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Preeclampsia, a disorder of pregnancy, is character-
ized by increased trophoblast cell death and altered
trophoblast-mediated remodeling of myometrial spi-
ral arteries resulting in reduced uteroplacental perfu-
sion. Mitochondria-associated Bcl-2 family members
are important regulators of programed cell death. The
mechanism whereby hypoxia alters the mitochon-
drial apoptotic rheostat is essential to our under-
standing of placental disease. Herein, myeloid cell
leukemia factor-1 (Mcl-1) isoform expression was
examined in physiological/pathological models of
placental hypoxia. Preeclamptic placentae were
characterized by caspase-dependent cleavage of
death-suppressing Mcl-1L and switch toward cell
death-inducing Mcl-1S. In vitro , Mcl-1L cleavage was
induced by hypoxia-reoxygenation in villous ex-
plants, whereas Mcl-1L overexpression under hypox-
ia-reoxygenation rescued trophoblast cells from
undergoing apoptosis. Cleavage was mediated by
caspase-3/-7 because pharmacological caspase inhibi-
tion prevented this process. Altitude-induced chronic
hypoxia was characterized by expression of Mcl-1L;
resulting in a reduction of apoptotic markers (cleaved
caspase-3/-8 and p85 poly-ADP-ribose polymerase).
Moreover, in both physiological (explants and high
altitude) and pathological (preeclampsia) placental
hypoxia, decreased trophoblast syncytin expression

was observed. Hence, although both pathological and
physiological placental hypoxia are associated with
slowed trophoblast differentiation, trophoblast apo-
ptosis is only up-regulated in preeclampsia, because
of a hypoxia-reoxygenation-induced switch in gener-
ation of proapoptotic Mcl-1 isoforms. (Am J Pathol

2007, 171:496–506; DOI: 10.2353/ajpath.2007.070094)

The regulation of Bcl-2 family members is currently the
subject of intense investigation because these proteins
are important regulators of programed cell death in
normal organ development as well as in disease.1,2

Members of this gene family act through a complex
network of homo- and heterodimers. The fate of a cell
is determined by the ability of cell death suppressors to
sequester, and thus neutralize, the actions of cell death
inducers.2 Hence, the relative concentration of pro-
and anti-apoptotic proteins determines whether a cell
lives or dies.3 Many Bcl-2 family members localize
permanently or transiently to the outer mitochondrial
membrane where they are believed to either regulate
or form pores. The opening of these pores results in
transitional changes in mitochondrial membrane
potential accompanied by release of death-inducing
factors from the mitochondrion into the cytoplasm.
Several prosurvival Bcl-2 family members can block
the induced decrease in mitochondrial membrane po-
tential and inhibit the activation of apoptotic caspases
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by keeping death-inducing proteins in an inactive
state.2

Preeclampsia, a unique human disease of placental
origin, affects 5 to 7% of all pregnancies and is clini-
cally manifested by the sudden onset of maternal hy-
pertension and proteinurea.4 Preeclamptic placentae
are characterized by altered trophoblast differentiation
and increased trophoblast cell death and turnover.5–11

Failure in trophoblast-mediated maternal vessel re-
modeling may predispose the preeclamptic placenta
to hypoxia/oxidative stress and as such may impact
trophoblast cell death and differentiation, possibly via
dysregulated expression or function of Bcl-2 family
members.12

We recently reported that increased expression of pro-
apoptotic Mtd-L and Mtd-P, a newly identified isoform of
the Bcl-2 family member Mtd/Bok (Matador/Bcl-2-related
ovarian killer), results in elevated trophoblast cell death in
placentae of patients diagnosed with severe early-onset
preeclampsia.11 In addition, we demonstrated that both
Mtd-L and Mtd-P isoforms induce mitochondrial apopto-
tic events.11 The death-inducing Mtd-L molecule prefer-
entially interacts with Mcl-1L protein (myeloid cell leuke-
mia factor 1-L: long isoform), which neutralizes its
proapoptotic activity.13,14 The Mcl-1 gene was first de-
scribed as an early induction gene during myeloblastic
leukemia cell differentiation15 and subsequently charac-
terized as an important anti-apoptotic molecule.16,17

Mcl-1 is essential for maintenance of hematopoietic stem
cells in bone marrow, for early lymphoid development
and later in maintenance and survival of mature lympho-
cytes via selective inhibition of the proapoptotic protein
BIM.18

In addition to the prosurvival Mcl-1L molecule, the
Mcl-1 gene also gives rise to a death-inducing splicing
isoform known as Mcl-1S. This variant is generated via
exon II skipping,19,20 resulting in loss of the BH1, BH2,
and transmembrane domains, hence generating a trun-
cated proapoptotic BH3-only isoform. Mcl-1L is presently
the sole known molecule capable of binding and antag-
onizing the killing function Mcl-1S.19 Recent studies have
demonstrated that activated caspase-3 leads to proteo-
lytic cleavage of conserved aspartate residues (D127
and D157) within the PEST domain of both Mcl-1 variants,
hence generating truncated molecules21–25 that exhibit
proapoptotic functions.21,25,26

Oxygen plays a key role in the transcriptional regu-
lation of both Mcl-1 and Mtd.11,27,28 We recently re-
ported that Mtd is overexpressed in preeclamptic pla-
centae,11 but the expression status of Mcl-1 in this
pathology is currently unknown. Herein, we tested the
hypothesis that reduced pO2 as seen in preeclampsia
alters the Mtd/Mcl-1 apoptotic rheostat regulating tro-
phoblast turnover. We investigated Mcl-1 expression in
human pregnancies complicated by preeclampsia and
examined how conditions of in vitro and in vivo placen-
tal hypoxia, including altitude-induced chronic hyp-
oxia, affect the Mcl-1/Mtd apoptotic rheostat. Our find-
ings indicate that pathological conditions of oxidative
stress compared with physiological low pO2 induces a
detrimental switch in the mitochondrial apoptotic bal-

ance via caspase-mediated cleavage of prosurvival
Mcl-1 into proapoptotic isoforms.

Materials and Methods

Tissue Sampling

Tissue was collected in accordance with participating
institutions’ ethics guidelines. Preeclampsia was defined
and diagnosed based on the American College of Ob-
stetrics and Gynecology criteria (blood pressure of 140
mmHg systolic or higher and 90 mmHg diastolic or higher
occurring after 20 weeks of gestation in a woman with
previously normal blood pressure accompanied by uri-
nary excretion of 0.3 g of protein or higher).29 The fifth
Korotkoff sound was used for measuring diastolic blood
pressure. Preeclamptic placentae (PE; early-onset, n �
49; late-onset/term, n � 10) and preterm normotensive
age-matched control placentae (AMC, n � 38) were col-
lected from deliveries at Mount Sinai Hospital. Areas with
calcified, necrotic, or visually ischemic tissue were omit-
ted from sampling. Patients suffering from diabetes, kid-
ney disease, or infections were excluded. Early-onset
preeclampsia was defined when the patient delivered
before 34 weeks of gestation because of preeclampsia.
Pregnant patients with essential hypertension (n � 4, at
term) and pregnancies affected by intrauterine growth
restriction (IUGR) (n � 6, gestational age 35 to 38 weeks
with fetal weight less than fifth percentile) without pre-
eclampsia were included as controls. Preterm deliveries
were attributable to multiple pregnancies (30%), preterm
labor attributable to incompetent cervix (40%), premature
preterm rupture of membrane (20%), and spontaneous
rupture of membranes (10%). Preterm and term control
groups had no clinical or pathological signs of pre-
eclampsia, infections, or other maternal or placental dis-
ease. First-trimester human placental tissues (6 to 20
weeks of gestation, n � 16) were obtained from elective
terminations of pregnancies by dilatation and curettage.
High-altitude (HA; 3100 m, n � 16) and moderate altitude
(MA; 1600 m, n � 13) and sea-level/term control (SL, n �
15) placental samples were collected from healthy nor-
mal patients with term deliveries. Because of organ het-
erogeneity and the fact that perfusion can differ depend-
ing on location within the placenta,30 multiple specimens
(approximately five per region) were randomly sampled
from central and peripheral regions of pathological, HA,
and control placentae. The SL, MA, and HA groups did
not show clinical or pathological signs of preeclampsia,
infection, or other placental disease. For summary of
clinical data, see Table 1.

Human Chorionic First Trimester Villous Explant
Culture and z-VAD-fmk and z-DEVD-fmk
Treatments

Explant cultures were performed as previously de-
scribed.31 In brief, placental tissues (5 to 8 weeks of
gestation) were placed in ice-cold phosphate-buffered
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saline (PBS) and processed within 2 hours of collection.
Tissues were aseptically dissected to remove decidual
tissue and fetal membranes. Small fragments of placental
villi (25 to 45 mg wet weight) were teased apart, placed
on Millicell-CM culture dish inserts (Millipore Corp., Bed-
ford, MA) precoated with 0.15 ml of undiluted Matrigel
(Collaborative Biomedical Products, Bedford, MA), and
transferred to a 24-well culture dish. Explants were cul-
tured in serum-free Dulbecco’s modified Eagle’s medi-
um/F12 (Life Technologies, Inc., Grand Island, NY) sup-
plemented with 100 �g/ml streptomycin, 100 U/ml
penicillin, and incubated overnight at 37°C in 5% CO2 in
air to allow attachment. Explants were maintained in stan-
dard condition (5% CO2 in 95% air) or in an atmosphere
of 3% O2/92% N2/5% CO2 for 48 hours at 37°C. The
morphological integrity and viability of villous explants
under the various oxygenation conditions were monitored
daily as previously reported.11,31 Explants from more
than 18 different placentae in more than 15 separate
experiments were used. A minimum of three explants per
experimental condition was used at all times. Explants
were exposed to hypoxia-reoxygenation (HR) as previ-
ously described11,32 in the presence of 100 �mol/L of
the pan-caspase inhibitor z-VAD-fmk (BioMol, Plymouth
Meeting, PA) or caspase-3-specific inhibitor z-DEVD-
fmk (R&D Systems, Minneapolis, MN) both dissolved
in dimethyl sulfoxide (equivalent volume of dimethyl sul-
foxide in the absence of inhibitors was used in control
conditions).

RNA Analysis

RNA extraction was performed using a RNeasy mini kit
(Qiagen, Valencia, CA), reverse-transcribed using a ran-
dom hexamer approach, and amplified by 40 cycles of
quantitative polymerase chain reaction (PCR) (15 min-
utes at 95°C, cycle: 30 seconds at 95°C, 30 seconds at
60°C, and 30 seconds at 72°C). Southern blot analysis
was performed as previously described,11 using a 32P-
labeled full-length Mcl-1L probe. Primer sequences used
in reverse transcriptase (RT)-PCR/Southern blot analysis
were: Mcl-1 (NM_021960): forward 5�-ATGTTTGGCCT-

CAAAAGAAACGCG-3� and reverse 5�-GGCTATCTTAT-
TAGATATGCCAA-3� (Mcl-1L: predicted size � 1054 bp
and Mcl-1S: predicted size � 806 bp) and �-actin
(NM_001101): forward 5�-CTTCTACAATGAGCTGCGTG-
3�, reverse 5�-TCATGAGGTAGTCAGTCAGG-3� (pre-
dicted size � 304 bp). All amplified and cloned products
were confirmed by sequencing. Quantitative PCR was
performed using the SYBR Green I dye DyNamo HS kit
(MJ Research, Waltham, MA) based on the manufactur-
er’s protocol using isoform-specific primers for Mtd-L and
Mtd-P (Mtd-L: forward 5�-GCCTGGCTGAGGTGTGC-3�,
Mtd-P: forward 5�-GCGGGAGAGGCGATGA-3�, reverse
(both L and P) 5�-TGCAGAGAAGATGTGGCCA-3�, Mcl-
1L: forward 5�-ATGCTTCGGAAACTGGACAT-3�, Mcl-1S:
forward 5�-CCTTCCAAGGATGGGTTTG-3�, Mcl-1: re-
verse (both L and S) 5�-CTAGGTTGCTAGGGTGCAA-3�).
For syncytin and cytokeratin 7 analyses, qRT-PCR was
performed using Assays-on-Demand TaqMan primers
and probe (Applied Biosystems, Foster City, CA). Analy-
sis was done using the DNA Engine Opticon2 System
(MJ Research). Data for all qPCR analyses were normal-
ized against expression of 18S ribosomal RNA as previ-
ously described.33

Western Blot Analysis

Western blotting was performed as previously de-
scribed.34 Fifty �g of total protein from placental tissue
was subjected to 12% (w/v) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Membranes were
probed at 4°C overnight with a 1:1000 dilution of primary
antibodies: rabbit polyclonal Mtd antibody capable of
recognizing all isoforms as previously reported11; Mcl-1-
specific rabbit polyclonal antibody (SC-819 clone S-19
from Santa Cruz Biotechnology, Santa Cruz, CA); specific
cleaved caspase-3 (Asp175) (5A1); cleaved caspase-8
(Asp384) rabbit polyclonal antibodies (Cell Signaling,
Beverly, MA), and anti-PARP p85 (active PARP) fragment
rabbit polyclonal antibodies (1:300 dilution; Promega,
Madison, WI). Rabbit polyclonal antisera against N-termi-
nal amino acids (28 to 41) of syncytin (NM_014590) was
generated by injecting rabbits first with 400 �g of KHL-

Table 1. Clinical Parameters of Participants

Preterm
control,
n � 38

Term
control,
n � 16

Moderate
altitude,
n � 13

Early-onset
preeclamptic,

n � 49

Late-onset
preeclamptic,

n � 10

High
altitude,
n � 16

Mean maternal age (years) 30 � 5.0 33 � 4.5 29.0 � 2.5 29 � 6.1 32.0 � 1.7 29.0 � 6.7
Mean gestational

age (range in weeks)
29.4 � 4.5
(23 to 35)

39.6 � 0.9
(38 to 41)

39.4 � 1.4
(37 to 41)

29.8 � 3.1
(25 to 34)

39.5 � 0.7
(39 to 41)

39.1 � 1.3
(37 to 41)

Blood pressure S: 115 � 4.0 S: 111 � 6.0 S: 113 � 5.0 S: 182 � 11 S: 158 � 18.2 S: 116 � 8.0
D: 70 � 6.5 D: 67 � 6.3 D: 72 � 5.0 D: 110 � 7.0 D: 95 � 9.7 D: 72 � 5.0

Proteinuria Absent Absent Absent 3.4 � 1.4 1 � 1.5 Absent
Edema Absent Absent Absent Present: 85% Present: 50% Absent

Absent: 15% Absent: 50%
Fetal weight (g) A.G.A.:

1300 � 730
A.G.A.:

3328 � 421
A.G.A.:

3553 � 312
A.G.A.:

1160 � 352
A.G.A.:

3387 � 486
A.G.A.:

3060 � 190
Mode of delivery CS: 19 CS: 8 CS: 2 CS: 44 CS: 4 CS: 2

VD: 19 VD: 8 VD: 14 VD: 5 VD: 6 VD: 14

Data are represented as mean � SD. Maternal age of participants ranged from 18 to 41 years. S, systolic; D, diastolic; A.G.A., appropriate for
gestational age; VD, vaginal delivery; CS, caesarian section delivery.
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conjugated peptide in Freund’s complete adjuvant fol-
lowed by three boosts of 100 �g in incomplete adjuvant.
Titer was checked by enzyme-linked immunosorbent as-
say using bovine serum albumin-conjugated peptide as
antigen. For anti-Mtd, Mcl-1, and syncytin antibodies,
preimmune serum and competing peptides were used as
controls. After overnight incubation, membranes were
washed with TBS/T and incubated for 60 minutes at room
temperature with 1:5000 diluted horseradish peroxidase-
conjugated anti-rabbit (Santa Cruz Biotechnology). Blots
were exposed to chemiluminescent ECL-plus reagent
(Amersham, Piscataway, NJ). All blots were confirmed for
equal protein loading and transfer using Ponceau
staining.35

Immunohistochemistry

Immunohistochemical analyses were performed using an
avidin-biotin-based immunoperoxidase approach, as
previously described.32 Nonspecific binding sites were
blocked using 5% (v/v) normal goat serum and 1% (w/v)
bovine serum albumin in Tris-buffer. Slides were incu-
bated overnight at 4°C with a 1:200 dilution of rabbit
polyclonal anti-Mtd or anti-Mcl-1 antibodies. After wash-
ing, slides were probed with a 300-fold dilution of biotin-
ylated goat anti-rabbit or goat anti-mouse IgG (Vector
Laboratories, Burlingame, CA) for 1 hour at 4°C. Avidin-
biotin complex was applied for 1 hour. Slides were de-
veloped in 0.075% (w/v) 3,3-diaminobenzidine in PBS
(pH 7.6) containing 0.002% (v/v) H2O2, counterstained
with hematoxylin, dehydrated in an ascending ethanol
series, cleared in xylene, and mounted. In control exper-
iments, primary antibodies were replaced with blocking
solution [5% (v/v) normal goat serum and 1% (w/v) bovine
serum albumin].

Transfection Experiments

Human choriocarcinoma JEG-3 cells (75% confluence)
were transfected with 1.5 �g/35-mm dish of either empty
pcDNA3.1 vector or pcDNA-3-Mcl-1L vector (kindly pro-
vided by Dr. Ruth Craig, Dartmouth Medical School,
Hanover, NH) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). Twenty-four hours after transfection, cells
were treated with 10 mmol/L of the NO donor sodium
nitroprusside (SNP; Sigma, St. Louis, MO) or exposed to
HR for 5 hours (3 hours at 3% O2 followed by 2 hours at
20% O2) as previously described.11 Cells were then har-
vested, and the percentage of dead cells was assessed
by trypan blue staining.

Statistical Analysis

Data are represented as mean � SEM of at least three
separate experiments performed in triplicate. For com-
parison of data between multiple groups, we used
Kruskal-Wallis one-way analysis of variance with posthoc
Dunnett’s test. For comparison between two groups, we
used a paired and unpaired Student’s t-test as appropri-
ate. Significance defined as P � 0.05.

Results

Mcl-1 Transcript and Protein Expression in
Preeclampsia

Placental transcript and protein expression of Mcl-1 was
first assessed in placentae of severe early-onset pre-
eclamptic patients (PE) relative to AMCs. Quantitative
real-time PCR (qRT-PCR) using isoform-specific primers
for anti-apoptotic Mcl-1L and proapoptotic Mcl-1S dem-
onstrated that Mcl-1L mRNA expression was unchanged
between PE and AMC, whereas Mcl-1S expression was
significantly increased in PE (fourfold, P � 0.001) relative
to AMCs (Figure 1a). Sequence analysis of the PCR
products confirmed identity of Mcl-1L and Mcl-1S (data
not shown).

Western blot analyses revealed that Mcl-1L protein
expression (Mr �37 kd) was decreased in early-onset PE
relative to AMC (Figure 1b) despite no change in tran-
script levels (Figure 1a). In addition, two shorter Mcl-1-
immunoreactive bands migrating at relative molecular
weights of 29 and 26 kd, respectively, were observed,
both of which seemed to be more abundant in PE tissues
(Figure 1b). Preabsorption of anti-Mcl-1 antibody with
corresponding peptide abolished the appearance of all
Mcl-1 immunoreactive bands (data not shown). Densito-
metric analysis confirmed that in early PE Mcl-1L, protein
expression was decreased by 25% (P � 0.01), whereas
Mcl-1 p29 and Mcl-1 p26 expression increased by two-

Figure 1. Mcl-1 expression in preeclamptic pregnancies. a: qRT-PCR analysis
of Mcl-1L and Mcl-1S transcripts in placental tissues from severe early-onset
preeclampsia (PE, black bar) and normotensive AMC tissues (open bar). Fold
changes are relative to AMC Mcl-1 and Mcl-1S control levels. b: Representa-
tive Mcl-1 immunoblot performed on AMC and PE total protein lysates. c:
Densitometric analysis of Mcl-1-specific protein isoform bands between AMC
(open bar, n � 22) and PE (black bar, n � 25). d: Representative Mcl-1
immunoblot of normal term placentae (term), term preeclamptic placentae
(term PE), and normal term elective caesarian section placentae in the
absence of labor (C/S). e: Representative Mcl-1 immunoblot of placentae
from severe early-onset preeclampsia, IUGR pregnancies, 35 to 37 weeks
IUGR � PE pregnancies, pregnant patients with essential hypertension (EH),
and normal term placentae (term). All immunoblots were confirmed for
equal protein loading using Ponceau staining. *P � 0.05.
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fold (P � 0.003) and 3.6-fold (P � 0.01), respectively
(Figure 1c). No notable differences were observed in
Mcl-1L and Mcl-1 p29 expression between late pre-
eclampsia relative to normal term deliveries and nonlabor
C/S deliveries (Figure 1d). Furthermore, the controls age-
matched to the severe early-onset preeclampsia (Figure
1b), despite clinical heterogeneity in the cause of preterm
delivery, did not differ in Mcl-1 isoform profile expression
relative to the term deliveries with and without labor as
shown in Figure 1d. When Mcl-1 protein expression was
compared between early-onset PE placentae and other
placental pathologies (IUGR pregnancies, late-onset pre-
eclampsia associated with IUGR, essential hypertension)
and normal term tissues, the switch in Mcl-1 protein pro-
file was predominantly once again observed only in pla-
centae of patients with the early severe form of PE (Figure
1e).

Mcl-1 Cleavage in Human Villous Explants Is
Regulated by Caspase Activation

The appearance of several specific Mcl-1-immunoreac-
tive bands suggested the presence of various Mcl-1 iso-
forms. Taking into account our transcript data, the band
migrating at 26 kd is consistent with the predicted mo-
lecular weight of Mcl-1S, originally cloned from a placen-
tal cDNA library.19,20 To investigate whether the p29 Mcl-
1-immunoreactive band can be a result of caspase-
mediated cleavage, we exposed first trimester placental
explants to conditions of HR known to induce caspase
activation and trophoblast apoptosis in vitro.11,36 Explants
were exposed to HR in the presence or absence of
z-VAD-fmk, a broad-based inhibitor of caspase activity
and caspase-mediated Mcl-1L cleavage.21–23,26 Relative
to untreated controls, tissues exposed to HR demon-
strated a notable Mcl-1 isoform switch; ie, Mcl-1L protein
decreased with a concomitant increase of p29 immuno-
reactive Mcl-1 protein (Figure 2a). Exposure of HR-
treated explants to z-VAD-fmk abrogated the appear-
ance of the immunoreactive p29 Mcl-1 band, restored
Mcl-1L content, and increased Mcl-1S amount relative to
HR and untreated tissues (Figure 2, a and c). To investi-
gate whether Mcl-1 cleavage under HR was mediated by
executioner caspases, explants under HR were incu-
bated in the presence and absence of a caspase-3/7-
specific inhibitor. Similar to z-VAD-fmk treatment,
z-DEVD-fmk exposure under HR conditions prevented
caspase-mediated Mcl-1 p29 formation and increased
both Mcl-1L and Mcl-1S levels (Figure 2b). Thus, both
Mcl-1L and Mcl-1S seem to be regulated by caspase
cleavage under HR stress and p29 Mcl-1 is most likely
the previously described proapoptotic cleavage product
of Mcl-1L.21–25

Oxygen Regulation of Mcl-1 in First Trimester
Human Placental Tissues

Because preeclampsia is associated with placental hyp-
oxia/oxidative stress, the effects of varying oxygenation

on Mcl-1 expression were assessed in vitro using villous
explants exposed to 20% oxygen, 3% oxygen, and HR. In
3% oxygen (normal oxygen tension for �8 weeks) relative
to standard 20% O2 conditions, mRNA expression of
Mcl-1L significantly increased (more than 2.5-fold, P �
0.0095), whereas that of Mcl-1S decreased (0.2-fold, P �
0.01) (Figure 3a). The opposite expression profile was
observed under HR conditions in which Mcl-1L de-
creased (twofold, P � 0.01) and Mcl-1S increased (2.5-
fold, P � 0.01) relative to 20% control (Figure 3a). The
protein profile of Mcl-1 under 3% oxygen showed in-
creased Mcl-1L expression relative to the 20% O2 con-
trols (Figure 3b). Importantly, HR resulted in markedly
decreased levels of anti-apoptotic Mcl-1L and a concom-
itant increased formation of proapoptotic Mcl-1c (p29
Mcl-1) relative to 20% O2 (Figure 3b). Although the ex-
pression of Mcl-1S at the transcript level was markedly
increased in HR, this pattern was not evident at the
protein level.

During first trimester, the human placenta experiences
a surge in oxygenation �10 to 12 weeks of gestation
when the intervillous space opens to maternal circulation.
Rapid placental oxygenation, similar to a reperfusion in-
jury, may hence result in a transient state of oxidative
stress.37 Therefore, we hypothesized that Mcl-1 cleavage
would occur at that period. Indeed, there was increased
mRNA expression of both Mcl-1L and Mcl-1S (Figure 3c,
left) and formation of Mcl-1c (p29 Mcl-1) at 10 to 13
weeks (coinciding with the placental surge of oxidative
stress), which declined at later gestational ages (Figure
3c, right).

Next, we assessed the function of Mcl-1L under con-
ditions of oxidative stress (HR) because this condition
has been shown to be the strongest inducer of Mtd-L and
-P expression.11 Because SNP, a nitric oxide donor, is a

Figure 2. Inhibition of caspase activity and its effect on Mcl-1 cleavage. a:
Representative immunoblot of Mcl-1 isoforms in control (untreated explant)
and explants exposed to HR in the presence of 100 �mol/L concentration of
pan-caspase inhibitor z-VAD-fmk relative to vehicle treatment (control). b:
Representative Mcl-1 immunoblot of untreated control explants and explants
exposed to HR (3 hours at 3% O2 followed by 2 hours at 20% O2) in the
presence or absence of caspase-3 inhibitor z-DEVD-fmk. c: Densitometric
analysis of Mcl-1-specific protein isoforms between HR (open bar)- and HR
� z-VAD-fmk (black bar)-treated explants. *P � 0.05. n � 5 separate
experiments performed in triplicate.
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powerful inducer of cell death,38 SNP treatment was used
as positive control. Both HR and SNP treatments of JEG-3
cells significantly increased cell death when compared
with cells maintained at 20% O2 (Figure 3d). Mcl-1L
overexpression in JEG-3 cells significantly decreased HR
or SNP-induced cell death when compared with cells
transfected with empty vector (Figure 3d).

Mcl-1 Expression in in Vivo Chronic Placental
Hypoxia

As previously demonstrated, preeclamptic placentae
have a global gene expression similarity to placental
tissues obtained from HA pregnancies because both
conditions may be affected by aberrant placental oxy-
genation.39 As such, Mcl-1 expression was next exam-
ined under physiologically reduced placental oxygen-
ation using HA placentae from normal pregnancies.
Placental Mcl-1 isoform mRNA expression was different
between HA and MA relative to SL control placentae (SL).
Although Mcl-1L transcript was significantly increased in
HA (�2.3-fold, P � 0.005) and MA (�2-fold, P � 0.022)

relative to SL, Mcl-1S transcript levels were significantly
decreased in HA and MA relative to SL samples (HA
versus SL, �0.4-fold, P � 0.05; MA versus SL, �0.5-fold,
P � 0.016) (Figure 4, a and b).

Because Mtd is one of the interacting partners of Mcl-
113,14 and Mtd-L and Mtd-P expressions have been
shown to increase in preeclamptic placentae as well as
under conditions of oxidative stress,11 their expression
was herein examined in conditions of chronic hypoxia.
Although Mtd-L mRNA expression was not significantly
different between the various groups, the number of
Mtd-P transcripts was significantly decreased in HA sam-
ples relative to MA (4-fold, P � 0.0001) and SL tissues
(0.5-fold, P � 0.04) (Figure 4d).

Similar to Mcl-1 mRNA expression, Mcl-1L protein ex-
pression was increased in HA and to a lesser extent in
MA when compared with SL samples (Figure 4e). Both
Mcl-1Lc and Mcl-1S molecules were hardly detectable at
the protein level in SL, MA, and HA samples with no
apparent change in expression (Figure 4e). Although
expression of all known Mtd proteins (L: �28 kd; S: �18
kd; and P: �15 kd) could be observed, no apparent

Figure 3. Effect of varying oxygenation on Mcl-1 expression. a: qRT-PCR
analyses of Mcl-1L (black bars) and Mcl-1S (open bars) in first trimester
villous explants exposed to 20% O2, 3% O2, and HR. b: Representative
immunoblot of Mcl-1 isoforms in first trimester villous explants exposed to
20% O2, 3% O2, and HR. c: Left: qRT-PCR analyses of Mcl-1L (black bars) and
Mcl-1S (open bars) in placental tissue from 7 to 20 weeks of gestation; right:
Mcl-1 immunoblot of normal first and second trimester placental tissues. d:
Percentage of cell death measured by trypan blue exclusion in JEG-3 cells
transfected with Mcl-1L and subsequently subjected to HR (3 hours at 3% O2

followed by 2 hours at 20% O2) and SNP treatments. All immunoblots were
confirmed for equal protein loading using Ponceau staining. *P � 0.05 versus
C; **P � 0.05 versus HR and SNP.

Figure 4. Transcript expression of Mcl-1 and Mtd isoforms in placental tissue
from SL, MA, and HA pregnancies. a–d: qRT-PCR analysis of Mcl-1L (anti-
apoptotic), Mcl-1S (proapoptotic), Mtd-L (proapoptotic), and Mtd-P (pro-
apoptotic) transcript expression in SL (n � 10), MA (n � 10), and HA (n �
16) placentae. *P � 0.05. e and f: Mcl-1 and Mtd immunoblots of protein
lysates obtained from SL, MA, and HA placentae. All immunoblots were
confirmed for equal protein loading using Ponceau staining (not depicted).
g: Immunohistochemical localization of Mcl-1 (top) and Mtd (bottom) in SL,
MA, and HA placentae. S, stroma; ST, syncytium.
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difference in Mtd expression was noted between the
conditions tested (Figure 4f).

Mcl-1 immunoreactivity in placental sections from SL,
MA, and HA samples was predominantly observed in
trophoblast cell layers (Figure 4g, top) with low to absent
staining in stromal cells. Mtd immunoreactivity was gen-
erally low and also restricted to trophoblast cells. Positive
immunoreactivity for Mtd was greater in SL tissue com-
pared with HA and MA tissues (Figure 4g, bottom). No
positive staining was observed in control sections in
which Mtd and McL-1 antibodies were replaced with
nonimmune IgG (data not shown).

Caspase Activation in in Vivo Chronic and
Pathological Placental Hypoxia

Excessive cell death via death receptor is a well-known
phenomenon occurring frequently in trophoblast cells of
preeclamptic placentae.3,40,41 Although this death path-
way was described previously, downstream events re-
lated to caspase-8 activation have not been explored in
PE tissues. Relative to AMC tissues, cleaved caspase-8
was increased in severe early-onset preeclampsia (Fig-
ure 5a, left), consistent with previous reports showing
increased activation of caspase-3.42

Because we observed a shift in the Mtd/Mcl-1 apopto-
tic rheostat toward increased prosurvival and decreased
death-inducing isoforms in HA, we also measured mark-
ers of trophoblast cell death in HA and control placentae.
Expression of cleaved caspase-3, a known marker of
trophoblast apoptosis,11,32 was reduced in HA by 50%
(P � 0.0297) relative to controls (MA and SL) (Figure 5b,
right). Similar to cleaved caspase-3, expression of acti-
vated caspase-8 in HA was decreased by 40% relative to
controls (MA and SL) (P � 0.0335) (Figure 5b, left). We
validated our apoptosis findings by measuring the p85
fragment of cleaved poly-ADP-ribose polymerase
(PARP), another classical marker of apoptosis. As antic-
ipated, p85 PARP was increased in preeclamptic tissue
relative to age-matched normotensive controls (Figure
5a, right), whereas a marked decrease in p85 PARP
content was observed in HA samples relative to SL and
MA tissues (Figure 5c).

Trophoblast Cell Fusion in Pathological and in
Vivo Chronic Placental Hypoxia

Because placentae from HA pregnancies exhibit thinning
of trophoblast membranes possibly because of reduced
trophoblast cell death/turnover,43 we next investigated
the expression of syncytin,44,45 a typical marker for cy-
totrophoblast fusion into syncytium. HA samples had sig-
nificantly reduced syncytin mRNA expression relative to
MA or SL tissues (Figure 6a). The decreased syncytin
expression at HA was not because of a shift in tropho-
blast cell population because expression of trophoblast-
specific cytokeratin 7 was similar in HA and SL placentae
(Figure 6b).

To characterize further the expression of the fuso-
genic syncytin protein, a polyclonal anti-syncytin anti-
body was generated. Antibody specificity was tested
on placental protein lysates from the same third trimes-
ter samples with either preimmune or postimmune se-
rum. A specific band at �59 kd (the theoretical molec-
ular weight of syncytin) was recognized only when the
postimmune serum of rabbits was used (Figure 6c).
This band was significantly reduced when competed
with the peptide used for immunization (Figure 6c).
Similar to transcript levels, syncytin protein expression
was decreased in conditions of chronic placental hyp-
oxia as determined by expression in HA placentae
relative to control samples (Figure 6d). Exposing first
trimester explants to 3% O2 also resulted in decreased
syncytin expression (Figure 6e). We also tested syncy-
tin expression in pathological conditions of placental
hypoxia and found that syncytin mRNA and protein
expression levels were reduced in preeclamptic pla-
centae relative to controls (Figure 6, f– h), in agreement
with previous reports.46 – 48 Last, we examined the spa-
tial localization of syncytin (Figure 7). In AMC SL pla-
centae, syncytin immunostaining localized to the tro-
phoblast layers. Positive immunoreactivity for syncytin
was markedly decreased in the trophoblast layers of
both HA and PE placentae.

Figure 5. Markers of cell death in conditions of chronic and pathological
placental hypoxia. a: Representative cleaved caspase-8 and p85 PARP im-
munoblots in AMC and PE tissues. b: Top: Representative immunoblots of
cleaved caspase-3 and -8 in HA and control tissues (SL and MA); bottom:
densitometric analysis of cleaved caspase-3 and -8 protein in HA (n � 12)
relative to control tissues (SL and MA, n � 18). SL samples were set at 1 and
all other (MA and HA) samples were normalized to the SL samples. Values of
MA and SL samples were combined together as controls to which HA values
were compared. c: Representative immunoblot of p85 PARP in HA and
control tissues (SL and MA). All immunoblots were confirmed for equal
protein loading using Ponceau staining. *P � 0.05.
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Discussion

During normal placentation, a balance between prolifer-
ation, differentiation, and apoptosis is required to regu-
late cellular homeostasis and maintenance of proper pla-
cental function. Although it is now established that
apoptosis is a key physiological event in placental tissue
morphogenesis, the underlying mechanisms coordinat-
ing cell death in normal and abnormal placentation re-
main to be elucidated. Data presented herein demon-
strate that pathological oxygenation versus physiological
low pO2 induces a detrimental switch in the trophoblast
Mcl-1/Mtd apoptotic rheostat, likely contributing to dys-
regulated cell death and leading to placental pathology.
In particular, we demonstrate that 1) Mcl-1 isoform ex-
pression as well as its caspase-3-mediated cleavage are
oxygen-dependent events in the human placenta; 2)
Mcl-1 protein profile is tilted toward expression of cell
death promoting isoforms in severe early-onset pre-
eclampsia and toward protective isoforms in altitude-
induced chronic placental hypoxia; and finally, 3) al-
though trophoblast cell fusion is reduced in both
physiological and pathological placental hypoxia, molec-
ular markers of trophoblast cell death are decreased in
HA pregnancies and increased in preeclampsia.

Among Bcl-2 family members, Mcl-1 function is
uniquely regulated via complex transcriptional, posttran-

scriptional, and post-translational processes. The PEST
domain found in both Mcl-1 splicing isoforms is recog-
nized as a substrate for caspase-3-mediated cleavage.24

This cleavage is a unique regulatory mechanism confer-
ring differential Mcl-1 protein function.21–26 Mcl-1L is a
potent anti-apoptotic molecule believed to sequester
other members of the proapoptotic channel forming Bcl-2
subfamily such as Bak.49 Although it has been estab-
lished that Mcl-1L neutralizes the killing ability of Mtd/
Bok,13 the precise molecular events leading to suppres-
sion of cell death in this pathway remain unclear.13

Oxygen is a potent regulator of apoptotic cell death.
Several Bcl-2 family members, including BH3-only li-
gands such as Nix and Nip as well as Mcl-1,28 have been
shown to be directly regulated by oxygen via HIF-1.50,51

Our observation of increased Mcl-1L expression under in
vitro or in vivo reduced oxygenation is consistent with
HIF-1 mediated Mcl-1L regulation.28 Furthermore, we
found increased processing of proapoptotic Mcl-1c and
Mcl-1S in vivo at 10 to 13 weeks, when trophoblast cells
experiences a rapid surge in oxygenation, and in vitro in
villous explants undergoing HR injury. Thus, transcrip-
tional regulation of Mcl-1 and differential expression of its
isoforms are likely attributable to specific oxygen condi-
tions experienced by the placental tissue. Although the
expression of Mcl-1S at the transcript level was markedly
increased in HR, this pattern was not evident at the
protein level. This could be explained by the fact that
Mcl-1S, being a low abundant isoform (relative to the L),
is rapidly degraded/cleaved at the protein level because
of caspase activation under HR conditions or could also
reflect alteration of splicing without a concomitant eleva-
tion in translation or increased McL-1S stabilization. Thus,
to our knowledge this is the first evidence of regulation of

Figure 6. Syncytin protein and transcript expression in conditions of chronic
placental hypoxia (HA placentae). a: qRT-PCR analysis of syncytin in SL (n �
8), MA (n � 10), and HA (n � 10) placental tissues. b: qRT-PCR analysis of
cytokeratin 7 in HA (n � 9) and control tissues (SL and MA, n � 9). c:
Representative immunoblot performed on total protein lysates from third
trimester normal tissues with preimmune control serum, serum of rabbits
immunized with syncytin peptide (top) and serum preadsorbed with peptide
(bottom). d: Representative syncytin immunoblot performed on total protein
lysate from HA and control (SL) placental tissues. e: Representative syncytin
immunoblot performed on total protein lysate from explants maintained
under 20% and 3% oxygen. f: qRT-PCR analysis of syncytin in AMC (n � 10)
and PE (n � 8) placental tissues. g: Representative syncytin immunoblot
performed on total placental protein lysates from AMC and PE tissues. h:
Densitometric syncytin protein analysis between AMC (n � 13) and early-
onset preeclamptic tissues (PE, n � 13). All immunoblots were confirmed for
equal protein loading using Ponceau staining. *P � 0.05.

Figure 7. Spatial localization of syncytin in placental tissue from SL, HA, and
PE pregnancies. Immunohistochemical localization of syncytin in SL (top
right), PE (bottom left), and HA placentae (bottom right). AMC control
placentae showed a similar staining pattern as SL placentae. Negative control
(�) (top right). ST, syncytium; SK, syncytial knots; arrowheads,
cytotrophoblasts.
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Mcl-1 expression and cleavage by oxygen in a human
organ and importantly dysregulation of these events in a
human disorder.

In severe early-onset preeclampsia, excess tropho-
blast cell death, likely induced by hypoxia (�10 mmHg or
�1 to 2% O2)52,53 or intermittent oxygenation36 increases
trophoblast shedding, which is believed to generate a
Th1-type maternal inflammatory response and general-
ized maternal endothelial cell injury.54,55 A tilt in Mcl-1
expression toward generation of death-inducing mole-
cules in severe preeclamptic placentae combined with
increased expression of killer Mtd-P isoform in this dis-
ease,11 initiates a detrimental pathological switch toward
trophoblast demise accompanied by increased shed-
ding. Our transfection studies showing that anti-apoptotic
Mcl-1L overexpression can rescue trophoblast (JEG-3)
cells from undergoing apoptosis under detrimental oxy-
gen conditions supports the idea that pathological re-
duced oxygen tilts the Mcl-1/Mtd balance toward cell
death. In contrast to preeclamptic placentae, placental
tissues from HA experience chronically reduced oxygen-
ation, estimated at 20% below the intervillous pO2 of �60
mmHg (8% O2) observed in near term SL pregnancy or
the equivalent of 5 to 6% O2. Interestingly, normal pla-
centae from HA conditions display decreased markers of
apoptosis and increased Mcl-1L expression. In support
of our molecular findings, previous studies have reported
fewer areas of syncytial damage or denudations in HA
placentae relative to lower altitudes,56 again suggesting
slowed apoptosis-mediated trophoblast turnover. Hence,
conditions of chronic hypoxia may actually stimulate an
adaptive molecular response by minimizing the burden of
apoptotic-mediated trophoblast shedding in these preg-
nancies. Such speculation may be controverted since an
association between HA residence and an increased
incidence of preeclampsia has been reported.57 Al-
though the altitude pattern of increased placental expres-
sion of anti-apoptotic molecules in HA tissues may to a
certain extent protect against trophoblast cell death,
other factors may contribute to the increased incidence
of preeclampsia under chronic hypoxia.

Similar to increased Mtd-L and Mtd-P expression in
early-onset severe preeclampsia,11 cleavage of Mcl-1L in
this pathology may be another unique placental feature of
the early severe form of this disease, which does not
occur in control aged-matched patients, in late-onset
preeclampsia even with IUGR or in other placental pa-
thologies, including idiopathic IUGR and essential hyper-
tension. This molecular evidence once again reiterates
the need and importance for proper pathological classi-
fication of preeclampsia, conceivably because of differ-
ent underlying etiologies involved in the pathogenesis of
this multifaceted and often misconstrued disorder.

Normal physiological regulation of trophoblast cell fu-
sion utilizes a molecular apoptotic cascade in which
mononucleated cytotrophoblast cells fuse to maintain a
multinucleated syncytiotrophoblast cell layer.58 Normal
SL term placentae have a well-defined syncytiotropho-
blast layer, which is in contrast to HA placentae, which
show thinning of the syncytiotrophoblast layer and a hy-
perproliferative cytotrophoblast phenotype59 suggesting

decreased syncytial renewal under conditions of re-
duced oxygenation.56,60,61 Decreased expression of ac-
tive caspase-8, a promoter of trophoblast cell fusion,62 in
conjunction with reduction of other cell death markers in
HA placentae, as demonstrated by decreased cleaved
p85 PARP formation, suggests a slowdown of syncytial
formation and consequently trophoblast shedding during
chronic placental hypoxia. Interestingly, in pathological
placental hypoxia (preeclampsia), increase in caspase-
336,42 and caspase-8 activation together with cleavage
of PARP indicate increased apoptosis. Activation of
caspase-8 in PE could also be secondary because of
aberrant expression of its upstream activators such as
activation of death receptors by elevated FasL and tumor
necrosis factor-� as previously reported.6,7,9–11,40,41 De-
creased syncytin expression, a key regulator of tropho-
blast cell fusion,44,45 may also negatively impact normal
trophoblast differentiation resulting in thinning of the pla-
cental syncytium at HA. Studies have shown that in con-
ditions of reduced oxygenation, syncytin as well as its
binding receptor (ASCT2) are down-regulated relative to
standard oxygenation conditions.63 Decreased syncytin
expression in pregnancies complicated by preeclampsia
has also been reported.46,48 These findings support our
observations of reduced syncytin expression in condi-
tions of altitude-induced placental hypoxia or pathologi-
cal hypoxia (PE) relative to control. Impaired regulation of
trophoblast fusion in HA placentae may limit de novo
syncytial synthesis and maintenance at the expense of
normal shedding/deportation of syncytial debris. Hence,
decrease in the dynamic rate of syncytial renewal and
shedding may provide a molecular explanation with re-
spect to the thinned syncytial phenotype observed in HA
placentae.

In conclusion, this study provides evidence that the
Mcl-1/Mtd rheostat regulates trophoblast apoptosis in a
different manner under physiological and pathological
conditions of placental hypoxia. Although both pre-
eclampsia and HA placentation are characterized by
aberrant villous trophoblast differentiation, possibly be-
cause of down-regulation of syncytin expression; only
preeclamptic placentae experience an apoptotic insult,
believed to be responsible for accelerated trophoblast
turnover. In HA pregnancies, decreased trophoblast cell
death in conjunction with decreased trophoblast turn-
over/differentiation may present an important adaptive
response to chronic placental hypoxia. The impact of
aberrant oxygenation on Mcl-1 isoform expression and
stability in preeclamptic placental tissues may influence
events leading to the clinical manifestations of this
disease.
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