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Recombinant protein rVP1 upregulates
BECN1-independent autophagy, MAPK1/3
phosphorylation and MMP9 activity via
WIPI1/WIPI2 to promote macrophage migration
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phenylindole; FBS, fetal bovine serum; HEPES, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid; LC3, microtubule-associated

protein 1 light chain 3; MAPK1/3, mitogen-activated protein kinase 1/3 (ERK1/2); MMP, matrix metalloproteinase; PtdIns3K,

class III phosphatidylinositol-3 kinase; PtdIns3P, phosphatidylinositol-3-phosphate; rVP1, recombinant capsid protein VP1; SDS,

sodium dodecyl sulfate; SQSTMI, sequestosome-1/p62; UVRAG, ultraviolet irradiation resistance-associated gene; WIPL, WD
repeat domain, phosphoinositide-interacting; WST, water-soluble tetrazolium; Z18, CIBHWCINZOS-HCI

The monocyte/macrophage is critical for regulating immune and antitumor responses. Recombinant capsid protein
VP1 (rVP1) of foot-and-mouth disease virus induces apoptosis and inhibits migration/metastasis of cancer cells. Here,
we explored the effects of rVP1 on macrophages. Our results showed that rVP1 increased LC3-related autophagosome
formation via WIPIT and WIPI2 in a BECN1-independent manner.rVP1 treatmentincreased macrophage migration that was
attenuated by knockdown of ATG5, ATG7, WIPI1 or WIPI2 and was abolished when both WIPI1 and WIPI2 were depleted.
Treatment of macrophages with rVP1 increased matrix metalloproteinase-9 (MMP9) activity and phosphorylated
mitogen-activated protein kinase 1/3 (MAPK1/3), two major mediators of cell migration. Knockdown of WIPI1, WIPI2,
ATG5 and ATG7 but not BECN1 attenuated the rVP1-mediated increase in MAPK1/3 phosphorylation and MMP9 activity.
These results indicated that rVP1 upregulated autophagy, MAPK1/3 phosphorylation and MMP9 activity to promote
macrophage migration, which was dependent on WIPI1, WIPI2, ATG5 and ATG7 but not BECN1.

Introduction

Autophagy is a cellular self-digestion process involving the for-
mation of a double-membrane vesicle termed the autophago-
some that facilitates sequestration of a variety of cargo including
unwanted aggregate-prone proteins, invading microorganisms
and damaged organelles.”? Accumulated evidence indicates that
autophagy selectively degrades many types of cargo via seques-
tosome-1/p62 (SQSTM1I) that acts as a link between the ubig-
uitination and autophagy machineries.® In most tumor cells,
defective autophagy results in SQSTM1 protein accumulation.

BECNI, class III phosphatidylinositol-3 kinase (PtdIns3K),
and the autophagy-related (ATG) proteins ATG5 and ATG7
all play important roles in conventional autophagy.>® Canonical
(BECN1-dependent) autophagy activation is usually initiated
by the formation of the BECNI1-PtdIns3K complex which is

comprised of BECN1, PtdIns3K, PIK3R4/VPS15, UV irradia-
tion resistance-associated gene (UVRAG) or ATGI14. During
activation of BECNI-dependent autophagy by stimulants such as
serum starvation, phosphatidylinositol-3-phosphate (PtdIns3P) is
generated by enzymatic activity of the BECN1-PtdIns3K complex
and recruited to the membrane for autophagosome formation.”®
Although BECNT is crucial for the nucleation step of microtubule-
associated protein 1 light chain 3 (LC3)-related autophagosome
synthesis, increasing evidence suggests that certain noncanonical
(BECN1-independent) autophagy’ can be induced independent of
BECNT1 or PtdIns3K in several cell types by specific stimulants.'*'¢
The antitumor phenols such as resveratrol and gossypol can induce
BECNI1-independent autophagy.'-'?
formation requires ATG5 and ATG7, whereas certain autophago-

LC3-related autophagosome

somes may result from late endosomes and the trans-Golgi with-

out participation of ATG5, ATG7 and LC3 processing.®
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Two PtdIns3P-binding proteins, WD repeat domain, phos-
phoinositide-interacting 1 and 2 (WIPI1 and WIPI2) localize to
the autophagic membrane."”*® Both WIPI1 and WIPI2 are mem-
bers of the WIPI protein family” and are mammalian ortho-
logs of yeast ATGI8 which has been shown to bind PtdIns3P
and localize to the autophagic membrane.””'®?* In BECNI-
dependent autophagy of mammalian cells, the recruitment of
WIPI1 to autophagic membranes and the localization of WIPI2
to early autophagosomal structures also requires PtdIns3P,
which positively regulates lipidation of LC3 by conjugating
LC3-I (a cytosolic form of LC3) to phosphatidylethanolamine
to form LC3-1I, a component of the autophagosome membrane
and a well-known autophagic marker."""”"” To date, it is uncer-
tain whether both WIPI1 and WIPI2 regulate the formation of
the autophagosome in BECN1-independent autophagy in mam-
malian cells.

Phagocytic cells migrate into the circulatory system, spread to
the lymph nodes and infiltrate damaged organs. This migration
potential of phagocytes is tightly associated with mammalian
host defense, inflammation and tissue repair.?** The monocyte/
macrophage is arguably the most abundant mammalian phago-
cyte, critical not only for clearing microorganisms, but also for
providing antitumor responses, regulating immune responses
and inhibiting tumorigenesis.*** Recently, Drosophila hemo-
cytes (equivalent to mammalian macrophages) have been shown
to require the induction of autophagy for cortical cytoskeleton
remodeling and cell recruitment to wound sites.** However, the
role of autophagy in mammalian monocyte/macrophage motility
and migration has not yet been fully examined.

Recombinant capsid protein VP1 (rVP1) of foot-and-mouth
disease virus is a potential anticancer reagent.”’ It has been found
by our group to induce apoptosis, suppress growth and invasion/
metastasis of a variety of human cancer cell lines.?’?° Its effects are
closely associated with inhibition of the AKT1-RAF1-MAPK1/3
signaling pathway and matrix metalloproteinases (MMDPs) activ-
ity.?® Since it is necessary to fully understand the effect of a
potential antitumor agent not only on cancer cells but also on
host immune cells, study of the effects of rVP1 on monocytes/
macrophages is important.

In chis study, we explored the effects of r'VP1 on macrophages
and found that rVP1 increased puncta formation of WIPII and
WIPI2 in macrophages and induced autophagy in a BECN1-
independent manner. Migration of macrophages, unlike that
of cancer cells, was enhanced rather than inhibited by rVPI.
Knockdown of WIPI1, WIPI2, ATG5 and ATG7 suppressed

rVP1-mediated macrophage migration. Further studies revealed

that rVP1 increased MMP9 activity and MAPK1/3 phosphory-
lation, which was inhibited by knockdown of WIPI1, WIPI2,
ATG5 and ATG7 but not BECNI. rVP1 may thus induce
BECNI-independent autophagy, MAPKI1/3 phosphorylation

and MMP?9 activity to promote macrophage migration.
Results

tVP1 induced autophagy in macrophages. To determine the
effect of rVP1 on autophagy in macrophages, we first exam-
ined LC3 puncta formation and lipidation in the murine
macrophage cell line RAW264.7. LC3 puncta formation and
lipidation are well-known indicators of autophagy induction.?!
Immunofluorescence microscopy showed that the pattern of
fluorescence of LC3 puncta increased after treatment with rVP1
(4 pM) for 4 h in cells pretreated with or without autophagy
degradation inhibitor** chloroquine (CQ) (Fig. 1A). Electron
microscopy revealed that double-membrane autophagosomes
were formed in RAW264.7 cells treated with rVP1 (Fig. 1B).
Western blot of cell lysate showed that rVP1 induced LC3 lipi-
dation as indicated by the dose-dependent increase in LC3-II
(Fig. 1C). Chloroquine enhanced the level of rVP1-induced LC3
puncta formation and lipidation (Fig. 1A and D), suggesting that
the mechanism of action of rVP1 was via induction rather than
inhibition of LC3-II degradation. To verify that this kind of auto-
phagic effect could be observed not only in a macrophage cell line
but also in normal macrophages, murine bone marrow-derived
macrophage (BMM) cells were treated with rVP1. Similar effects
were observed (Fig. 1A, C and D) as those seen in the RAW?264.7
cell line. These results suggested that rVP1 induced LC3 puncta
formation and lipidation to activate autophagy in macrophages.
tVP1 induced BECN1-independent autophagy. Autophagy
can be induced via BECN1-dependent and BECN1-independent
pathways,” and serum starvation is a well-known trigger of
BECNI1-dependent autophagy. We thus examined whether rVP1
would induce autophagy in a BECN1-dependent manner in the
same way as serum starvation. By using Becnl shRNA silenc-
ing, we established a BECNI stable knockdown RAW?264.7 cell
line, RAW*h-8«! The amount of BECN1 but not SQSTM1 was
reduced in BECNI stable knockdown cells as compared with
scrambled knockdown RAWsh=ambled cells (Fig. 2A, left panel).
Although serum starvation could not induce LC3 lipidation in
BECNI knockdown cells (in the presence or absence of CQ),
tVP1 enhanced LC3 lipidation regardless of whether BECNI1
was knocked down or not (Fig. 2A, right panel). Interestingly, we
found that SQSTMI level in macrophages, unlike that reported

Figure 1 (See opposite page). rVP1 induced autophagy in macrophages. RAW 264.7 or bone marrow-derived macrophage (BMM) cells were incubated
with or without 2 wM chloroquine (CQ) and then 4 wM rVP1 for 4 h as indicated. (A) rVP1 induced LC3 puncta formation. After treatment, cells were
fixed, stained with DAPI (blue), and immunolabeled with LC3 antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Fluores-
centimages were acquired by confocal microscopy. Scale bar: 2 wm. Data represent means + SEM of quantitative analyses of LC3 puncta per cell in at
least 50 cells/experiment in three independent experiments; ****p < 0.0001. (B) rVP1 induced formation of double-membrane autophagosomes. After
treatment, cells were observed with transmission electron microscopy. Data represent means + SEM of volume fraction of autophagic compartments;
**p < 0.01. (C) rVP1 increased LC3 lipidation. Cells were treated with serial concentrations of rVP1 as indicated and their lysates were subjected to
immunoblot analysis using antibodies against LC3. (D) Lysosomal degradation inhibitor CQ enhanced rVP1-mediated LC3 lipidation. Cells were incu-
bated with 2 uM CQ for 30 min and then 4 .M rVP1 for another 4 h, unless specified otherwise. Cell lysates were collected and analyzed by immunob-
lot using anti-LC3 antibodies. ACTB was used as a loading control. Blots are representative of three independent experiments.
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Figure 1. For figure legend, see page 6.
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in cancer cells,’® was not decreased by serum starvation- or rVP1-
induced LC3 lipidation (Fig. 2A). Moreover, rVPI increased
SQSTMI1 level along with LC3 lipidation in both RAW 2!
and RAWst=eambled cells (Fig. 2A). Electron microscopy showed
that serum starvation- but not rVPIl-induced autophagosomes
were decreased in RAW </ cells (Fig. 2B). These results sug-
gested that unlike serum starvation, rVP1 induced autophagy in
a BECN1 -independent manner.

Both ATG5 and ATG7 were required for rVP1-induced auto-
phagy. Several studies have indicated that the ATG5 and ATG7
conjugation system is required for LC3-related autophagosome
and BECNI-independent autophagy.'®'>!* To examine whether
or not ATG5 and ATG7 are involved in rVP1-mediated BECN1
-independent autophagy, Azg5 and Azg7 were knocked down by
siRNA. Our results showed that after knockdown of Azg5 and
Atg7, tVP1 was not able to elicit LC3 lipidation in macrophages
(Fig. 2C), suggesting that both ATG5 and ATG7 were required
for rVP1-induced BECNI1-independent autophagy.

tVP1 induced WIPI1 and WIPI2 puncta formation in a
BECNI-independent manner. WIPI1 and WIPI2 are mam-
malian orthologs of yeast A7GI8 which binds PtdIns3P and
localizes to the autophagic membrane."” To elucidate the role of
WIPI1 and WIPI2 in rVP1-mediated BECNI-independent auto-
phagy, we examined the effects of rVP1 on WIPI1 and WIPI2
puncta formation in RAW?264.7 cells. Transfection with DsRed-
Wipil plasmid and immunostaining with anti-WIPI2 antibodies
showed that WIPI1 and WIPI2 puncta formation were increased
not only after serum starvation but also with rVP1 treatment
(Fig. 3A). These effects of rVPI and serum starvation were
enhanced by CQ treatment (Fig. 3A). The induction of endog-
enous WIPI1 and WIPI2 puncta in response to rVP1 was also
observed in BMM cells (Fig. S1).

Knockdown of Becnl with siRNA in RAW?264.7 cells reduced
DsRed-WIPI1 puncta formation elicited by serum starvation but
not that elicited by rVP1 (Fig. 3B, left panel). Immunostaining
of WIPI2 showed that WIPI2 puncta formation was decreased
in serum starvation-treated but not rVPl-treated RAW5en!
cells (Fig. 3B, right panel). Collectively, these results suggested
that rVP1 increased WIPIl and WIPI2 puncta formation in a
BECNI-independent manner.

WIPI1 and WIPI2 were required for autophagy mediated
by rVP1. To examine whether WIPII is essential for rVP1-
mediated BECNI-independent autophagy, RAW?264.7 cells were
pretreated with CQ, cotransfected with DsRed-Wipil gene and
Wipil siRNA and then treated with rVP1. We found a signifi-
cant decrease in formation of DsRed-W1IPI1 puncta, and in LC3
puncta in rVP1-treated cells after the cells were transfected with
Wipil siRNA as compared with cells transfected with scrambled
siRNA (Fig. 4A). Western blotting also showed that knockdown
of WIPII reduced LC3 lipidation induced by rVP1 (Fig. 4B).
These results suggested that WIPI1 was required for rVP1-medi-
ated BECN1-independent autophagy.

To examine the role of WIPI2 in rVP1-mediated autophagy,
RAW264.7 cells were pretreated with CQ, transfected with
Wipi2 siRNA and then treated with rVP1. Immunostaining of
WIPI2 showed that Wipi2 siRNA decreased the number of not
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only WIPI2 puncta but also LC3 puncta in rVPI-treated cells
(Fig. 4C). Western blot results showed that knockdown of WIPI2
caused a reduction in the ratio of LC3-I1/B-actin (ACTB) in
tVP1 treated cells (Fig. 4D). These results suggested thac WIPI2
was required for rVP1-induced BECNI-independent autophagy.

tVP1 increased macrophage migration via WIPI1, WIPI2,
ATGS5 and ATG?7. Drosophila hemocytes require autophagy for
cell recruitment to wound sites.?® To examine the role of auto-
phagy in macrophage motility, we determined trajectories of
RAW?264.7 cells after treatment for 22 h with serum starvation
or rVP1 (4 pM) using time-lapse microscopy. The dispersive
areas from the trajectories of cells treated with either serum star-
vation or rVP1 were significantly larger than those of cells with-
out any treatment (Fig. 5A, left panel). The migration velocity of
cells treated with either rVP1 or serum starvation was also faster
than that of control cells (Fig. 5A, right panel).

Knockdown of BECNI using Becnl siRNA decreased the dis-
persive capability and migration velocity induced by serum star-
vation but not that induced by rVP1 (Fig. 5B). Knockdown of
WIPI1 or WIPI2 using their respective siRNAs reduced serum
starvation-mediated dispersive capability and migration velocity.
In comparison, rVP1-mediated macrophage migration was only
partially abolished by knockdown of WIPI1 or WIPI2 and was
abolished when both WIPI1 and WIPI2 were depleted (Fig. 5B).
The effects of rVP1 and serum starvation were also attenuated
by knockdown of ATG5 and ATG7 (Fig. 5B). Similar results
were found by using transwell migration assays (Fig. S2). Taken
together, these results suggested that WIPI1, WIPI2, ATGS and
ATGY7 participated in the serum starvation-mediated BECN1-
dependent and rVP1-mediated BECN1-independent autophagy
pathway and regulated macrophage migration.

tVP1 promoted activation of MAPK1/3 and MMP9 in mac-
rophages. We have shown recently that rVP1 inhibits cancer cell
migration via inhibition of AKT1, RAF1, MAPK1/3 and matrix
metalloproteinase-2 activity.”” To examine how rVPI increases
rather than decreases macrophage migration, we determined
the effect of rVP1 and serum starvation on MMP activity and
phosphorylation of AKT1, RAF1 and MAPKI/3 in macro-
phages. Serum starvation increased phosphorylation of AKT1
and MAPK1/3 within 15 min after treatment. These effects
of serum starvation reached a peak at 30 min and stayed at a
level higher than the control up to at least 4 h after treatment
(Fig. 6A). rVP1 increased phosphorylation of AKT1, RAF1 and
MAPK1/3 within 15 min. Phosphorylation of AKT1 and RAF1,
however, decreased very quickly and reached a level lower than
the control after 30 min. Only the phosphorylation of MAPK1/3
remained higher than the control and increased dramatically
at 4 h after rVP1 treatment when LC3-II level was increased
(Fig. 6B). Interestingly, both resveratrol and gossypol, which
induced WIPIl-dependent and BECNI-independent auto-
phagy (Figs. S3—S7), inhibited phosphorylation of AKT1 and
RAF1 (Fig. S8A and S8B). At 4 h after resveratrol and gossy-
pol treatment, LC3-II level and MAPK1/3 phosphorylation in
macrophages, nonetheless, increased prominently (Fig. S8A and
S8B). Examination of MMP activity in macrophages showed
that rVP1 and serum starvation increased the activity of MMP9
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Figure 2. rVP1 induced BECN1-independent, and ATG5- and ATG7-dependent autophagy. BECN1 stable knockdown RAW264.7 cell line, RAWsh-8ecn-T,
was generated by shRNA silencing as described in Materials and Methods. (A) Knockdown of BECN1 decreased serum starvation-mediated but not
rVP1-induced LC3 lipidation. RAW264.7 cells stably knocked down with scrambled or Becn1 shRNA were pretreated with or without 2 uM CQ for 30 min
and then incubated with or without serum starvation for 160 min or 4 WM rVP1 for 4 h as indicated. Cells were lysed and analyzed by immunoblotting
using antibodies against BECN1, SQSTM1 and LC3, respectively. ACTB was used as a loading control. (B) rVP1 induced formation of double-membrane
autophagosomes independent of BECN1. RAW264.7 cells stably knocked down with scrambled or Becn1 shRNA were serum-depleted for 160 min or in-
cubated with 4 WM rVP1 for 4 h as indicated. After treatment, cells were collected and observed with transmission electron microscopy. Data represent
means + SEM of volume fraction of autophagic compartments; **p < 0.01., N.S., not significant. (C) rVP1 did not induce LC3 lipidation after knockdown
of ATG5 and ATG7. RAW264.7 cells transfected with scrambled or siRNA of Atg5 and Atg7 were pretreated with 2 wM CQ and then incubated with or
without 4 wM rVP1 for 4 h as indicated. Cell lysates were collected and analyzed by immunoblot using anti-LC3, anti-ATG5 and anti-ATG7 antibodies.
ACTB was used as a loading control. Blots are representative of three independent experiments.
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**¥¥p < 0.0001, N.S, not significant.

Figure 3 (See opposite page). rVP1 induced WIPIT and WIPI2 puncta formation in a BECN1-independent manner. (A) rVP1 and serum starvation
increased WIPI1 and WIPI2 puncta formation. To examine WIPI1 puncta formation, RAW264.7 cells were transfected with DsRed-Wipil gene. The cells
were then pretreated with or without 2 uM CQ for 30 min and subsequently treated with or without serum starvation for 160 min or 4 wM rVP1 for 4 h
as indicated. To examine WIPI2 puncta formation, RAW264.7 cells were immunolabeled with anti-WIPI2 antibody followed by rhodamine-conjugated
goat anti-mouse 1gG (red). (B) rVP1 but not serum starvation induced DsRed-WIPI1 and WIPI2 puncta formation after knockdown of BECN1.
RAWsh-scrambled R AWjsh-Bencl stable cell lines or RAW264.7 cells transfected with DsRed-Wipi1 and scrambled or Becn1 siRNA were treated with serum starva-
tion for 160 min or 4 .M rVP1 for 4 h. Fluorescent images were acquired by confocal microscopy. Scale bar: 2 um. Data represent means + SEM of
quantitative analyses of DsRed-WIPIT and WIPI2 puncta per cell in at least 50 cells/experiment in three independent experiments; *p < 0.05, **p < 0.01,

but not MMP2; whereas resveratrol, which did not increase mac-
rophage migration (Fig. S9A), did not enhance the activity of
either MMP9 or MMP2 (Fig. S9B). These results demonstrated
that even though rVP1, resveratrol and gossypol all increased
BECNI-independent autophagy and MAPK1/3 phosphoryla-
tion, only rVP1 was effective in promoting MMP9 activity in
macrophages.

rVP1-induced MAPK1/3 phosphorylation and MMP9 activ-
ity were attenuated by knockdown of WIPI1, WIPI2, ATG5
and ATG?7 but not BECNI1. To examine the association between
WIPI1, WIPI2, ATG5, ATG7 and rVPl-induced MAPK1/3
phosphorylation and MMP9, WIPI1, WIPI2, ATGS, ATG7
and BECN1 of RAW264.7 cells were knocked down respec-
tively and then treated with rVP1 for 4 h. Our results showed
that knockdown of WIPI1, WIPI2, ATG5 and ATG7 but not
BECNI attenuated rVPl-induced MAPK1/3 phosphorylation
as compared with scrambled controls (Fig. 7A). Examination of
MMP9 activity in conditioned media of macrophages showed
that the rVP1-mediated increase in MMP9 activity was attenu-
ated by knockdown of WIPI1, WIPI2, ATG5 and ATG7 but not
BECNI (Fig. 7B). Taken together these results indicated that
tVP1 increased WIPI1/WIPI2-mediated LC3-related autophagy
in a BECNI-independent manner, leading to enhancement in
MAPKI1/3 phosphorylation and MMP9 to promote migration
of macrophages.

Discussion

Recently, resveratrol and gossypol and several other small mol-
ecules such as arsenic trioxide,” 1,3-dibutyl-2-thioxo-imidaz-
olidine-4,5-dione (C1)" and C,;H CIN,OS-HCI (Z18)," have
been reported to induce BECN1-independent autophagy. In this
study, we found that like resveratrol and gossypol (Figs. S3 and
S4), rVP1 increased LC3 lipidation and autophagosome forma-
tion (Fig. 1) regardless of the status of BECN1 knockdown in
macrophages (Fig. 2). These results indicated that other than
small molecules, large proteins such as rVP1 can also induce
BECNI-independent autophagy. Although macrophages are
known to sequester toxic compounds and aggregated proteins,
to the best of our knowledge, this is the first report of protein-
induced BECNI-independent autophagy.

In this study, we found that rVP1 induced WIPI1 and WIPI2
puncta formation in a BECNI-independent manner (Fig. 3).
Knockdown of WIPI1 and WIPI2 showed that both WIPI1 and
WIPI2 were required for rVP1-mediated autophagy (Fig. 4). As
resveratrol and gossypol have been reported to induce BECN1-

10-12

independent autophagy in cancer cells,'"'* we examined whether
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resveratrol and gossypol cause similar autophagic responses to
tVP1 in macrophages. Our results showed that most of the
effects of resveratrol and gossypol were similar to those of rVP1
(Figs. $3-S5). Knockdown of WIPI1 attenuated rVP1, resvera-
trol- and gossypol-induced LC3 puncta formation and lipida-
tion (Fig. 4; Fig. §6). Our finding regarding WIPI1-dependent
LC3 lipidation was consistent with that of Mauthe and his
coworkers who have reported that resveratrol-mediated auto-
phagy functionally requires WIPIL." WIPI1 is thus required for
tVP1-, resveratrol- and gossypol-mediated BECNI1-independent
autophagy.

WIPI2 is recruited to early autophagosomal structures along
with ATGI6L and ULKI and is required for the formation of
LC3-positive autophagosomes in HEK293A as well as Hela,
G361 and CHL-1 cancer cells.” Mauthe and his coworkers also
have found that the effect of resveratrol on LC3-II in human
G361 cells is attenuated using ssWIP[2." We found, however,
that knockdown of WIPI2 decreased only rVP1 but not resve-
ratrol- and gossypol-induced LC3 conversion in macrophages
(Fig. 4; Fig. S7). Since our results showed that the effect of rVP1
was only partially blocked by knockdown of WIPI1 or WIPI2
and was abolished when both WIPI1 and WIPI2 were depleted
(Fig. 5B), it is likely that WIPI1 and WIPI2 play distinct roles
and depend on different cell types, WIPI2 may or may not be
required for resveratrol- or gossypol-mediated autophagy.

Mononuclear phagocytes can transmigrate through the endo-
thelial membrane, enter the circulation system and travel to
damaged or infected organs.®* Although autophagy has been
reported to play a role in cell shape and spreading of macro-
phages,*
trafficking has not yet been evaluated. Our results showed that

the role of autophagy in macrophage migration and

tVP1 enhanced macrophage migration and movement velocity
which was associated with increase in MAPK1/3 phosphoryla-
tion and MMP9 activity (Figs. 5-7). These effects were attenu-
ated by knockdown of WIPI1, WIPI2, ATG5 and ATG7 but
not BECNI (Figs. 5-7). Comparison of the effects of rVP1 with
those of resveratrol and gossypol revealed that resveratrol and
gossypol caused an increase in MAPK1/3 phosphorylation (Fig.
S8A and S8B) but not MMP9 activity (Fig. S9B), resulting in
much less increase or even a decrease in macrophage migration
(Fig. S9A). It is thus likely that enhancement of macrophage
migration by rVP1 required not only an increase in LC3-related
autophagy and MAPK1/3 phosphorylation but also MMP9.
tVP1 suppresses migration/invasion and metastasis of a vari-
ety of human cancer cell lines via inhibition of the AKT1-RAF1-
MAPKI1/3 signaling pathway and MMP2 activity.”?° The
results of this study, however, showed that rVP1 increased rather
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Figure 4 (See opposite page). Both WIPIT and WIPI2 were required for autophagy mediated by rVP1. RAW264.7 cells transfected with DsRed-Wipi1
gene and scrambled or Wipi1 siRNA were pretreated with 2 wM CQ for 30 min and then incubated with or without 4 M rVP1 for 4 h. (A) Knockdown
of WIPI1 decreased LC3 puncta formation induced by rVP1. Cells were fixed, stained with DAPI (blue) and immunolabeled with anti-LC3 followed by
Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Fluorescent images were acquired by confocal microscopy. Scale bar: 2 wm. Data represent
means + SEM of quantitative analyses of DsRed-WIPI1 and LC3 puncta per cell in at least 50 cells/experiment in three independent experiments; ****p
< 0.0001. (B) Knockdown of WIPI1 decreased LC3 lipidation induced by rVP1. After treatment, cell lysates were collected and the expression levels of
WIPIT and LC3-1l were determined by western blot analysis. ACTB was used as a loading control. Data represent the means + SEM of densitometric
measurement of LC3-1I/ACTB from three independent experiments; ***p < 0.001. (C) Knockdown of WIPI2 decreased LC3 puncta formation in rVP1-
treated cells. RAW264.7 cells transfected with scrambled or Wipi2 siRNA were pretreated with 2 wM CQ for 30 min and then incubated with or without
4 .M rVP1 for 4 h and then fixed, stained with DAPI (blue) and immunolabeled with anti-WIPI2 and anti-LC3 followed by rhodamine-conjugated goat

ACTB from three independent experiments; **p < 0.01.

anti-mouse IgG (red) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Fluorescent images were acquired by confocal microscopy. Scale
bar: 2 wm. Data represent means + SEM of WIPI2 and LC3 puncta per cell in at least 50 cells/experiment in three independent experiments; ****p <
0.0001. (D) Knockdown of WIPI2 decreased LC3 lipidation in rVP1-treated cells. After treatment, cell lysates were collected and expression levels of
WIPI2 and LC3-Il were determined by western blot analysis. ACTB was used as a loading control. Data represent means + SEM of the ratio of LC3-Il/

than decreased migration of macrophages (Fig. 5; Fig. S2). This
seemingly paradoxical result is not due to the induction of LC3-
related autophagy as rVP1 increased LC3 lipidation in SKOV3,
BNL IMEA.7R.1 (BNL) and MCF-7 cancer cell lines (Fig.
$10). Neither was it due to BECNI1, as we also found that rVP1
increased LC3 lipidation of SKOV3 in a BECNI-independent
manner (Fig. S11); or to WIPI1 and WIPI2, as rVP1 also induced
WIPI1 and WIPI2 puncta formation in SKOV3 (Fig. S12). The
main differences between the effects of rVP1 on cancer cells and
macrophages were that rVP1 decreased MAPK1/3 phosphoryla-
tion and MMP2 activity in cancer cells,?”**3
autophagy resulting in increase of MAPKI1/3 phosphorylation
and MMP9 activity in macrophages (Fig. 7). More studies are
currently underway to explore how rVP1 elicits these seemingly

whereas it increased

opposite effects on cancer cells and macrophages.

In summary, we found that rVP1 increased WIPI1/WIPI2
puncta formation and BECNI-independent autophagy in mac-
rophages. In contrast to antitumor phenols resveratrol and gos-
sypol, which required WIPI1 but not WIPI2, rVPI required
both WIPI1 and WIPI2 for autophagosome formation. rVP1
and serum starvation increased not only autophagy but also
MAPKI1/3 phosphorylation and MMP9 in macrophages to
facilitate macrophage migration. These findings shed light on the
induction of autophagy by rVP1, and the involvement of WIPI1
and WIPI2 in BECNI-independent autophagy and increased
our understanding of the effects of rVPI-mediated BECNI-
independent autophagy on MAPK1/3 phosphorylation, MMP9
activity and migration of macrophages.

Materials and Methods

Materials. rVP1 was produced as described previously.?
Resveratrol  (R5010), gossypol (G8761) and chloroquine
(C6628) were purchased from Sigma Aldrich. Water-soluble
tetrazolium (WST) cell viability assay kit (05015944001) were
purchased from Roche. Anti-LC3 antibody (NB600-1384) was
obtained from Novus. Anti-BECN1 (3738), anti-phospho AKT1
at Serd73 (9271S), anti-AKT1 (9272), anti-phospho-c-RAF1
at Ser338 (56A6), anti-phospho MAPK1/3 at Thr185/Tyrl87/
Thr202/Tyr204 (4370) and anti-MAPK1/3 (137F5) antibodies
were all obtained from Cell Signaling Technology. Anti-WIPI1
antibody (ALX-210-955) was obtained from Enzo Life Science.

www.landesbioscience.com

Anti-WIPI2 antibody (abl01985) was obtained from Abcam.
Anti-ATG5 antibody (3167-S) was obtained from Epitomics.
Anti-SQSTM1/p62 antibody (H00008878-M01) was obtained
from Abnova. Anti-ACTB (sc-47778), anti-RAF1 (sc-133),
anti-ATG7 (sc-8668) antibodies; scrambled shRNA plasmid
(sc-108060), Becnl shRNA plasmid (sc-29798-SH); and scram-
bled siRNA (sc-37007), Becnl siRNA (sc-29798), BECNI siRNA
(s¢-29797), Atg5 siRNA (sc-41446), Atg7 siRNA (sc-41448)
were obtained from Santa Cruz. Wipil siRNA (MSS$225232) and
Wipi2 siRNA (MSS232889) were purchased from Invitrogen.
RAW264.7 cell line Nucleofector Kit V (VCA-1003) was pur-
chased from Lonza. GenMute siRNA and DNA transfection
reagent (SL-100568) was obtained from SignaGen Laboratories.

Cell culture. Murine macrophage cell line RAW264.7 (T1B-
71), human breast cancer cell line MCF-7 (HTB-22) and human
ovarian cancer cell line SKOV3 (HTB-77) were purchased from
American Tissue Culture Collection. Murine hepatocellular
carcinoma cell lines BNL was kindly provided by Dr. Mi-Hua
Tao, Institute of Biomedical Sciences, Academia Sinica (Taipei,
Taiwan). RAW264.7, MCF-7 and BNL were maintained in
DMEM medium (GIBCO, 11965-092); SKOV3 was maintained
in McCoy’s 5A medium (GIBCO, 16600-082) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100
units/ml penicillin and 100 pwg/ml streptomycin in a humidified
37°C incubator in a humidified atmosphere containing 5% CO,.
After reaching confluence, unless specified otherwise, cells were
seeded onto wells, dishes or chamber slides for further treatments.

Isolation of bone marrow-derived macrophage cells. BMM
cells were harvested from C57/B6 mice as described previously.**
In brief, femurs and tibias were collected from mice aseptically.
After removing muscles, bone marrow was exposed by cutting
into the middle of bones and flushed out using syringes and
needles with RPMI-1640 medium (GIBCO, 22400-089) con-
taining 10% FBS, 20 mM HEPES, 50 pM B-mercaptoethanol,
100 units/ml penicillin and 100 pg/ml streptomycin, and
filtered through a 40 pwm cell strainer (BD Falcon, 352340)
into a centrifuge tube. The cells were incubated with red
blood cell lysis buffer for 3 min at room temperature and
washed two times by RPMI-1640 medium. The cell pellet was
resuspended in RPMI-1640 medium containing 10% FBS,
20 mM 4-(2-hydroxyethyl) piperazine-l-ethanesulfonic acid
(HEPES), 50 uM B-mercaptoethanol, 100 units/ml penicillin,
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Figure 5 (See opposite page). rVP1 regulated macrophage migration via BECN1-independent and WIPI1/WIPI2-dependent autophagy. Trajectories of
cells in response to different treatments were measured by time-lapse microscopy as described in Materials and Methods and displayed in diagrams
drawn with the initial point of each trajectory placed at the origin of the plot. (A) rVP1 and serum starvation induced macrophage migration. Time-
lapse microscopy experiments were performed to obtain serial phase-contrast images every 15 min for 22 h. Trajectories (left panel) and migration
velocity (right panel) of RAW264.7 cells treated with control medium, 4 uM rVP1 or serum starvation were displayed after 22 h of time-lapse. Data
represent means + SEM of migration velocities of 20 cells with different treatments; **p < 0.01. (B) Knockdown of WIPI1, WIPI2, ATG5 and ATG7 but not
BECNT1 attenuated rVP1-induced macrophage migration. RAW264.7 cells were transfected with siRNAs of scrambled, Becn1, Atg5, Atg7, Wipil, Wipi2 and
WipiT plus Wipi2 as indicated before treatment of 4 uM rVP1 or serum starvation. Trajectories and migration velocities of cells were displayed after 22 h
of time-lapse. Data represent means + SEM of migration velocity of 20 cells transfected with scrambled or target siRNA in response to rVP1 (top panel)
or serum starvation (bottom panel); **p < 0.01, ****p < 0.0001, N.S., not significant.

100 pg/ml streptomycin and 20 ng/ml granulocyte macrophage
colony-stimulating factor (R&D Systems, 415-ML), and seeded
onto 10 cm non-tissue culture dishes in a humidified 37°C incu-
bator in a humidified atmosphere containing 5% CO,. Five mil-
liliters of fresh culture medium were added to each dish every
2 d. After 6 d, the medium was removed, and the cells attached
to the plates were collected and plated in tissue culture plates or
chamber slides at density of 1 x 10 cells/cm? for rVP1 treatment.
For every isolation, the cells were checked to be > 90% CD11b*
and < 5% CD25* by flow cytometry.

Transmission electron microscopy. RAW?264.7 macrophages
treated with resveratrol, gossypol or rVP1 for 4 h were rinsed
with phosphate buffered saline and harvested by TrypLE™
(Gibco, 12605-028). Cells were initially fixed by 4% parafor-
maldehyde containing 2.5% glutaraldehyde in 0.1 M cacodyl-
ate buffer (pH 7.3) for 30 min, embedded in 2% agarose and
dissected into 1 mm cubes and further fixed overnight, then
post-fixed in 1% OsO, in 0.1 M cacodylate buffer for 2 h. After
washing with 0.1 M cacodylate buffer, cells were dehydrated in a
graded series of ethanol from 30% to 100% and embedded into
Spurr’s resin. Resin-embedded sections were sliced into 60 nm
ultrathin sections and examined with a Hitachi-H7000 trans-
mission electron microscope (S/N 747-32-03). Quantification
of autophagic compartment volume fraction in each section
was conducted as described previously.®® Random sampling was
applied to each section. At least 3 squares were selected from grid
squares. Multilayered autophagosomal structures with clear cyto-
solic components inside were point counted at 40,000x magni-
fication and cells area were obtained at 2,000x magnification.

Immunoblot analysis. To determine LC3 lipidation and
expression of BECN1, SQSTM1, WIPI1, WIPI2, ATG5 and
ATG7 in cells, proteins were extracted from cell lysates using
protein extraction buffer (Santa Cruz, sc-24948) containing
protease inhibitors (Roche, 04906845001) and resolved in 4x
sodium dodecyl sulfate (SDS) sample buffer containing 10%
SDS, 0.5 wM TRIS-HCI, 4% glycerol, 1 M B-mercaptoethanol
and 0.1% bromophenol blue. Protein samples were subjected to
SDS-PAGE and then transferred to a polyvinylidene difluoride
membrane, which was then incubated in 150 mM NaCl, 20 mM
TRIS-HCI, 0.1% Tween 20 buffer containing 5% skim milk.
Proteins were detected with specific primary antibodies, fol-
lowed by horseradish peroxidase-conjugated secondary antibod-
ies. Immunoreactivity was detected on Biomax ML films using
Pico Chemiluminescent Substrate (Pierce, 34079) according to
the manufacturer’s instructions. Densitometric analyses were
conducted using Image J software (Wayne Rasband, NIH) for
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quantitating specific immunoblot density that is normalized to
ACTB.

Plasmid construction. The pDEST-DsRed-Wipil and
pDEST-DsRed-WIPII plasmid was constructed using a Gateway
recombination system (Invitrogen, 12535-029) according to the
manufacturer’s instructions. Briefly, Wipil or WIPI1 cDNA was
amplified by PCR from the pCMV-SPORT6-Wipil or pCMV-
SPORT6-WIPII plasmid (Open Biosystems, clone ID 5322999
for Wipil and ID6055425 for WIPII) respectively and subcloned
into the Gateway pDONR vector to generate the pPDONR-Wipil
and pDONR-WIPII entry clone. The BioEase tag of pDEST
vector (Invitrogen, 43-0111) was replaced by the red fluorescent
protein (DsRed) which was amplified from the pDsRed2-Mito
vector (Clontech, 632421) to generate pDEST-DsRed destina-
tion vector. The recombination of pPDONR-Wipil clone with
pDEST-DsRed vector was facilitated by LR Clonase II Enzyme
Mix (Invitrogen, 11791020) to generate pDEST-DsRed-Wipil
and pDEST-DsRed-WIPII plasmid.

Transient transfection. The pDEST-DeRed-Wipil plas-
mid or siRNAs of Becnl, Wipil or Wipi2 were transfected into
RAW264.7 by Amaxa Nucleofection Cell Line Nucleofector kit
V for RAW264.7 according to the manufacturer’s instructions.
Briefly, 5pg of plasmid or 40 nM of target siRNA was trans-
fected to 2 x 10° RAW264.7 cells by Nucleofection Program 32
(Lonza, AAB-1001) and plated onto a 6-well plate for 24 h. For
transfection in SKOV3, 20 nM of scrambled or target siRNA
was transfected into 2 x 10° cells overnight by GenMute transfec-
tion reagent according to the manufacturer’s instructions. The
knockdown efficiency was found to be >80% by immunoblot
for each target gene. Suitable concentrations of rVP1, resveratrol
or gossypol in fresh culture medium were added after siRNA
transfection.

Stable clone establishment. To establish stable Becn! silenc-
ing clones, 40 nM of scrambled or Becnl shRNA was transfected
into RAW?264.7 cells by Amaxa Cell Line Nucleofector Kit V
at program 32 according to the manufacturer’s instructions.
In brief, after nucleofection for 24 h a pool of Becnl silenc-
ing clones were selected with 5 pg/ml puromycin. The pools
of selected clones were cultured in a humidified 37°C incuba-
tor in a humidified atmosphere containing 5% CO, in DMEM
medium containing 10% FBS, 2 mM L-glutamine, 100 units/
ml penicillin, and 100 pwg/ml strepromycin which was supple-
mented with 5 pwg/ml puromycin for scrambled and Becnl
silencing clones.

Presence and localization of rVP1 in cells. The cellular
distribution of rVP1 in the membrane, cytosol and nucleus of
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Figure 6. rVP1 increased phosphorylation of MAPK1/3 and MMP9 activity. RAW 264.7 cells were treated with serum starvation or 4 uM rVP1 for 15 to
240 min as indicated. (A and B) Cell lysates were collected and subjected to immunoblot analysis using antibodies against LC3, phosphorylated AKT1
at Ser473, phosphorylated RAF1 at Ser338, phosphorylated MAPK1 (Thr185/Tyr187), phosphorylated MAPK3 (Thr202/Tyr204) and their non-phosphor-
ylation control. ACTB was used as a loading control. Blots are representative of three independent experiments. (C) RAW 264.7 cells were treated with
serum starvation or 4 wM rVP1 for 24 h and cell conditioned media were collected. MMP activity was examined by gelatin zymographic analysis. Data
represent means + SEM of three independent experiments; **p < 0.01, ***p < 0.001.
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Figure 7. Knockdown of WIPI1, WIPI2, ATG5 and
ATG7 but not BECN1 attenuated rVP1-mediated
MAPK1/3 phosphorylation and MMP9 activity.

(A) RAW264.7 cells transfected with scrambled or
target siRNA as indicated were incubated with or
without 4 wM rVP1 for 4 h. Cell lysates were col-
lected and subjected to immunoblot analysis using
antibodies against LC3, phosphorylated AKT1 at
Ser473, phosphorylated RAF1 at Ser338, phosphor-
ylated MAPK1 (Thr185/Tyr187), phosphorylated
MAPK3 (Thr202/Tyr204) and their nonphosphoryla-
tion controls. ACTB was used as a loading control.
Blots are representative of three independent
experiments. (B) Knockdown of WIPI1, WIPI2, ATG5
and ATG7 but not BECN1 attenuated rVP1-induced
MMP9 activity. Cells transfected with scrambled or
target siRNA as indicated were incubated with or
without 4 wM rVP1 for 24 h. Supernatants of cells
were collected for examine MMP activity by gelatin
zymographic analysis. Data represent means + SEM
of three independent experiments; *p < 0.05, **p <
0.01, ***p < 0.001, N.S., not significant.

RAW264.7 macrophages was studied at 4°C
and 37°C in the presence or absence of cyclo-
heximide (CHX) and observed by fluorescence
microscopy and western blotting as shown in
Figure S13.

Immunofluorescence staining. The forma-
tion of LC3 and WIPI2 puncta was observed
by immunostaining of LC3 or WIPI2 in
RAW264.7 or SKOV3 cells. Briefly, cells were
seeded onto an 8-well chamber slide before
treatment. After treatment, cells were fixed
with 4% paraformaldehyde, followed by 0.1%
Triton-X100 for 10 min and subjected to 1%
BSA for 30 min at room temperature. Slides
were then incubated overnight with rabbit anti-
LC3 or mouse anti-WIPI2 antibodies at 4°C
for 1 h at room temperature and subsequently
treated with Alexa Fluor 488-conjugated
goat anti-rabbit IgG (Invitrogen, A11008)
or rhodamine-conjugated goat anti-mouse
IgG (Invitrogen, R6393) for 30 min at room
temperature. For measuring WIPI1 puncta,
cells were transfected with DsRed-Wipil
plasmid according to the transfection proce-
dure. Nuclei were visualized and slides were
mounted by adding 4',6-diamidino-2-phe-
nylindole (DAPI) Fluoromount G mounting
buffer (SouthernBiotech, 0100-20). Images
were obtained using confocal microscopy.
Quantitative analyses of LC3, DsRed-WIPI1
or WIPI2 puncta per cell were undertaken by
examining 50 to 100 cells in each experiment.

Cell viability assay. Cell viability in
response to rVP1 was measured by WST-1
assay as described previously.?® Briefly, 3 x
10 cells were seeded onto 96-well plates and
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incubated at 37°C in an incubator with a humidified atmosphere
containing 5% CO,. After incubation of rVP1 for 24 h, cells
were removed from the medium and 10 wL WST-1 reagent in
100 wL RPMI-1640 medium was added to each well for addi-
tional 2 h. The ratios of surviving cells were measured by ELISA
reader at wavelength of 450 nm. The percentage of surviving cells
was calculated as (O.D. _  /O.D._ ) x 100% and shown in
Figure S14.

Cell migration assay. Cell migration assay was performed as
described previously.® In brief, RAW264.7 cells or RAW264.7
cells transfected with siRNA of scrambled or target genes were
seeded in a 35 mm dish at a density of 6 x 10* cells/cm?. Six to
eight hours after seeding or 16 h after siRNA transfection, cells
were treated with 4 uM rVP1, 50 WM resveratrol or serum star-
vation and time-lapse microscopy experiments were performed to

control

obtain serial phase-contrast images every 15 min for 22 h using
an inverted Leica Axiovert 200 light microscope equipped with a
humidified 37°C chamber in 5% CO,. Treatment of cells with 4
uM rVP1 in medium supplemented with 10% FBS caused few,
if any, cell death (Fig. S14). The cell trajectories and migration
velocities were recorded for 22 h using the tracking point tool
of Metamorph software (Molecular Devices). The average of
cell migration velocities was defined as the average of 20 subse-
quent cell centroid displacements/one time interval between two
images.

Transwell migration assay. Transwell migration assay was
undertaken as described previously.® Briefly, transwell inserts (8
pm pore; Costar, 3422) were placed into the wells. A total of 2 x
10° cells in serum free-DMEM were placed in the upper chamber
and 10% or 0.5% FBS-DMEM were added in the lower chamber.
After incubation at 37°C in a humidified 5% CO, atmosphere
for 24 h, the cells that had migrated to another side of mem-
brane were fixed with methanol and the nonmigrated cells were
mechanically removed with a cotton swab. Cells adherent on the
membrane were stained with Liu’s stain (ASK, 03R011/03R021).
Cell numbers were examined under light microscopy at 200x
magnification (Axiovert 200).

Gelatin zymographic analysis. Gelatin zymographic anal-
ysis was performed as described previously.®® Supernatants

of RAW264.7 after treatments were collected and concen-
trated with Vivaspin 6 centrifugal concentrators (Vivascience,
VS§2002). Twenty micrograms of concentrated supernatants
were loaded for electrophoresis under nonreducing conditions
on 10% SDS-polyacrylamide gels containing 1 mg/ml gela-
tin. After electrophoresis, the gels were washed in 2.5% Triton
X-100 and then incubated for 20 h at 37°C in the develop-
ment buffer containing 0.01 M CaCl,, 0.05 M TRIS-HCI
(pH 8.0). The zymographic gels were fixed in 50% methanol
and 10% acetic acid and stained with 0.5% Coomassie bril-
liant blue R-250, then destained in 10% acetic acid. Proteolytic
activity was detected as clear bands (zones of gelatin degrada-
tion) against the blue background of stained gelatin. The bands
were quantified with ImageQuant 5.2 software (Amershan
Bioscience).

Statistical analysis. Statistical significance and p values were
determined by two-tailed t-test. LC3, DsRed-WIPI1 and WIPI2
puncta analysis is shown as the mean + SEM from 50 to 100
cells/experiment in three independent experiments.
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