields, late-stage
blebbishields had relatively smoother surfaces with less or no endomembrane exposure and
had microvilli (shorter filopodia, <1 um in length) (Fig. 2c). These data strongly supported a
mechanical role of filopodia in constructing blebbishields from apoptotic bodies.
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Endocytosis mediates surface-to-perinuclear trafficking of exposed endomembranes in
blebbishields and mitotic cells

Interestingly, endocytosis is known to drive filopodia formationl®. Hence, endocytosis might
help to resorb endomembranes as well as promote filopodia formation as a positive feed-
forward loop. To test this concept, we first examined the extent of endocytosis in
blebbishields and mitotic cells using PKH26 and PKH67, respectively, as membrane tracers.
In live blebbishields, a 5-min pulse with PKH26 led to rapid accumulation of PKH26-
labelled membranes in the blebbishield interior, whereas in fixed blebbishields, after a 5-min
pulse with PKH26, the PKH26-labelled membranes were largely restricted to the
blebbishield surface, indicating the existence of robust endocytosis in live blebbishields (Fig.
3a). On the other hand, live mitotic cells (nocodazole arrested) had uniform surface labelling
of PKH67, indicating less or no endocytosis in mitotic cells (Fig. 3b). This finding is in
agreement with the fact that mitotic cells transiently arrest endocytosis during mitosis and
resume endocytosis during the reattachment phase2°. To rule out the possibility that use of
nocodazole to arrest mitotic cells impeded endocytosis by targeting the cytoskeletal network,
we genetically labelled the Golgi membranes of 293T cells and studied the surface
localization and fusion behavior of these Golgi membranes in mitotic cells. During
metaphase, Golgi membranes were distributed at both the cell surface and cell interior,
whereas during telophase, Golgi membranes were predominantly localized at the cell
surface and at the cleavage furrow (Fig. 3c). Interestingly, 293T mitotic cells at telophase
exhibited fusion with adjacent mitotic cells at telophase by forming fusion furrow,
demonstrating that the fusogenic behavior of mitotic cells is derived from Golgi membranes
(Fig. 3c). This finding agrees with the previously reported finding that mitotic cells at
telophase and anaphase attached to each other, with filopodia and desmosomes shown by
transmission electron microscopy 21. We further found that 90.68% (SEM +0.35%) of
blebbishields derived from RT4P cells (human bladder cancer cell origin) fused with 293T
mitotic cells (human kidney cell origin), demonstrating that blebbishields were able to fuse
with mitotic cells from a different tissue of origin (Fig. 3d).

Inhibition of endocytosis or Golgi reassembly abrogates blebbishield formation and
transformation from blebbishields

Endocytosis is known to drive filopodia formation®. To confirm that endocytosis is required
for blebbishield formation, we used dynasore, which inhibits the scission of endocytic
vesicles from the plasma membrane by inhibiting dynamin to block endocytosis?2: 23, We
generated blebbishields by treating RT4v6 cells with TNF-a in combination with Smac
mimetic TL-32711 for 7 hr in the presence or absence of dynasore (we previously reported
that the combination of TNF-a and Smac mimetic induces apoptosis in RT4v6 cells 24 25),
Inhibition of endocytosis increased apoptotic body formation by 191% (SEM £13.4%) than
the number of apoptotic bodies formed in control cells (Fig. 4a). Furthermore, inhibition of
endocytosis inhibited blebbishield formation in RT4P cells (Supplemental movie S2).

We next examined whether Golgi integrity/reassembly inhibitors or dynasore could
influence transformation from blebbishields. For this purpose, we used Golgi integrity
inhibitors and endosomal traffic inhibitors N-ethylmaleimide 26 and brefeldin-A 27 and
endocytosis inhibitor dynasore to test sphere formation (transformation) from blebbishields.
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Interestingly, N-ethylmaleimide, brefeldin-A, and dynasore were all able to completely
abolish sphere formation from blebbishields (Fig. 4b). Notably, NEM was able to inhibit
reattachment of both blebbishields and mitotic cells, demonstrating that blebbishields and
mitotic cells use a similar mechanism for reattachment (Fig. 4b). Taken together, these data
demonstrated that endocytosis-driven filopodia formation is necessary to construct
blebbishields from apoptotic bodies and to override apoptotic body formation (Fig. 4e) and
that Golgi reassembly is required for transformation.

VEGF signaling drives transformation from blebbishields

We previously implicated VEGF signaling in transformation from blebbishields®. Here we
examined whether VEGF signaling is required for transformation from blebbishields.
Exogenous VEGF-A enhanced transformation from RT4P derived blebbishields by 42%
(SEM £7.3%) in the presence of FBS (Fig. 4c) (FBS contains VEGF-A; see Fig. 4d). FBS
withdrawal reduced transformation from blebbishields by 92.7% (SEM %0.84%), whereas
exogenous VEGF-A in the absence of FBS rescued transformation by 46% more (SEM
+2.1%) compared to 7.3% in the FBS withdrawn condition (Fig. 4c). Furthermore,
neutralizing antibodies against VEGF-A and VEGFR2 reduced transformation from
blebbishields by 97.5% (SEM +0.7%) and 65.8% (SEM £0.5%), respectively (Fig. 4c),
demonstrating that VEGF signaling drives transformation from blebbishields. However,
VEGF neutralizing antibody could not inhibit or slow down reattachment of trypsinized
RT4P cells, demonstrating that the role of VEGF signaling in attachment is specific to
blebbishields (Supplemental movie S3). Furthermore, phorbol-myristic acetate (PMA)
enhanced recovery from the transformed sphere phase to polarized cancer cells and
augmented VEGF-A autocrine production (Fig. 4d and Supplemental movie S4). Taken
together, these data demonstrated that transformation from blebbishields is driven by VEGF
signaling (Fig. 4e).

VEGFR2 and syntaxin-6 colocalize with internalized PKH26-labelled blebbishield surface

membranes

VEGFR?2 is a major signal transduction receptor for VEGF-A. VEGFR2 shuttles between
the plasma membrane and the trans-Golgi-network with the help of syntaxin-6 28, Hence, we
examined the localization of VEGFR2 and syntaxin-6 in intact RT4P cells. We found that
they co-localized at the perinuclear region (Fig. 5a). Immunofluorescence analysis revealed
that VEGFR2 was internalized in late-stage blebbishields and syntaxin-6 was localized
throughout the blebs in early-stage blebbishields (Fig. 5b). We further confirmed that
VEGFR?2 and syntazin-6 colocalized with PKH-26 labelled membranes in transformed
spheres by lipo-immunofluorescence analysis (Fig. 5¢). These results confirmed that
VEGFR?2 is trafficked from the blebbishield surface to the trans-Golgi network at the
perinuclear region by endocytosis (PKH data from Fig. 1 compared to Fig. 5c).

Endocytosis of VEGFR2 and B-catenin is triggered by disengagement of RalGDS from E-

cadherin

Although the data so far demonstrated the role of VEGF signaling and endocytosis in
blebbishield formation and transformation from blebbishields, the molecular drivers were
elusive. To track the molecular drivers, we looked for common regulators of endocytosis,
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filopodia formation, VEGFR2 signaling, PMA signaling, tumorigenesis, cell fusion, and
transformation. RalGDS-RalA-RalBP1 signaling regulated most of these processes,
including Ras-induced tumorigenesis'!: 29, endocytosis!?, filopodia formation3% 31, and
membrane fusion by fusogenic lipid synthesis32, although it did not regulate VEGFR2
signaling or PMA signaling. Hence, we examined the links between these multiple processes
using RalGDS interaction assay in blebbishields, mitotic cells, and non-blebbishield cells
(blebbishield depleted cells).

In RT4P cells, we identified five novel constitutive interactions of RalGDS-RBD (Ral
binding domain) with cdc42 (filopodia initiator'6), PKC-( (filopodia regulator, a link
between VEGF and PMA to regulate polarity33 34), internal but not surface VEGFR2
(surface VEGFR2 is heavily glycosylated and hence is larger than 230 kDa 1), E-cadherin
(cell adhesion regulator3®), and full-length and caspase-3 cleaved B-catenin (a transcription
factor that can transcribe VEGF and also links E-cadherin with p120 catenin and
cytoskeleton3%: 36), We also detected a constitutive interaction of RalGDS-RBD with K-Ras,
a transformation and tumorigenesis driver3”: 38 previously known to interact with

RalGDS 39, However, in blebbishields, RalGDS-RBD selectively lost interactions with E-
cadherin and full-length p-catenin (Fig. 6a).

K-Ras, B-catenin, and VEGFR2 are well-known regulators of transformation, VEGF
transcription, and VEGFR2 transcription respectively3®: 40, Hence, we propose a model (Fig.
6b) in which RalGDS, along with its interaction partners K-Ras, PKC-{, VEGFR2, cdc42,
and B-catenin, is constitutively anchored to E-cadherin at the plasma membrane in a locked
state and in which apoptotic caspase-3-mediated cleavage of B-catenin (and possibly a/p120-
catenin) releases RalGDS and its interaction partners to proceed with the downstream RalA-
RalBP1 endocytic/tumorigenic cascade. Taken together, these data demonstrated why
blebbishields exhibit robust endocytosis and how endocytosis may stimulate VEGF
autocrine signaling to strengthen VEGF-mediated transformation from blebbishields.

Cleavage of p70S6K and PKC-( generates p45S6K and PKM-( to facilitate serpentine
filopodia formation initiated by cdc42 and PAK-1

Although we found that cdc42 interacts with RalGDS during the endocytosis cascade, it is
not known what drives the formation of blebbishield-specific serpentine filopodia. To answer
this question, we examined specific interactions of filopodia regulators with PAK-1-CRIB
domain and cdc42, two key elements of the filopodia formation. We found that p45S6K
(caspase-3-cleaved p70S6K) and PKM-{ (cleaved PKC-{) interacted with the PAK-1-CRIB
domain specifically in blebbishields (Fig. 6¢ and 6d). In the case of p70S6K, the caspase-3
cleavage site was previously identified as an unorthodox TPVD site*!. We found a PVD site
in PKC-{ similar to the p70S6K TPVD site. Caspase-3 cleavage can result in the generation
of constitutively active kinases of p45S6K and PKM-( because of the removal of their auto-
inhibitory domains (Fig. 6e). Interestingly, PKC-{ and p70S6K are known to regulate
filopodia®2: 43, Hence, it is conceivable that p45S6K and PKM- interaction with PAK-1-
CRIB domain and cdc42 regulates formation of specialized serpentine filopodia. On the
other hand, p70S6K is known to regulate translation and VEGF expression by
phosphorylating ribosomal S6 proteins#4. Blebbishields retain phosphorylated ribosomal S6
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proteins, and inhibiting S6Ks using BI-D1870 abrogated transformation from blebbishields
(Fig. 6f). Taken together, these data demonstrated that filopodia formation and protein
translation are vital for blebbishield formation and transformation from blebbishields.

Concluding remarks

Resumption of endocytosis is the key aspect well played by mitotic cells’. Our findings here
demonstrate that in apoptotic cells, endocytosis leads to the formation of blebbishields to
initiate resurrection (Fig. 7). Although rounding-off in mitotic cells and pyknosis in
apoptotic cells are known to result in loss of E-cadherin-mediated cell-cell contacts, we
found no detectable endocytosis in freshly isolated mitotic cells (Fig. 3b and 3c), suggesting
that this loss of cell-cell contacts might not trigger endocytosis. Hence, endocytosis must be
initiated after loss of RalGDS—-E-cadherin interaction. In support of this notion, only cells in
late stages of mitosis, such as anaphase to telophase, exhibited fusion (Fig. 3c). We conclude
that in mitotic cells, transient arrest of endocytosis promotes accumulation of
endomembranes (such as Golgi membranes) at the cell surface, whereas in apoptotic cells,
blebbing brings endomembranes to the cell surface. Golgi membranes are well known for
their fusion behavior, especially during reassembly of the Golgi apparatus after mitosis®®.
Fusion behavior of blebbishields and mitotic cells is indeed regulated by Golgi membranes,
as indicated by our findings such as, fusion of blebbishields with mitotic cells with PKH-
labelled membranes accumulated at perinuclear region, fusion of mitotic cells to each other
with their Golgi membranes exposed at the surface, co-localization of VEGFR2 with PKH
labelled membranes with trans-Golgi network marker syntaxin-6 and inhibition of
blebbishield-mediated transformation with the use of drugs affecting Golgi integrity.

Initiation of endocytosis in blebbishields is explained by the loss of RalGDS interaction with
full-length B-catenin and E-cadherin. E-cadherin, a-catenin, and B-catenin are well known to
anchor the cytoskeleton with the plasma membrane. Hence, it is conceivable that RalGDS
and the identified novel and known interaction partners are anchored to the plasma
membrane by catenin—E-cadherin interaction. Loss of RalGDS interaction with E-cadherin
and full-length B-catenin can release RalGDS from E-cadherin lock to initiate endocytosis
because RalGDS downstream effectors RalA and RalBP1 are bona fide endocytosis
regulators also required for tumorigenesis from Ras!! (Fig. 7). Our identification of K-Ras—
RalGDS-RBD interaction in blebbishields further supports this notion. While we showed
that VEGF signaling drives transformation from blebbishields, our identification of internal
VEGFR?2 interaction with RalGDS further demonstrates that VEGFR2 transduces signals
through a RalGDS-RalA-RalBP1-K-Ras axis to regulate transformation from blebbishields

(Fig. 7).

Formation of filopodia to construct blebbishields from apoptotic bodies is explained by the
fact that endocytosis drives filopodia formation1® and filopodia formation is essential for
membrane fusion’. Our identification of cdc4?2 interaction with RalGDS further strengthens
this concept that filopodia formation and endocytosis are co-regulated by RalGDS. We
attribute PAK1-CRIB interaction with p45S6K, PKM-{, and filopodia initiator cdc42 during
blebbishield formation to the reason behind serpentine filopodia formation to provide a
mechanical role in the construction of blebbishields from apoptotic bodies. Caspase-3 is
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known to cleave-off p70S6K auto-inhibitory domain®! to generate constitutively active
p45S6K and hence might play a role in generation of constitutively active PKM-{ from
PKC-{ as it has a similar PVD site (Fig. 6e).

Together, our findings demonstrate that endocytosis is required for blebbishield formation
after apoptosis through serpentine-filopodia-mediated apposition of apoptotic bodies to
facilitate membrane fusion and that a RalGDS-endocytosis-filopodia-VEGF-VEGFR2-K-
Ras-cdc42-p70S6K axis drives the blebbishield emergency program (Fig. 7).

Materials and methods

Cells, cell maintenance, and blebbishield isolation

Plasmids

Reagents

Human RT4 bladder cancer cells (American Type Culture Collection; HTB-2, referred to as
RT4 parental [RT4P] in this study) and RT4v6 cells (described previouslyl) were cultured in
MEM with 10% fetal bovine serum, L-glutamine, pyruvate, nonessential amino acids,
vitamins, penicillin, and streptomycin. 293T cells were maintained in 10% DMEM and
experimented in MEM for fusion assays. Blebbishields were isolated as described
previously! with blebbishield ejection medium containing 1 pM cisplatin and 20 mM
lithium chloride.

Bacterial expression plasmid pGEX-RalGDS-RBD#*¢ (C-terminal 97 residues) was a gift
from Dr. Lawrence A. Quilliam, Indiana University School of Medicine, Indiana, USA.
Bacterial expression plasmid pGEX-PAK1-CRIB*’ was a gift from Dr. Philippe Chavrier,
Institut Curie, Paris, France. The pGEX-4T control plasmid was a gift from Dr. Santosh
Chauhan, the University of New Mexico, USA.

Eukaryotic expression plasmid pcDNA3-Golgi-CFP*8 (Addgene: 14873) was a gift from Dr.
Alexandra C. Newton, University of California San Diego, California, USA.

Nocodazole (M1404), PKH67 (green) (PKH67GL-1KT), PKH26 (red) (PKH26GL-1KT),
brefeldin-A (B7651, used at 5 ug/ml), N-ethylmaleimide (E3876, used at 50 pM), LiCI2
(L-4408), PMA (used at 100 nM; P8139), and dynasore (D7693, used at 100 pM) were
purchased from Sigma. TNF-a (210-TA) (used at 17 ng/ml), VEGF (used at 19 ng/ml; 293-
VE), and neutralizing antibodies to VEGF (used at 1 pg/ml; MAB293) and VEGFR2 (used
at 1 ug/ml; MAB3572) were purchased from R&D Systems. Smac mimetic TL-32711
(A-1901) (used at 100 nM) was purchased from Active Biochem (Maplewood, NJ, USA).
Cisplatin (NDC 0015-3220-22) was purchased from Bristol Laboratories (Princeton, NJ,
USA). Antibodies to VEGF (for WB: Sc-7269), PKC-{ (Sc-17781), K-Ras (Sc-30), and
VEGFR?2 (for WB: Sc-504) were purchased from Santa Cruz Biotechnology. Antibodies to
E-cadherin (3195), p70S6K (2708), phospho-S6 ribosomal protein (Ser-235/236) (2211), S6
ribosomal protein (2317), syntaxin-6 (2869), and cdc42 (2466) were purchased from Cell
Signaling Technology. Antibody to -catenin (610153) was purchased from BD
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Transduction Laboratories. BI-D1870 (used at 5 pM; S2843) was purchased from
Selleckchem (Houston, TX, USA).

Apoptotic body counting
For counting of individual apoptotic bodies, RT4v6 cells were treated with 100 nM
TL-32711 and 17 ng/ml TNF-a with or without 100 pM dynasore. At 7 hr after treatment,
the apoptotic bodies were counted.

Transient transfection

HEK-293T cells were transiently transfected with Golgi-CFP plasmid using the calcium
phosphate-BES method as described previously 4°, and the cells were imaged for mitotic
figures at 24 hr after DNA addition. CFP fluorescence was pseudocolored to red.

Preparation of mitotic cells

RT4 cells (1x107) were arrested at mitotic phase using 400 ng/ml nocodazole treatment for 4
hr (longer incubations may induce apoptosis) in 15 ml of 15% FBS containing MEM, and
the mitotic cells were then collected by the “mitotic shake-off” method>C.

Blebbishield—mitotic cell fusion assays and tracking of surface membranes

Blebbishields and mitotic cells were isolated in parallel and were washed with 10 ml of
serum-free MEM at 1200 rpm for 3 min and resuspended in diluent-C of PKH membrane
linker kits. Blebbishields were linked with PKH26 (red) and mitotic cells were linked with
PKH67 (green) for 5 min. The remainder of the staining procedure was done according to
the manufacturer’s instructions. The PKH-linked blebbishields and mitotic cells were mixed
in equal proportions (1:1) in complete MEM and were plated in 6-well plates and imaged at
16-24 hr.

Scanning electron microscopy of blebbishields, 2D imaging, and time-lapse microscopy

Scanning electron microscopy of blebbishields and 2D and time-lapse imaging studies were
performed as described previously?. To evaluate endocytosis of PKH26-stained membranes,
blebbishields were quick-fixed (4% paraformaldehyde + 0.3% glutaraldehyde in PBS for 15
min at room temperature), washed with PBS thrice and with diluent-C once, stained with
PKH26 (red), and imaged.

Time-lapse imaging
To evaluate the role of endocytosis in blebbishield formation, RT4P cells were treated with
100 uM dynasore in blebbishield ejection medium, and the apoptotic cells were subjected to
time-lapse imaging for observation of fusion events. To evaluate vesicle trafficking,
blebbishields were labelled with PKH26 and allowed to form spheres for 16 h. The spheres
were then subjected to time-lapse imaging. To evaluate the effect of VEGF on cell
attachment after trypsinization, RT4P cells were trypsinized and incubated with or without
rh-VEGF (19 ng/ml) containing complete MEM and subjected to time-lapse imaging. To
evaluate the effect of PMA on polarization of spheres, spheres were generated from
blebbishields for 16 h and subjected to time-lapse imaging after addition of 100 ng/ml PMA.
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Lipo-immunofluorescence of spheres

Blebbishields were isolated and washed with serum-free MEM, and the surface membrane
lipids were linked with PKH26 for 5 min in diluent-C. Excess PKH26 was then washed off,
and blebbishields were allowed to form spheres in 12-well plates for 16 h. Unattached
blebbishields were washed off using serum-free MEM, and attached spheres were fixed
using 4% PFA in PBS at room temperature for 20 min. The spheres were then processed for
immunofluorescence to identify co-localization of VEGFR2 or syntaxin-6 with PKH26-
labelled membranes.

Immunofluorescence of blebbishields and RT4P cells

Blebbishields were isolated as described above, or cells in 24-well plates were washed with
PBS and fixed using 4% PFA in PBS for 20 min at room temperature, washed with PBS
thrice (pelleted at 500 rpm for 2 min for blebbishields), blocked with 1% BSA in PBS with
0.3% tritin-X100 for 30 min, and incubated in primary antibodies (in blocking buffer) for 1
hr at room temperature. Blebbishields or cells were washed with PBS thrice and incubated
with secondary antibodies conjugated with Alexa-555 or Alexa-488 for 1 hr at room
temperature. Blebbishields or cells were washed with PBS and then imaged.

Blebbishield-mediated transformation (sphere formation) assays

Blebbishields were isolated from RT4P cells and allowed to form spheres in 6-well plates in
the presence or absence of various agents in complete MEM as indicated in the figures for
16-24 hr. The floating cells were washed off, and the attached spheres were counted by
scanning the well from end to end.

For VEGF and VEGFR2 neutralizing antibody tests, 1 pg/ml of each antibody was used per
100,000 blebbishields/ml during sphere formation phase (higher blebbishield density
requires more antibodies).

GST-PAK-1-CRIB and GST-RalGDS-RBD pulldown assays

DH5a strains were transformed with pGEX constructs; induced with 1 mM IPTG (16758;
Sigma) for 4 h at 37°C; lysed using sonication (output: 8; 15-second bursts, twice) in
bacteria lysis buffer (20 mM HEPES [pH 7.5], 120 mM NaCl, 10% (v/v) glycerol, 2 mM
EDTA, 1 mM DTT, 0.5% NP-40, 1x-protease inhibitor cocktail, and 1 mM PMSF); clarified
at 13,000 rpm for 10 min; bound to glutathione sepharose-CL4B for 1 hr at 4°C; washed 6
times using bacteria lysis buffer; and then incubated with 200 pg/200 ul lysates prepared in
whole cell lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA, 25 mM
NaF, 1% Triton-X 100, 1% NP-40, 0.1 mM NagVOy, 12.5 mM B-glycerophosphate, 1 mM
PMSF, and 1x-complete protease inhibitor cocktail) + 200 ul of magnesium-containing lysis
buffer (25 mM HEPES [pH 7.5], 150 mM NaCl, 1% (v/v) NP-40, 0.25% (w/v) sodium
deoxycholate, 10% glycerol, 20 mM MgCI2, 1 mM EDTA, 1x-protease inhibitor cocktail,
and 1 mM PMSF) for 1 hr at 4°C. Pulldown complexes were washed 4 times with
magnesium-containing lysis buffer before being subjected to SDS-PAGE and
immunoblotting. The protein interactions from this publication have been submitted to IMEXx
consortium (http://www.imexconsortium.org) through IntAct °1 and assigned the identifier
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IM-24378 (EBI-11165786, EBI-11165886, EBI-11165907, EBI-11165919, EBI-11165949,
EBI-11165963, EBI-11165989, EBI-11166003, EBI-11166025, EBI-11166037).

Western immunoblotting

Cells/blebbishields were lysed using whole cell lysis buffer (described in the preceding
section on GST-pulldown assays) for 40 min with vortexing every 10 min. The lysates were
clarified at 13,000 rpm for 10 min, quantified using BCA assay, and subjected to SDS-PAGE
and transfer to nitrocellulose membrane before probing with antibodies. The signals were
developed using enhanced chemiluminescence.

Statistical analyses

Statistical analyses were performed using Microsoft Excel 2010. Statistical significance was
determined on the basis of Student’s #test with two-tailed distribution and two-sample
unequal variance, and Pvalues below 0.05 were considered significant. Error bars represent
SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fusogenic membranes from the perinuclear region mediate fusion of blebbishieldswith
mitotic cells

a, Surface membranes of blebbishields and mitotic cells labelled with PKH dyes
accumulated at the perinuclear region after reattachment to the substratum. Arrows indicate
fusion of blebbishields with mitotic cells. DIC, differential interference contrast. b,
Quantification of blebbishield—mitotic cell fusion. n, number of colonies. ¢, Blebbishield
surface membranes were restricted to the #rans perinuclear region, whereas mitotic-cell
surface membranes occupied both the c/sand frans perinuclear regions (arrowheads). DIC,
differential interference contrast. d, Blebbishield and mitotic-cell surface membranes
exhibited fragmentation and perinuclear reassembly phenotypes similar to those of Golgi
membranes.
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Fig. 2. Early-stage blebbishields are formed by serpentine and box-braid filopodia, whereasin
late-stage blebbishields, filopodia are reduced to microvilli

al, Scanning electron microscopy of early-stage blebbishields showed two distinct types of
apoptotic bodies (AB), one type with endomembranes (EM) and the other with a plasma
membranes (PM). a2-3, Serpentine filopodia (SF) with a filopodial bulb (FB) provided
initial contact between apoptotic bodies (AB). b1-3, Serpentine filopodia (SF) with a
filopodial bulb (FB) formed box-braid filopodia (BBF), formed a BBF network (BFN), and
tied apoptotic bodies (AB) together to provide mechanical support for blebbishield
construction. MV, microvilli. c1-3, Late-stage blebbishields had fewer or no serpentine or
box-braid filopodia but had smaller microvilli (MV).
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Fig. 3. Blebbishieldsrapidly internalize fusogenic membranes and mitotic cells fuse to each other
using surface-exposed Golgi membranes

a, Live blebbishields internalized labelled surface membranes (arrowheads), but fixed
blebbishields did not. Note the labelling is restricted to the surface (arrows). DIC,
differential interference contrast. b, Nocodazole-arrested mitotic cells did not internalize
surface membranes. ¢, Genetic labelling of Golgi membranes using Golgi-CFP revealed that
they were exposed to the cell surface (arrows) during metaphase and telophase in untreated
293T mitotic cells and underwent fusion during telophase. CF, mitotic cleavage furrow; FF,
fusion furrow. DIC, differential interference contrast. d, 293T mitotic cells were capable of
fusion with blebbishields derived from RT4P cells. n, number of colonies.
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Fig. 4. Endocytosis, VEGF signaling, and Golgi integrity drive blebbishield formation and
transfor mation from blebbishields

a, Blocking endocytosis by dynasore promoted formation of individual apoptotic bodies and
prevented formation of blebbishields (also see Supplemental movie S2). BS, blebbishields;
AB, apoptotic bodies. b, (Left panel) Inhibitors of endocytosis and Golgi integrity blocked
transformation from blebbishields. NEM, N-ethylmaleimide; BFA, brefeldin-A. (Right
panel) NEM blocked reattachment of both blebbishields (PKH26 [red]) and mitotic cells
(PKH67 [green]) to substratum. c, (Left panel) Isolated blebbishields formed more spheres
with exogenous VEGF. (Middle panel) Serum withdrawal reduced transformation from
blebbishields, and exogenous VEGF rescued transformation. (Right panel) Addition of 1
ug/mL neutralizing antibodies (N-Ab) to VEGF or VEGFR2 blocked transformation from
blebbishields in 10% MEM. d, (Photomicrograph) Phorbol-myristic acetate (PMA)
accelerated polarization of cells from blebbishield-transformed spheres (also see
Supplemental movie S4). (Right panel) PMA enhanced VEGF secretion detected by Western
blotting of conditioned media. Note that VEGF is present in FBS of MEM (lane-1). e,
Schematic showing how endocytosis drives blebbishield formation. The status of Golgi
fragmentation is depicted in blue. AGC, apoptotic-Golgi clusters; SG, surface Golgi
membranes. Note: Though Golgi membranes are at the surface of blebbishields (based on
PKH26 staining), transmission electron microscopy indicates that internally, Golgi remains
as AGC L.
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Fig. 5. VEGFR2 undergoes endocytosisin blebbishields, and internalized VEGFR2 colocalizes

with PKH26-labelled lipid membranesin transformed spheres

a-b, Double immunofluorescence analysis of VEGFR2 and syntaxin-6 (trans-Golgi-network
marker) showed their co-localization at the perinuclear trans-Golgi-network (arrows) in non-
apoptotic cells (a). Immunofluorescence analysis of VEGFR2 and syntaxin-6 and in freshly

fixed blebbishields; internalized VEGFR2 is marked by arrows (b). c, Lipo-

immunofluorescence analysis of VEGFR2 and syntaxin-6 co-localization with PKH26-

labelled blebbishield surface membrane lipids (internalized in spheres; co-localization

marked by arrows). DIC, differential interference contrast.
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Fig. 6. Novel protein interactionsreveal regulators of endocytosis and filopodia formation in
blebbishields

a, GST pulldown using RalGDS-RBD as bait showed constitutive interactions of cdc42,
PKC-{, K-Ras, full-length and cleaved p-catenin, and internal VEGFR2 with E-cadherin in
RTA4P cells; interactions with E-cadherin and full-length p-catenin were lost in blebbishields.
Note: The blebbishield lane and blebbishield (BS)-depleted cells lane are fractions of the
blebbishield ejection (BE) medium lane. b, Proposed model of E-cadherin-mediated locked
state and how caspase-3 cleavage of -catenin could release RalGDS and interaction partners
from E-cadherin-mediated lock. Cl., cleaved. c, Selective interaction of p45S6K (caspase-3-
cleaved p70S6K) and PKM-{ (cleaved PKC-{) with PAK-1-CRIB domain along with
filopodia initiator cdc42. Cl., cleaved; iso, isoform. d, Caspase-3-mediated cleavage of
p70S6K and PKC-( to generate p45S6K and PKM-{ to generate serpentine filopodia. e,
Mapping caspase-3 cleavage site PVD in p70S6K and PKC-{ to generate constitutively
active form devoid of auto-inhibitory domain (AID) but with intact kinase domain (KD/
PKD). The epitopes for the corresponding antibodies are also shown to explain why these
antibodies are capable of detecting p45S6K and PKM-C. f, Western blotting showing that
blebbishields retain phosphorylation of ribosomal S6 protein, a target of p70S6K (left).
Isolated RT4P blebbishields form spheres (indicating transformation), and inhibition of S6K
with BI-D1870 abolishes transformation from blebbishields (right). Cl., cleaved; Ph.,
phosphorylated; Tot., total.

N-terminal epitope for p70S6K antibody
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Fig. 7. Schematic showing how endocytosis, filopodia, VEGF/VEGFR2 regulate membrane
traffic to execute the blebbishield emergency program

Left panel depicts the cellular level aspects of the blebbishield emergency program whereas
right panel depicts organelle, and molecular-level events of the blebbishield emergency
program. Molecules listed within yellow boxes are demonstrated to interact with the
molecules identified by black boxes within. Red lines indicate events leading to either
apoptosis or blocking survival whereas black lines indicate survival paths. NEM, N-
ethylmaleimide; TGN, trans-Golgi network; BFA, brefeldin-A; Nab, neutralizing antibody;
Cl. B-catenin, cleaved p-catenin; PMA, phorbol-myristic acetate; PTM, ER, endoplasmic
reticulum; PM, plasma membrane; post-translational modification.

Cell Death Discov. Author manuscript; available in PMC 2016 May 23.



	Abstract
	Introduction
	Results and discussion
	Fusogenic membranes from the perinuclear region mediate fusion of blebbishields with mitotic cells
	Serpentine filopodia and box-braid filopodia network provide mechanical force to construct blebbishields from apoptotic bodies
	Endocytosis mediates surface-to-perinuclear trafficking of exposed endomembranes in blebbishields and mitotic cells
	Inhibition of endocytosis or Golgi reassembly abrogates blebbishield formation and transformation from blebbishields
	VEGF signaling drives transformation from blebbishields
	VEGFR2 and syntaxin-6 colocalize with internalized PKH26-labelled blebbishield surface membranes
	Endocytosis of VEGFR2 and β-catenin is triggered by disengagement of RalGDS from E-cadherin
	Cleavage of p70S6K and PKC-ζ generates p45S6K and PKM-ζ to facilitate serpentine filopodia formation initiated by cdc42 and PAK-1
	Concluding remarks

	Materials and methods
	Cells, cell maintenance, and blebbishield isolation
	Plasmids
	Reagents
	Apoptotic body counting
	Transient transfection
	Preparation of mitotic cells
	Blebbishield–mitotic cell fusion assays and tracking of surface membranes
	Scanning electron microscopy of blebbishields, 2D imaging, and time-lapse microscopy
	Time-lapse imaging
	Lipo-immunofluorescence of spheres
	Immunofluorescence of blebbishields and RT4P cells
	Blebbishield-mediated transformation (sphere formation) assays
	GST-PAK-1-CRIB and GST-RalGDS-RBD pulldown assays
	Western immunoblotting
	Statistical analyses

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

