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Placental autophagy regulation
by the BOK-MCL1 rheostat
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associated protein 1 light chain 3 beta (MAP1LC3B); MCLI1, myeloid cell leukemia sequence 1 (BCL2-related); NO, nitric oxide;

PE, preeclampsia; ST, syncytium/syncytiotrophoblast cells; TC, term control; SNP, sodium nitroferricyanide (IIT)

Autophagy is the catabolic degradation of cellular cytoplasmic constituents via the lysosomal pathway that
physiologically elicits a primarily cytoprotective function, but can rapidly be upregulated in response to stressors thereby
inducing cell death. We have reported that the balance between the BCL2 family proteins BOK and MCL1 regulates
human trophoblast cell fate and its alteration toward cell death typifies preeclampsia. Here we demonstrate that BOK
is a potent inducer of autophagy as shown by increased LC3B-Il production, autophagosomal formation and lysosomal
activation in HEK 293. In contrast, using JEG3 cells we showed that prosurvival MCL1 acts as a repressor of autophagy
via an interaction with BECN1, which is abrogated by BOK. We found that MCL1-cleaved products, specifically MCL1c157,
trigger autophagy while the splicing variant MCL1S has no effect. Treatment of JEG3 cells with nitric oxide donor SNP
resulted in BOK-MCLT rheostat dysregulation, favoring BOK accumulation, thereby inducing autophagy. Overexpression
of MCL1 rescued oxidative stress-induced autophagy. Of clinical relevance, we report aberrant autophagy levels in the
preeclamptic placenta due to impaired recruitment of BECN1 to MCL1. Our data provided the first evidence for a key role
of the BOK-MCL1 system in regulating autophagy in the human placenta, whereby an adverse environment as seen in

preeclampsia tilts the BOK-MCL1 balance toward the build-up of isoforms that triggers placental autophagy.

Introduction

Autophagy is a self-digestion process that involves the
sequestration of cytoplasmic constituents by double-membraned
vacuoles, termed autophagosomes, which undergo catabolic
degradation after lysosomal fusion.! Although basal levels
of autophagy in cells are physiological, a variety of stressors,
including glucose deprivation and oxidative stress, can rapidly
trigger the autophagic machinery.>® Autophagy dysfunction has
been associated with a variety of pathologies including cancer,
infection, aging, and neurodegenerative diseases.*> While it is
accepted thatautophagy functions as a cytoprotective mechanism,
it has been shown that dying cells can undergo massive
amounts of autophagy in the absence of apoptotic molecular
events, implicating a role for this catabolic process in cell death
independent of apoptosis.® Moreover, reports have demonstrated
that autophagy can be switched to apoptosis via cleavage of the
autophagy-related protein ATG5.° Since autophagy ties together
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networks of cellular metabolism and death, it has been recognized
as an important player orchestrating cell fate decisions.

The B-cell lymphoma 2 (BCL2) family of proteins, widely
recognized as master regulators of cell fate decisions in response
to a variety of stimuli, includes prosurvival (BCL2L1, BCL2L2,
MCL1) and proapoptotic factors (BAK1, BAX, BOK).” These
promiscuous group of proteins can oligomerize with one another
via their BCL2 homology (BH) domains,’ thereby regulating cell
fate. The apoptotic function of the BCL2 proteins is known to
result from their localization to the mitochondria; however, they
can also localize to other intracellular membranes and organelles,
activating other cellular processes including autophagy.® The
haploinsufficient tumor suppressor BECN1, a BH3-only BCL2
family member, is central in the crosstalk between apoptosis
and autophagy."” BECNI is an essential protein for autophagy
as it mediates the cellular signaling upstream of autophagic
vesicle formation.'” Intriguingly, BECNI serves as a link for the
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interplay between the regulation of autophagy and apoptosis
via its interaction with BCL2 and BCL2L1, and more recently,
MCL1.1t12

BCL2-related ovarian killer (BOK) is
proapoptotic BCL2 family member with expression restricted to
reproductive organs.'>" Similarly to BAX, BOK contains 3 BCL2
homology domains (BH domains) and a transmembrane domain,

a multidomain

which facilitate its proapoptotic activity via mitochondrial
depolarization.’*"> BOK preferentially binds to Myeloid Cell
Leukemia factor 1 (MCL1), a prosurvival BCL2 family protein
that is also highly expressed in reproductive tissues.'® However,
the MCLI gene is prone to alternative splicing, which results in
the formation of proapoptotic MCL1S."” In addition, the full-
length MCLL1 protein contains 2 PEST (proline, glutamic acid,
serine, and threonine) regions that are subjected to caspase
cleavage, thereby generating proapoptotic cleaved products and
inducing rapid MCL1 turnover.'¢!8

Preeclampsia (PE) is a serious placental disorder complicating
3% to 7% of all pregnancies, that remains one of the leading causes
of maternal and fetal morbidity and mortality."” Preeclamptic
pathology is characterized by shallow trophoblast invasion into the
maternal decidua resulting in deficient spiral artery remodelling,
which in turn leads to aberrant placental blood flow and oxidative
stress within the placental tissue.?” In vivo and in vitro studies
have shown that placental hypoxia/oxidative stress contributes
to the preeclamptic phenotype of trophoblast cells, which is
characterized by increased trophoblast proliferation and death.?
2 While efforts have been made to understand the involvement
of BCL2 family members in driving mitochondrial-dependent
cell death in the developing human placenta and its associated

disorders,*>%

the contribution of these cell fate regulatory proteins
to placental autophagy in normal and pathological conditions
remains to be elucidated. We have previously addressed the role
of the BOK-MCLI system in regulating trophoblast cell fate
in placental development and disease.'® In particular, we have
shown that in preeclamptic placenta the BOK-MCLLI rheostat is
tilted toward the accumulation of prodeath isoforms, resulting in
increased apoptosis and a hyperproliferative status of trophoblast
cells.'®>24 In this study, we sought to unravel the complex roles

of the BOK-MCLI system in regulating placental autophagy.

Results

BOK is a novel inducer of autophagy

Emerging evidence highlights a role for BCL2 family
members in regulating autophagy in the context of both cell
survival and death.?>* Previously, we reported that proapoptotic
BOK contributes to both excessive trophoblast cell death and
23,24 and

hence we examined its role in autophagic regulation. Since BOK is

proliferation typical of placentas from PE pregnancies

aprotein that rapidly induces apoptosis at high concentrations' we
used a tetracycline-inducible HEK 293 Flp-In T-Rex cell system
that allowed for controlled expression of BOK.? In our first set of
experiments, we established that induction of GFP-tagged BOK
expression by a 24 h doxycycline treatment resulted in increased

expression of the autophagic marker LC3B-II (GFP-BOK:
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4.59 fold + 1.03 increase compared with control GFP cells;
P <0.001) (Fig. 1A). Induction of GFP alone by doxycycline had
no effect on LC3B-II formation (Fig. 1A). Electron microscopy
of GFP and GFP-BOK expressing cells established the presence
of autophagosomes in BOK expressing cells while cytoplasmic
vacuolization was absent in GFP control cells (Fig. 1B). Cells were
subsequently stained with LysoTracker® Red, a live-cell dye used
for labeling acidic organelles indicative of increased lysosomal
activity. Following doxycycline treatment, cells expressing GFP-
BOK displayed increased lysosomal/autophagosomal activity
when compared with GFP-expressing control cells (Fig. 2A,
left panels). The mitochondrial presence of BOK was verified
by immunofluorescence analysis showing association of GFP-
BOK with cytochrome C, a resident of the inner mitochondrial
membrane (Fig. 2A, right panel). To confirm the presence of
autophagic flux,”” cells were treated with bafilomycin A, (BafA ),
an inhibitor of autophagic vesicle fusion with the lysosomal
machinery.”” Hindrance of lysosomal degradation by BafA,
resulted in the accumulation of LC3B-II in BOK-expressing cells
following treatment with doxycycline, as compared with vehicle-
treated cells and untransfected cells treated with doxycycline alone
(Fig. 2B). BafA, treatmentalso induced LC3B-II build-up relative
to vehicle alone although to a lesser extent than that observed
with doxycycline induction (Fig. 2B). SQSTM1/p62, a protein
that links LC3 to ubiquitinated substrates, serves as a marker
of autophagic flux as it first accumulates in the autophagosome
and then upon autophagosome-lysosome fusion is promptly
degraded, indicating completion of autophagy.”’ Hence, we
examined SQSTMI expression in the BOK-expressing cells in
the presence or absence of doxycycline following treatment with
BafA . As anticipated doxycycline induction of BOK decreased
SQSTMI expression, while BafA  inhibition of autophagosomal
flux blocked SQSTM1 degradation in cells in the presence or
absence of doxycycline (Fig. 2B). Confocal analysis revealed
that treatment of cells with BafA, resulted in increased positive
cytoplasmic SQSTMI signal that exhibited a punctated staining
compared with control cells (Fig. 2C). Also, induction of GFP-
BOK expression by doxycycline in BafA -treated cells showed
colocalization of SQSTMI1 with BOK (Fig. 2C). We next
evaluated the consequences of BOK depletion on the expression
of autophagic markers in choriocarcinoma JEG3 cells, a human
cell line of placental origin, using a siRNA knockdown approach.
This approach has been previously used in our laboratory with a
protein knockdown efficiency in cells of 50% to 60%.%2* The
knockdown of BOK, using 2 different duplexes (D1-2), resulted
in a reduction of both LC3B-II and SQSTMI1 protein expression
relative to control scrambled (SS) siRNA-treated cells (Fig. 2D)
further corroborating the physiological involvement of BOK in
the regulation of autophagy. Taken together, these data indicated
that BOK functions as an inducer of autophagy.

BOK disrupts the interaction between MCL1 and BECN1

We have previously reported that a balance between
proapoptotic BOK and prosurvival MCL1 iscritical for trophoblast
cell homeostasis and that MCLL1 is capable of rescuing BOK-
induced trophoblast cell death.'® Notably, MCL1 has been found

to play an important role in suppressing autophagy in cortical
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Figure 1. BOK is a novel inducer of autophagy. (A) Upper panel: Representative immunoblot for GFP-BOK and LC3B-Il expression in HEK293TRex cells
stably transfected with GFP-BOK and treated with doxycycline (2.5 and 5 ng) for different times (12, 24, and 48 h) to induce GFP-BOK expression. Lower
left panel: Representative immunoblot for GFP or GFP-BOK in HEK 293TRex cells stably transfected with either GFP or GFP-BOK following 2.5 ng/mL
doxycycline treatment for 24 h. Lower right panel: Densitometric analysis of LC3B-Il expression normalized to ACTB in HEK293TRex cells expressing
GFP-BOK after 2.5 ng/mL doxycycline treatment. Data are expressed as fold-change relative to control vehicle treated GFPhBOK cells***P < 0.001, n
= 3 experiments run in triplicate). (B) Electron micrographs of HEK293TRex cells expressing either GFP or GFP-BOK after 2.5 ng/ml doxycycline treat-
ment. Autophagosomal formation in cells expressing GFP-BOK is indicated by white arrows.*: mitochondria; n: nucleus. n = 3 experiments performed

in duplicate.

neurons.'? Therefore, we examined the contribution of MCL1
in regulating BOK-induced cell autophagy. First, we examined
the interaction of BOK-MCLI using the inducible 293TRex
cells stably transfected with either GFP-BOK or GFP. Confocal
analysis showed extensive colocalization of BOKand MCLLI in the
cytoplasm of the doxycycline-induced GFP-BOK, but not GFP,
293TRex cells (Fig. 3A). Induction of GFP-BOK by doxycycline
resulted in a small but not significant decrease in MCLI levels
when compared with vehicle and GFP alone (Fig. 3B). Since
previous studies have demonstrated that prosurvival MCLI
directly interacts with BECNL'""'? we next determined whether
BOK exerts its autophagic effect by displacing BECN1 from
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MCLI. Immunoprecipitation experiments demonstrated that
MCLI associated with BECN1 in control 293TRex-GFP cells
with and without doxycycline induction; however, following
induction of BOK by doxycycline, the interaction between MCL1
and BECNI was disrupted (Fig. 3C). In order to substantiate
the changes in the association of these proteins, supernatants
remaining after immunoprecipitation of the lysates with BECN1
were immunoblotted for MCLI. Densitometric analysis of the
blots revealed a significant increase in MCLI protein content in
the supernatant fraction of cells expressing GFP-BOK compared
with those expressing GFP (Fig. 3D), corroborating the
interference of BOK with the MCL1-BECNI1 interaction.
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Figure 2. BOK induces lysosomal activity and autophagic flux. (A) Left panels: Immunofluorescence analysis of lysosomal marker LysoTracker’ Red
(red) in HEK293TRex cells expressing either GFP or GFP-BOK following treatment with vehicle or 2.5 ng/mL doxycycline. Nuclei are counterstained with
DAPI (blue); n = 4 different experiments performed in duplicate. Right panels: Inmunofluorescence analysis of GFP, GFP-BOK and cytochrome C in
HEK293TRex cells expressing either GFP or GFP-BOK following treatment with 2.5 ng/mL doxycycline; representative images of 3 separate experiments
(B) HEK293TRex cells stably transfected with GFP-BOK were treated with doxycycline with and without BafA, for 24 h and autophagic flux was monitored
by immunoblotting for LC3B-Il and SQSTM1; representative immunoblots of 3 separate experiments. ACTB immunoblot demonstrates equal protein
loading. (C) Immunofluorescence staining for SQSTM1 (red signal) in HEK293TRex cells expressing either GFP or GFP-BOK (green signal) after treatment
with 2.5 ng/mL doxycycline in the presence or absence of BafA . Nuclei are visualized with DAPI (blue signal). (D) LC3B-Il and SQSTM1 protein expression
in JEG3 cells following BOK siRNA treatment; representative immunoblots of 3 separate experiments. ACTB immunoblot demonstrates equal protein

loading.

The dynamic role of MCL1 isoforms as regulators of
autophagy

Since prosurvival MCL1 appears to act as an inhibitor of
autophagy in neuronal cells,” we determined its autophagy
function in trophoblast cells by aseries of gain-and loss-of-function
experiments using choriocarcinoma JEG3 cells. Transient
overexpression of MCLI in JEG3 cells was accompanied by a
significant reduction in LC3B-II formation relative to control
cells transfected with empty vector (Fig. 4A). Knockdown of

www.landesbioscience.com

MCLI, using 2 different siRNA sequences targeted against
MCLI mRNA, resulted in a marked reduction of MCLI protein
[73% for duplex 1 (D1) and 61% for duplex 2 (D1)] relative to
cells treated with control scrambled sequences (Fig. 4B). The
MCL1 knockdown was accompanied by a significant increase
in LC3B-1II protein (D1: 1.79 + 0.32-fold increase vs. SS, D2:
1.64 = 0.19-fold increase vs. SS, P < 0.05). Increased lysosomal/
autophagosomal activity, visualized with LysoTracker® Red
following siRNA silencing of MCLI, substantiated increased
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Figure 3. BOK disrupts the interaction between MCL1 and BECNT1. (A) Immunofluorescence staining for MCL1 (red signal) in HEK293TRex cells express-
ing either GFP or GFP-BOK (green signal) after treatment with 2.5 ng/mL doxycycline. Nuclei are visualized with DAPI (blue signal). (B) Representative
immunoblot for MCL1 in lysates from HEK 293TRex cells stably transfected with either GFP or GFP-MtdL following 2.5 ng/mL doxycycline treatment. (C)
Representative immunoprecipitation of BECN1 followed by immunoblotting for either MCL1 or BECN1 in HEK293TRex cells treated with 2.5 ng/ml doxy-
cycline to induce GFP or GFP-BOK. (D) Densitometric analysis of MCL1 protein content in supernatants of lysates from HEK293TRex cells treated with 2.5
ng/ml doxycycline to induce GFP or GFP-BOK after immunoprecipitation for BECN1 (n = 3 experiments in duplicate).

autophagy (Fig. 4C). Hence, in this model of human placental
cells, MCLLI functions as a repressor of autophagy.

In PE placentas the balance between prodeath BOK
and prosurvival MCLL1 is tilted toward the accumulation of
proapoptotic MCLLI splicing variant (MCLIS) and proapoptotic
cleaved MCL1 products together with increased levels of
BOK.'® As MCLIS and cleaved MCLL1 proteins retain the BH3
domains essential for BCL2 family protein interactions, we next
determined their role in regulating autophagy. Specific constructs
for MCLL1 products cleaved at residues 157 and 127, respectively,
as well as MCLIS were generated for transient expression. JEG3
cells were transfected with either control pcDNA3.1 vector or
constructs for MCLI1c157 and MCL1c127 as well as MCLI1S.
Increased expression of both MCLIS and cleaved products
was confirmed by immunoblotting (Fig. 5A). LC3B-II and
cleaved CASP3 levels were monitored to assess autophagic and
apoptotic activation (Fig. 5B). Surprisingly, MCL1c157 and to
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a lesser extent MCL1c127, but not MCLI1S, induced autophagy
as demonstrated by a 2.5-fold increase in LC3B-II formation
relative to cells transfected with empty vector (Fig. 5B). In
contrast, only the MCLIS isoform increased cleaved CASP3
levels (Fig. 5B). The effect of MCL1c157 on autophagy was most
profound after 24 h of transfection (Fig. 5B, left bottom panel).
The effect of MCL1c157 upon autophagy was further validated
with LysoTracker® Red, which demonstrated an increase in the
number of acidic lysosomes post-transfection with MCL1c157
construct when compared with cells transfected with control
empty vector (Fig. 5C). Inhibition of autophagic flux with BafA,
resulted in increased LC3B-II and SQSTMI accumulation
in JEG3 cells transiently transfected with MCLI1c157 and
MCLIc127 relative to control empty vector (Fig. 5D).

Autophagy is elevated in preeclampsia

Placentas from PE pregnancies have aberrant levels of BOK
and cleaved MCLI1.1%* Therefore, we examined the levels of

Volume 9 Issue 12

Do not distribute.

I0Science.

©2013 Landes B



ol ®
Q% (},\\’ §§1.5
< £5 .

O +
= 205

— 18 kD T

LC3B-I < - d 5
LC3B-I| | #= = |q16 kDa 9 0

pcDNA3.1 MCLA1
AcTE[—=—Je 45102
B D1 D2 SS Cc
MCL1| ---—I437kDa

ACTE [ e e o i s | o 43 kDa

LC3B-I « 18 kDa
LC3B-[] | "= S s s e s s s (@ 16 kDa

ACTD [ s s s s w—— | g 43 kDa

o

g 1.59 *k g 2.5 .

=S — o=

'g *%k E 5

2 e T ° 2.0 | —

S O 1.0 1) I

o c

=3 o o 1.5

= o

©5 B £ 101

g o 04 == a5 T

o Q s © 051

— i

_' —_—

®) E 0.0

= C 8 D1 D2 Cc
|

O

Figure 4. MCL1 is an inhibitor of autophagy. (A) Left panel: Representative immunoblot for MCL1
and LC3B-Il in JEG3 choriocarcinoma cells transiently transfected with either empty pcDNA3.1 or
pcDNA3.1IMCL1 vectors. Right panel: Densitometric analysis of LC3B-Il normalized to ACTB in JEG3 cells
transiently transfected with control empty vectorand MCL1 construct. *P < 0.05, n = 3 experiments in trip-
licate. (B) Upper panel: Representative immunoblots for MCL1 and LC3B-Ilin JEG3 cells treated with MCL1
siRNA. D1: MCLT siRNA duplex 1; D2: MCLT siRNA duplex 2; SS: scrambled sequence control; C: untreated
control. Lower left panel: Densitometric analysis of MCLT normalized to ACTB and expressed as fold
change relative to SS. Right panel: Densitometric analysis of LC3B-Il normalized to ACTB and expressed
as fold change relative to SS. *P < 0.05, **P < 0.01, n = 4 experiments in triplicate. (C) LysoTracker® Red
staining in JEG3 cells treated with MCLT siRNA. D1: MCL1 siRNA duplex 1; D2: MCL1 siRNA duplex 2; SS:
scrambled sequence control; C: untreated control cells. Nuclei were stained with DAPI (blue signal).
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autophagy in placenta from PE, age-
matched (AMC), and term control
(TC) pregnancies. Immunoblotting
for LC3B-II revealed a significant
increase in severe early onset PE
placentas when compared with both
AMC and TC placentas (Fig. 6A:
2.05 + 0.47 fold increase relative to
AMC (P < 0.01) and 7.54 + 0.82 fold
increase relative to TC (P < 0.001).
No significant changes in LC3B-II
expression were observed between
AMC and TC.

To determine if the increased
autophagy observed in PE placentas
is dependent upon changes in MCL1-
BECNI interactions, we determined
BECNI1 protein expression and its
association with MCLI1. Western blot
analysis revealed that both BECN1
and BOK levels were markedly
increased in PE placentas relative
to AMC (Fig. 6B, upper panels).
Immunoprecipitation  experiments
showed that, while expression of
BECN1 in control placentas is
minimal, the majority of this protein
complexed with MCL1 in AMC
samples. The opposite was found
in PE placentas where, despite high
levels of BECNI1, no interaction with
MCL1 was detected, indicating a
potential contribution of this rheostat
to the autophagy phenotype (Fig. 6B,
bottom panel). This finding was
corroborated by immunofluorescence
staining revealing that BECNI
is expressed in the trophoblastic
compartment of the placenta and
colocalizes with MCL1 in AMC, but
not in PE, placentas (data not shown).

Electron  microscopy  further
confirmed the elevated autophagy
levels in PE placentas. While AMC
placentas retained an organized
syncytial appearance with a well-
maintained microvillous membrane
(mvm) the syncytial layer of PE
placentas  was highly vacuolated
and the mvm highly disorganized
(Fig. 6C). Ultrastructurally,
autophagosomes ~ were  identified
by their characteristic = double-
membraned appearance and
cytoplasmic  contents  contained
within a  vacuole. A notable
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Figure 5. MCL1 cleavage product MCL1c157 promotes lysosomal activity and induces autophagy. (A) Representative immunoblots for MCL1c157 and
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of the autophagic flux inhibitor BafA,. ACTB immunoblot demonstrates equal protein loading.
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Figure 7. Oxidative stress induces autophagy via alterations in BOK-MCL1 rheostat. (A) Left panel: Representative immunoblots for MCL1, BOK and LC3B-II
in JEG3 choriocarcinoma cells after 2.5 and 5 mM SNP treatment. ACTB immunoblots demonstrate equal protein loading. Right panel: Densitometric
analysis of MCL1, BOK and LC3B-II protein expression normalized to ACTB and expressed as fold-change relative to untreated control. *P < 0.05, **P <
0.01, ***P < 0.001). MCL1, n = 6 experiments in triplicate; BOK, n = 4 experiments in triplicate; LC3B-II, n = 6 experiments in triplicate. (B) LysoTracker” Red
staining of JEG3 cells after 2.5 and 5 mM SNP treatment. Nuclei were visualized with DAPI (blue signal), n = 3 experiments in duplicate. (C) Representative
immunoblots for LC3B-Il and SQSTMT1 in JEG3 cells after 2.5 and 5 mM SNP treatment in the presence or absence of the autophagic flux inhibitor BafA,.
ACTB immunoblot demonstrates equal protein loading. (D) Representative immunoblot for MCL1, BOK and LC3B-Il in JEG3 cells transfected with either
MCL1 or empty pcDNA3.1 vector (EV) after 2.5 mM SNP treatment. Experiment was repeated twice with similar results.
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Figure 8. Putative model for altered BOK-MCL1 rheostat in autophagic
regulation in preeclamptic placentas. Increased BOK expression follow-
ing oxidative stress insult, leads to induction of autophagy directly or
indirectly by a mechanism that involves BOK sequestration of MCLI,
thereby freeing BECN1. Furthermore, oxidative stress-induced MCL1
cleavage further triggers autophagy.

increase in autophagosomal structures was detected in both
syncytial layers (ST, CT) and endothelium (E) in PE placentas
when compared with AMC placentas (Fig. 6C). Intriguingly,
evidence for mitophagy, that characterizes the recycling of
mitochondria, was also observed in sections from PE placentas.

Oxidative damage induces autophagy via alterations in
BOK-MCLI balance

To determine if increased autophagy in PE may be the result
of increased oxidative stress typical of this pathology,?*?' JEG3
cells were treated with sodium nitroprusside (SNP), a compound
that triggers a status of intracellular oxidative stress.”” Treatment
of JEG3 cells with 2.5 and 5 mM of SNP resulted in a dose-
dependent decrease of MCLI expression (Fig. 7A). Conversely,
following SNP treatment, BOK protein levels significantly
increased relative to control. These changes in MCL1 and BOK
protein expression in response to SNP treatment correlated
with a significant increase in LC3B-II levels (2.5 mM SNP:
2.43 + 0.33 fold increase relative to control P < 0.001; 5 mM
SNP: 2.68 + 0.35 fold increase relative to control, 2 < 0.001).
Autophagic induction in response to SNP treatment was further
confirmed with LysoTracker® Red staining, i.e., increased
lysosomal formation/activity in cells treated with SNP as
compared with control untreated cells (Fig. 7B). Inhibition of
autophagic flux with BafA  resulted in increased LC3B-II and
SQSTMI accumulation in JEG3 cells following treatment with
SNP (Fig. 7C). We then investigated if the autophagic effect
of SNP could be rescued by overexpression of MCLI protein.
Overexpression of MCLI decreased BOK levels and prevented
SNP-induced LC3B-II formation, demonstrating that SNP
triggered autophagy in JEG3 cells is largely dependent upon the
BOK-MCLI balance (Fig. 7D).

Discussion

In the present study, we demonstrated for the first time that
proapoptic BOK, a BCL2 family member, is a powerful inducer

www.landesbioscience.com

of autophagy. While its prosurvival partner MCL1 functions
as a repressor of this lysosomal degradation pathway, cleaved
products of MCLI, specifically MCL1c157, trigger autophagy.
In addition, we show that MCLLI is capable of rescuing oxidative
stress-induced autophagy. Of clinical relevance, we report
aberrant autophagy levels in severe preeclamptic placentas
due to impaired recruitment of BECNI to MCLI, most likely
caused by BOK interference. Hence, in PE, the oxidative stress
milieu, known to tilt the BOK-MCLI1 system toward the
accumulation of cell death-inducing isoforms, triggers placental
cell autophagy, thereby contributing to the pathogenesis of this
disease.

In the human placenta, the BOK-MCLI system is central to
survival and proliferation of trophoblast cells, necessitating the
question of whether their interplay also plays a role in regulating
autophagy in this tissue.'*?*** Our finding of BOK being able
to induce LC3B-II expression, autophagosomal formation and
lysosomal activation in HEK293 cells implicates a novel role
for this proapoptotic protein in the regulation of autophagy.
Furthermore, our results of altered SQSTMI degradation
following overexpression or knockdown of BOK as well as
increased LC3B-II and SQSTMI accumulation following
inhibition of autolysosome formation with BafA , are consistent
with a role for BOK in regulating autophagic flux through the
entire process of autophagy. Recent reports have demonstrated
that a complex crosstalk exists between regulators of apoptosis
and autophagy that is mediated by the haploinsufficient tumor
suppressor BECN1, a BH3-only protein’ with no apparent
apoptotic effects.!”'"3® BECNI1 has been reported to interact
with several prosurvival members of the BCL2 family proteins,
including BCL2, BCL2L1, BCL2L2, and to a lesser extent with
MCLL.""? The interaction of BECN1 with BCL2 has been
shown to inhibit autophagy via sequestration of BECNI1 from
its autophagy activating complex with the lipid kinase class
I PedIns3K, which contains PIK3C3/Vps34 as the catalytic
subunit.?® Conversely, proapoptotic BH3-only proteins, including
BNIP3, PMAIP1, BBC3, BCL2L11, and BAD, have been shown
to indirectly induce autophagy by binding and sequestering the
prosurvival protein BCL2, thereby preventing its interaction
with BECN1.%' Our immunoprecipitation data suggests that
recruitment of MCL1 by BOK interferes with MCL1-BECNI1
interactions, thereby freeing BECNI that subsequently induces
autophagy. Alternatively, similarly to BCL2 and BCL2LI, which
induce cytoprotective- and cell death-promoting autophagy via a
mechanism independent of BECN1,%> BOK alone may directly
trigger autophagy (Fig. 8). Independent of the mechanism,
however, the multidomain BH3 family member BOK can be
added to the growing list of proapoptotic BCL2 family proteins
implicated in autophagic induction.

MCLLI has recently been reported to inhibit autophagy in
postmitotic cortical neurons.'? In line with this report, our data
indicate that in JEG3 choriocarcinoma cells, MCL1 suppresses
autophagy (most likely by interacting with BECNI1), which
is abrogated by either BOK sequestration or MCLI cleavage
(Fig. 8). Intriguingly, caspase-cleavage products of MCLI,
specifically MCL1c157, were found to promote autophagy via a
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yet undefined mechanism. The MCLIS splicing variant did not
affect autophagic activation but induced apoptosis as suggested
previously.'® Many intricacies exist in networks controlling
autophagy and apoptosis. For example, calpain-mediated cleavage
of ATGS has been reported to tilt the balance from autophagy to
apoptosis®® and reports have shown that BAX-induced caspase
cleavage of BECNI ablates its autophagic activity.** Our finding
of MCLIc157 being involved in the induction of autophagy
further ties together these networks. While full-length MCLI
inhibits apoptosis, caspase-mediated cleavage not only decreases
prosurvival MCLLI levels but also results in the accumulation of
autophagic MCL1 isoforms. Taken together, our data support
a critical role for the BOK-MCLI system in autophagy and
suggests that aberrant MCLLI protein regulation, at the level of
both expression and cleavage, can result in autophagic activation
in JEG3 choriocarcinoma cells.

Studies on cell death in preeclamptic placentas have thus far
reported on trophoblast apoptosis and necrosis, but have not
systematically examined the relative contribution of autophagy
and its potential regulatory mechanisms in trophoblast cell
homeostasis. In this study, we provide evidence that autophagy
levels are markedly elevated in placentas from severe preeclamptic
pregnancy, corroborating findings from a previous report.”
A recent report indicates that intrauterine growth restriction
(IUGR) placentas exhibit increased autophagy levels;*
in the current study, only 20% of placental tissues examined

however,

were from preeclamptic pregnancies complicated by IUGR and
no differences in markers of autophagy in preeclamptic placentas
with and without IUGR were detected. Moreover, we found
that the mode of delivery did not affect the placental autophagy
outcome in our pathological and age-matched control groups and
no differences were found between preterm and term controls.
This argues with a previous report showing increased autophagy
in placentas obtained from caesarean sections; however,
placentas examined in this study were from term-uncomplicated
pregnancies.”’

Our electron microscopy data provide evidence for autophagy
structures in trophoblast cell layers and in the endothelium
of chorionic villi vessels. The syncytiotrophoblast layer is the
first layer exposed to oxidative damage as it is directly bathed
in maternal blood. In PE, the placenta experiences aberrant
blood flow, and consequently is exposed to hypoxic injury.?*%
The highly vacuolated appearance of the syncytiotrophoblast
layer of PE placentas indicates that autophagy is exacerbated
in the syncytium, likely in response to oxidative stress thereby
contributing to the observed excessive cell death characteristic
of this disorder. Autophagy has been implicated in a number
of pathologies that exhibit aberrant cell death, and either
exacerbating or enhancing this cellular activity has been
proposed as a therapeutic for these diseases.”***° This highlights
a discrepancy in the study of autophagy as unlike apoptosis, the
biological outcome of autophagy, as to whether it functions as a
prodeath or prosurvival mechanism is unclear and it has been
proposed to be dependent upon cellular context. The tissue
specificity and functionality of various BCL2 family proteins is

further highlighted by the divergent role of MCLLI in autophagy
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regulation. While studies conducted in neuronal cells indicate
that this prosurvival protein is an inhibitor of autophagy, a
report using HCT116 colorectal cancer cells shows that MCLL1
is insufficient to inhibit autophagic induction.’*3? In the present
study, we demonstrated that in PE, despite increased BECNI
levels, BECNT’s association to MCLLI is disrupted, likely due to
interference by elevated BOK, highlighting a direct involvement
of the BOK-MCLI system in the autophagic activation in this
disorder.

Oxidative stress is a major culprit responsible for excessive
cell death in PE“? and we have reported that the tilted balance
of the BOK-MCLI rheostat toward cell death in this disorder is
largely dependent upon oxidative stress damage.'® In the present
study, we report that treatment of JEG3 cells with SNP, a nitric
oxide (NO) donor which is known to mimic oxidative stress and
to activate BCL2 family proteins,'®? reduces and increases the
relative abundance of MCL1 and BOK, respectively, which results
in increased autophagy. Correcting the BOK-MCLI balance by
overexpression of MCLI in SNP-treated JEG3 cells, however,
abrogates the SNP-induced autophagy. Nitric oxide effects on
autophagy are controversial and have shown a cell-dependent role
for NO in the regulation of this lysosomal degradation process.*>#4
While studies using glioma cells have reported that NO inhibits
the completion of autophagy,® other reports have demonstrated

that in neurons NO increases mitophagy.

Interestingly, we
observed that in addition to autophagy, preeclamptic placentas
exhibit mitophagy. Previous studies have reported on the role of
BNIP3, a BH3-only protein, as regulators of both autophagy and
apoptosis in response to hypoxic signaling in cardiac disorders
and in cancer.”*® However, our findings suggest that the
oxidative stress-altered BOK-MCLLI rheostat is the key inducer
of autophagy in PE as we were unable to detect altered levels of
BNIP3 in PE placentas (data not shown), suggesting that this
BH3-only protein may have distinct tissue-specific functions.
High levels of autophagy in chorionic villi may be an important
mechanism by which PE placentas retain functionality in this
adverse environment but it is also plausible that this degradation
process is predisposing or priming the tissue for an impending
death event. While our findings enhance the understanding
of autophagic regulation in reproductive tissues, the precise
biological relevance of this catabolic process during physiological
and pathological conditions in the human placenta remains to be
conclusively established. Autophagy is a cell-death mechanism
independent of apoptosis in Drosophila; however, this function
remains controversial in other organisms and systems.®>* Cell
lines have provided extensive information about the function of
autophagy by demonstrating that autophagy functions mainly as
a cytoprotective mechanism used to preserve cell survival and
energy production in adverse conditions.” Thus, the autophagy
observed in PE placenta may be defensive, in order to turnover
damaged organelles in response to oxidative stress milieu
experienced by the chorionic villi. This notion is supported
by our finding of mitochondrial autophagy, or mitophagy in
trophoblast cells and endothelium of PE placentas, suggesting
that in this pathological context autophagy is central for recycling
damaged mitochondria. In overall, our findings underscore that
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Table 1. Clinical features of the study population

Age-matched controls

Preeclampsia

Term control

(n=18) (n=25) (n=10)
Mean maternal Age 323+3.8 30.1+£5.2 29.8+43
Mean gestational age 29+33 28.6 +2.86 386+1.2
(weeks) (25 to 35) (24 to 35) (37 to 40)

Blood pressure (mmHg)

Systolic: 112+ 5.5
Diastolic: 69.1 + 5.7

Systolic: 174.5 £ 13
Diastolic: 109 + 12.2

Systolic: 112.7 £ 18.6
Diastolic: 75.5 £ 6.5

Proteinuria (g/24 h) Absent 3.0x1 Absent
. A.G.A.(80%) 1255 + 305
Mean fetal weight (g) A.G.A. 1488.2 + 668.2 IUGR (20%) 802.5 + 245 A.G.A.3350 + 275
CS 48% CS 88%
i 0,
Mode of delivery VD 52% VD 12% CS 100%

Data are represented as mean * standard deviation. A.G.A., appropriate for gestational age; IUGR, intrauterine growth restriction; CS, cesarean

section; VD, vaginal delivery.

the BOK-MCLI system is at the crossroad between life and death
pathways in preeclampsia.

Materials and Methods

Cell culture

Human choriocarcinoma JEG3 cells (ATCC, HTB-36) were
maintained in EMEM media (ATCC, 30-2003) supplemented
with 10% fetal bovine serum (nonheat inactivated) at 20%
oxygen (standard conditions). Flp-In T-Rex human embryonic
kidney (HEK) cell lines stably expressing either GFP alone
(HEK293-GFP) or GFP-hBOK (HEK293-GFP-BOK) were
generated as previously described.”? HEK293-BOK and
HEK293-GFP cells were maintained in DMEM high glucose
media (Lunenfeld-Tanenbaum Research Institute) with 10%
FBS, 0.01% blasticidin (Life Technologies, R210-01), and 0.4%
hygromycin (Roche, 10843555001). Expression of BOK-GFP or
GFP was induced by doxycycline (2.5 and 5 ng; Sigma-Aldrich,
D9891) treatment for different time points (12, 24, and 48 h).
Autophagic flux in HEK293-GFP-BOK and control cells was
examined by treating the cells with and without 50 nM BafA,
(Sigma-Aldrich, B1793) for 24 h following BOK induction by
doxycycline.

Transfections

Human JEG3 cells were transfected with 3 ug of construct
per 35-mm cell culture plate (pcDNA3.1, pcDNA3MCLI,
pcDNA3MCLI1c127, pcDNA3MCLIc157, pcDNA3MCLIS
vectors) using Lipofectamine 2000 (Invitrogen, 11668) as
previously described.’® In parallel experiments, JEG3 cells
transiently transfected with MCLIcl157 and MCLI1c127
constructs were treated with and without 50 nM BafA for 24 h.

SNP treatment

JEG3 cells were seeded into a 6-well cell culture plate (2 x
10° cells per well) and treated for 6 h with 2.5 mM or 5 mM
SNP [sodium nitroferricyanide (III); Sigma-Aldrich, 228710].
In a subset of experiments, JEG3 cells in the presence or absence
of 2.5 mM SNP were treated with and without 50 nM BafA, for
24 h.

www.landesbioscience.com

MCLI and BOK siRNA experiments

Silencing of MCLI and BOK in JEG3 cells was performed
with 60 nM of 2 different validated Silencer Select® siRNA
duplexes targeted against mRNA of either MCLI (Ambion,
4390824) or BOK (Ambion, 4392420) using Lipofectamine
2000. Scrambled siRNA sequences were used as negative control.
After transfection, cells were maintained at 20% O, for 24 h
before protein collection.

Immunofluorescence staining

HEK293-GFP, HEK293-GFP-hBOK, and JEG3 transfected
cells were seeded on sterile glass coverslips and allowed to adhere
overnight. Cells were then incubated with 50 nM LysoTracker®
Red (Invitrogen, L-7528) for 1 h, and fixed in 3.7% formaldehyde.
Slides were treated with 0.4% DAPI for nuclear detection.
Immunofluorescence studies were conducted as previously
described® using rabbit anti-MCLI (Santa Cruz Biotechnology,
sc-819), mouse anti-SQSTM1/p62 (Santa Cruz Biotechnology,
$c-28359), and rabbit anti-cytochrome C (Cell Signaling,
4280) primary antibodies overnight at 4 °C. Fluorophore-
conjugated secondary anti-rabbit and anti-mouse antibodies
were employed and nuclei were subsequently counterstained
with  DAPI  (4,6-diamidino-2-phenylindole;  Invitrogen,
D1306). Fluorescence images were viewed and captured using a
DeltaVision Deconvolution microscope (Applied Precision).

Human tissue sampling

Preeclamptic, normotensive AMC and term control placental
samples were attained after informed consent in accordance
with the ethics guidelines of University of Toronto and Mount
Sinai Hospital, Toronto, Canada and O.L.R.M-SantAnna
Hospital, University of Turin, Turin, Italy in accordance with
the Helsinki Declaration of 1975. Patients’ clinical data are
summarized in Table 1. The study groups included singleton
pregnancies complicated by severe early-onset PE (E-PE, n =
25). The diagnosis of PE was made according to the following
criteria: presence of pregnancy-induced hypertension (systolic =
140 mmHg, diastolic = 90 mmHg) and proteinuria (= 300 mg/
24 h) after the 20th week of gestation in previously normotensive
women."” Eighteen AMC and TC placentas were obtained from
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normal pregnancies that did not show any signs of PE or other
placental disease. Maternal age, gestational age, and parity were
comparable between PE and AMC groups. Pregnancies with
chromosomal anomalies or notable intrauterine infection were
excluded from the study. Patients with diabetes, infections,
and kidney disease were also excluded. Samples were collected
randomly from central and peripheral placental areas and snap
frozen immediately after delivery.

Western blotting

Western blotting was performed as previously described.?
Rabbit anti-MCLI (1:500, Santa Cruz Biotechnology, sc-819),
rabbit anti-LC3B (1:1000; Abcam, ab48394), rabbit anti-
BOK (1:500; Abgent, AP16794), goat anti-ACTB (1:1000;
Santa Cruz Biotechnology, sc-1616), mouse anti-SQSTM1/p62
(1:500; Santa Cruz Biotechnology, sc-28359), and anti-mouse
GFP (1:1000; B-2, Santa Cruz Biotechnology, sc-9996) were
used as primary antibodies and detected using HRP-conjugated
secondary antibodies. Detection of HRP-conjugated secondary
was performed using ECL plus chemiluminescent reagent
(Perkin Elmer, NEL103001EA) and imaged on X-ray film (GE
Healthcare) or using the gel-documentation system VersaDoc
(Bio-Rad Laboratories).

Immunoprecipitation studies

HEK293-GFP-hBOK and HEK293-GFP stably transfected
cells were collected in 1% Triton-x containing a protease
inhibitor cocktail. Two-hundred micrograms of cell lysate was
rapidly sonicated and incubated at 4 °C overnight with rabbit
anti-BECN1 (1:100; Cell Signaling, 3495). Thirty microliters
of Protein-A agarose beads (Santa Cruz Biotechnology, sc-2001)
were added to the samples and the mixtures were incubated at 4
°C for 3 h. Agarose beads were collected by centrifugation and
washed 3 times with PBS. The beads were then resuspended
in 2X-SDS loading buffer, boiled for 5 min and centrifuged.
The supernatants were collected, subjected to SDS-PAGE and
analyzed by western blotting for MCL1 and BECNI. The
association between MCLI and BECNI in PE placentas and
normotensive age-matched controls was examined as previously
described.”® Following immunoprecipitation of MCLI1 using

anti-MCL1 antibody, immunoprecipitates were subjected to
SDS-PAGE and immunoblotted with anti-BECN1 antibody.

Electron microscopy

Placentas from preeclamptic and normotensive control
pregnancies were diced into 2-mm pieces within 10 min of
delivery and placed into EM fixative (2% glutaraldehyde, 0.1 M
sodium cacodylate) for 24 h at 4 °C. Tissues were subsequently
processed into thin sections by the Mount Sinai Hospital
Electron Microscopy facility. Following doxycycline induction,
HEK293-GFPhBOK, and HEK293-GEFP stably transfected cells
were treated with EM fixative and stored at 4 °C for 24 h prior
to processing for EM by the MSH Electron Microscopy facility.
Images were taken using a FEI Tecnai 20 Transmission Electron
Microscope (FEI North America NanoPort).

Statistical analysis

All data are presented as mean + s.e.m. For comparison of data
between multiple groups we used one-way analysis of variance
(ANOVA) with posthoc Newman-Keuls multiple comparisons
test. For comparison between 2 groups we used paired and
unpaired the Student 7 test as appropriate. Statistical tests were
performed using Graphpad Prism 5 software and significance
was accepted at P < 0.05.
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