
Mtd/Bok takes a swing: proapoptotic Mtd/Bok
regulates trophoblast cell proliferation during
human placental development and in preeclampsia
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We have previously reported that matador/Bcl-2 ovarian killer (Mtd/Bok), a proapoptotic member of the Bcl-2 family, regulates
human trophoblast apoptosis and that its levels are elevated in severe preeclamptic pregnancy. Herein, we show that Mtd is also
involved in the regulation of proliferation in normal and pathological placentae. Mtd was found in proliferating trophoblast cells
during early placental development and in preeclampsia (PE). The main isoform of Mtd associated with trophoblast proliferation
was Mtd-L, the full-length isoform, which preferentially localized to the nuclear compartment in proliferating cells, whereas
during apoptosis it switched localization to the cytoplasm where it associated with mitochondria. Mtd expression in proliferating
cells colocalized with cyclin E1, a G1/S phase cell cycle regulator. MtdL-specific knockdown in the early first trimester villous
explants and in HEK293 revealed a direct effect of Mtd-L on cyclin E1 expression and cell cycle progression. We conclude that
Mtd-L functions to regulate trophoblast cell proliferation during early placentation and that the elevated levels of Mtd found in PE
may contribute to increased trophoblast proliferation accompanying this devastating disorder of pregnancy.
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In humans, early placental development is defined by an
intricate balance between cellular proliferation, differentiation
and death of the trophoblast lineage, and the cells forming the
placenta.1–3 These cellular events are closely linked and likely
regulated by many of the same molecules.
Early development takes place in a relatively hypoxic

environment (B20mmHg), whereby low oxygen acts as a
key regulator of early trophoblast differentiation.4–6 In this
environment, trophoblast proliferation is abundant, whereas
the rate of trophoblast cell death is low.7 By 10–12 weeks of
gestation, the oxygen levels increase to B55mmHg. This is
accompanied by changes in the expression pattern of a
number of gene products,8,9 and is associated with a
decrease in trophoblast proliferation and an increased
susceptibility to cell death.7,8 This fine-tuning of trophoblast
turnover is governed by a variety of molecules expressed
by the placenta, including those comprising the Bcl-2
family.10,11

The Bcl-2 family of molecules, classically known for their
involvement in the regulation of apoptosis, includes both cell
death suppressors (Bcl-2, Bcl-xL, Mcl-1, A1) and cell death
inducers containing either three Bcl-2 homology (BH)
domains (Bax, Bak, and matador/Bcl-2 ovarian killer (Mtd/
Bok)) or inducers with only a single (BH3) domain (Hrk, Bim,
Bad, Bik, Noxa, and Puma). Members of this gene family act
through a complex network of homo- and hetero-dimers with
limited specificity. The proapoptotic multidomain members

are believed to regulate apoptosis by forming channels in the
outer membrane of mitochondria leading to the release of
proapoptogenic factors.12–14 In recent years, it has become
apparent that a number of Bcl-2 family members also regulate
cell cycle progression.11,15–17 Interestingly, although anti-
apoptotic multidomain members slow down progression
through the cell cycle, proapoptotic molecules appear to
promote cell cycle progression.15–21

Matador is a proapoptotic Bcl-2 family member that is
highly expressed in reproductive tissues.14,22 Its gene,Mtd, is
alternatively spliced and encodes for three protein isoforms
Mtd-L, Mtd-S, and Mtd-P, with the L and P isoforms
predominating in the human placenta.14,23 Similar to Bax, all
isoforms of Mtd contain three BH domains and a transmem-
brane domain that facilitate proapoptotic activity by mitochon-
drial depolarization.14 Previously, we reported that MtdL and
MtdP expression is high during early placental develop-
ment.14 As this period is characterized by intense trophoblast
cell proliferation and little trophoblast cell death, we hypo-
thesize that Mtd, in addition to its classical role in apoptosis,
may have a function in regulating trophoblast cell proliferation.
Interestingly, in vitro studies have shown that the Mtd
promoter can be activated at the G1/S boundary by the
E2F1/3 transcription factor,24 providing indirect evidence that
Mtd may contribute to the regulation of cell cycle progression.
However, the mode by which Mtd exerts its function in the cell
cycle remains to be established.
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Preeclampsia (PE) is one of the leading causes of fetal and
maternal death and morbidity worldwide, affecting approxi-
mately 3–5% of all pregnancies.25,26 Although the etiology of
the disease remains unclear, it is accepted that the placenta
has a central role in its pathogenesis, as its removal at delivery
results in dissolution of the maternal symptoms. Typical
hallmarks of PE include increased trophoblast cell death and
a hyperproliferative immature phenotype of the trophoblast
cells,27 which are in part due to a status of oxidative
stress.9,14,28,29 These altered cellular events largely contri-
bute to increased trophoblast turnover, hypothesized to be
one of the primary culprits of the generalized maternal
endothelial dysfunction responsible for the onset of clinical
symptoms. Although this disease is not clinically manifested
until the third trimester, it is believed to develop in the first
trimester of pregnancy when the process of trophoblast
differentiation begins. In addition, we have reported that MtdL
and MtdP, but not MtdS, expression levels are significantly
increased in preeclamptic placentae and that this is asso-
ciated with increased trophoblast cell death;14 however, the
relationship between Mtd expression and the hyperprolife-
rative nature of preeclamptic trophoblast cells remains
unexplored.
In this study, we report that Mtd is expressed in proliferative

trophoblast cells during early placental development where it
has a direct role in regulating cyclin E1 expression. Of clinical
relevance, we found Mtd and cyclin E1 to be coexpressed in
proliferating cytotrophoblasts from preeclamptic placentae.
Our results indicate that, in addition to its role in apoptosis,
Mtd may be involved in the regulation of trophoblast cell
proliferation during the early stages of human placentation,
and that its expression in PE may in part contribute to the
hyperproliferative nature of trophoblast cells, typical of the
disease.

Results

Mtd expression in proliferating trophoblast cells. To
determine the pattern of Mtd protein expression in pro-
liferating cells during early gestation, we performed dual-
labeled immunofluorescence (IF) analysis with antibodies
against Mtd and Ki67, a common marker of proliferation30

(Figure 1). Mtd localization displayed a unique spatial and
temporal pattern of expression. At 5–7 weeks of gestation,
Mtd was observed primarily in the cytotrophoblast layer,
displaying a prevalent nuclear localization (Figure 1a),
whereas weak staining for Mtd was apparent in the syncytio-
trophoblast (ST) layer (Figure 1a). By 10–13 weeks, Mtd
expression became restricted primarily to the apical border of
the ST, with weak nuclear and cytoplasmic expression in
the trophoblast layers (Figure 1b). Ki67 expression was
restricted to the nuclei of the cytotrophoblast cells (CTs) and
decreased with advancing gestation (Figure 1). Localization
of Mtd to Ki67-positive cells within the cytotrophoblast layer
was abundant at 5–7weeks (Figure 1a), with 59% of CTs
expressing both proteins (Table 1). However, Mtd expression
was not exclusive to Ki67-positive cells. At 10–13 weeks,
colocalization of Mtd and Ki67 was less frequent (Figure 1b)
with the majority of cells (57%) being Mtd- and Ki67-negative
(Table 1).

We next investigated whether Mtd localized to Ki67-positive
extravillous trophoblast cells (EVT) forming the anchoring
columns. Mtd and Ki67 expression was similarly distributed
throughout the column during the early first trimester
(Figure 1c), with colocalization occurring in 60% of cells
(Table 1). In contrast, in the late first trimester (Figure 1d), only
27% of EVT showed colocalization (Table 1). Interestingly,
Mtd displayed both nuclear and cytoplasmic expression at
5–7 weeks (Figure 1c), whereas its localization became
predominantly cytoplasmic by 10–13 weeks (Figure 1d).

Mtd localizes to villous trophoblast cells in the G1 phase
of the cell cycle. Although Ki67 can be used to indicate cell
proliferation, it does not discriminate between the various
stages within the cell cycle. To investigate whether Mtd was
expressed in the G1 phase of the cell cycle, we tested the
colocalization of Mtd with cyclin E1, a cyclin specific to the
G1/S-transition phase.31,32 Similar to Ki67, cyclin E1
expression was restricted to the nuclei of cytotrophoblast
and EVT within floating villi (Figure 2a) and anchoring columns
(data not shown) throughout gestation. Dual labeling of Mtd
with cyclin E1 revealed that Mtd was present during the G1

phase of the cell cycle in the early first trimester CTs of floating
and anchoring villi (Figure 2a, data not shown), with
coexpression decreasing in the late first trimester (data not
shown). To confirm that Mtd expression was localized to CTs
during the early first trimester, we performed coexpression
studies of Mtd with the cytotrophoblast marker, E-cadherin33

(Figure 2b). It is noted that Mtd expression was not restricted
to cyclin E1-positive cells, as cells that were presumably
undergoing mitosis, as shown by chromosomal patterning
(Figure 2c) and Ki67 (Figure 2c, bottom panel), also displayed
Mtd expression in the nucleus.

Mtd expression can occur independently of cell death
during early placentation. We next assessed the asso-
ciation of Mtd expression with the incidence of cell death
during the first trimester using terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL),
cleaved caspase-3 staining, and analysis of nuclear
morphology (Figure 3a–d). Cell death assessed by these
parameters was sporadic and increased with advancing
gestation. The occasional cells that were positive for either
TUNEL, cleaved caspase-3, or displayed fragmented nuclei
in the early gestation were found in the stroma (Figure 3b),
the ST (Figure 3a), the syncytial sprouts (Figure 3c, upper
panel), and the distal portion of the anchoring villi (Figure 3c,
lower panel). As expected, Mtd could be detected in the
occasional apoptotic cell, as identified by apoptotic blebbing
(Figure 3c, upper panels), and in the distal portion of
the anchoring column (Figure 3c, lower panels). No sign of
apoptosis was evident in the CTs (Figure 3).
Interestingly, punctuate expression of Mtd was observed

in the nuclei and to a lower extent in the cytoplasm of
proliferating cells (Figure 3d), whereas in apoptotic cells Mtd
appeared aggregated and accumulated in the cytoplasm
(Figure 3c, right panels).

Mtd-L is the predominant isoform expressed in
proliferative trophoblast cells. Message expression of
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Mtd-L and Mtd-P, the primary isoforms of Mtd expressed
by the placenta,14 was examined in proliferating versus
nonproliferative trophoblast cells using laser capture micro-
dissection (LCM), as isoform-specific antibodies toward
Mtd-L and Mtd-P were unavailable.

Placental sections from 5–7 and 10–13 weeks were stai-
ned for Ki67 to identify proliferative trophoblast cell popula-
tions (data not shown). Adjacent sections were then used to
isolate proliferative EVT, nonproliferative EVT, and villous
trophoblast cells by LCM (Figure 4a). Both Mtd-L and Mtd-P
transcripts were expressed in all three trophoblast populations
examined; however, Mtd-L was expressed with Ct (threshold
cycle) values ranging between 24 and 29 (moderate
abundance), whereas Mtd-P only exhibited Ct values ranging
between 31 and 35 (very low abundance) (Figure 4b).
Expression of Mtd-L in the villous trophoblast layers exhibited
an increase from the early-to-late first trimester, and in the
anchoring columns Mtd-L mRNA expression shifted from the
proliferative EVT at 5–7 weeks to the nonproliferative EVT cell
sub-population at 10–13 weeks, although this did not reach
significance (Figure 4c).

Mtd isoforms are differentially localized within
proliferative JEG-3 cells. Subcellular localization of
specific Mtd isoforms was investigated in the human

Figure 1 Mtd expression in proliferating trophoblast cells. Spatial localization of Mtd and Ki67 in placental sections from the first trimester: (a) representative early first
trimester (5–8 weeks) floating villous, (b) representative late first trimester (9–12 weeks) floating villous, (c) early first trimester anchoring villi (6 weeks), and (d) late first
trimester anchoring villi (11 weeks). Immunopositivity for Mtd (green), Ki67 (red), and nuclei labeled with DAPI (blue). Merged images show colocalization of Mtd, Ki67, and
DAPI (overlap of red and blue: pink; overlap of green and blue: light blue; overlap of red, green, and blue: white). Lower panels show boxed regions at high magnification. (CT,
cytotrophoblast; ST, syncytiotrophoblast; PC, proximal column; DC, distal column; arrow heads, nuclear positivity; arrows, cytoplasmic positivity). Panel (e) shows negative
controls; first trimester floating and anchoring placental sections (6 weeks) immunostained with mouse/rabbit IgG

Table 1 Expression of Ki67 and Mtd in trophoblast cells from floating and
anchoring villi during the first trimester of gestation (values are reported as
percentage)

Ki67+/
Mtd+ (%)

Ki67+/
Mtd� (%)

Ki67�/
Mtd+ (%)

Ki67�/
Mtd� (%)

Floating villi
5–7 weeks 59 13 18 10
10–13 weeks 10 17 17 57

Anchoring villi
5–7 weeks 60 15 15 8
10–13 weeks 27 14 19 40
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choriocarcinoma JEG-3 cell line under proliferative
conditions. Trypan blue exclusion and 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assays
were used to ascertain cell viability. Cell proliferation was
maximal between 24 and 48 h (data not shown) with a death
rate below 5% (3.86±2.12, 2.94±1.26). Expression of Mtd-L
and Mtd-P isoforms in this cell line was confirmed by qPCR,
where Mtd-L was the predominant isoform expressed
(Figure 5a). Subcellular fractionation showed that Mtd-L

was predominantly localized to the nuclear and light
membrane organelle fractions, whereas Mtd-P was found in
the light membrane organelle and cytoplasmic fractions
(Figure 5b).
To determine whether Mtd localizes to the mitochondria,

we subjected JEG-3 cells to Mitotracker, a specific mitochon-
drial tracer dye, and assessed for Mtd colocalization by IF
(Figure 5c–e). It was confirmed that a subset of Mtd localized
to the mitochondria in healthy (Figure 5d), mitotic (Figure 5e),

Figure 2 Association of Mtd with cyclin E1. Spatial localization of (a) Mtd and cyclin E1 in an early first trimester (6 weeks) floating villous; Mtd (green), cyclin E1 (red),
nuclei detected by DAPI (blue). Merged images (left and bottom right panels) show colocalization of Mtd and cyclin E1 with or without DAPI (overlap of red, green, and blue:
white; overlap of green and red: yellow). Lower panels show boxed regions at high magnification. Arrowheads, colocalization of Mtd with cyclin E1. Upper right panel, negative
control. (b) Mtd expression in E-cadherin-positive trophoblast cells. Spatial localization of Mtd and E-cadherin in placental sections from a representative early first trimester
(6 weeks) floating villous. Immunopositivity for Mtd (green), E-cadherin (red), and nuclei labeled with DAPI (blue). Middle and right-hand panels show boxed regions at high
magnification. Arrowheads: representative cells positive for both Mtd and E-cadherin. (c) Mtd in mitotic cytotrophoblast cells; Mtd (green), Ki67 (red), and nuclei detected by
DAPI (blue). Top panels: merged images show colocalization of Mtd and DAPI (overlap of green and blue: light blue). Lower panels: merged images show colocalization of
Mtd, Ki67, and DAPI. Middle and right-hand panels show boxed regions at high magnification. (CT, cytotrophoblast; S, stroma; ST, syncytiotrophoblast; arrows, mitotic cells)
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and naturally occurring apoptotic cells (Figure 6a). To verify
that a similar localization of Mtd is found in vivo, we examined
the first trimester human placental sections dual-labeled with
antibodies against Mtd and markers of various cellular
organelles. No colocalization was seen between Mtd and

the nuclear envelope, the endoplasmic reticulum, the Golgi
apparatus, the cell membrane, or lysosomes (data not
shown). However, consistent with our cell line studies, a
subset of Mtd colocalized with mitochondria in the CTs (data
not shown).

Mtd
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Figure 3 Apoptosis in the early first trimester placental sections. (a) TUNEL staining in a 6-week placental section. TUNEL (red) DAPI (blue). Arrow: TUNEL-positive ST
cells. (b) Immunohistochemical staining for cleaved caspase-3 in a 6-week placental section. Cleaved caspase-3 (red) DAPI (blue). Right panel: higher magnification of the
boxed area. Arrow: fragmented pieces of nuclei in the cleaved caspase-3-positive trophoblast cell. Arrowhead: nuclei of adjacent trophoblast cell showing no sign of apoptosis.
(c) Mtd expression in apoptotic trophoblast in syncytial knots and distal EVT from the early first trimester (7-week placenta). Mtd (green), DAPI (blue). Upper panels: villi with
adjacent apoptotic cell. Lower panel: distal portion of the anchoring column. Middle and right panels: high magnification of the boxed areas. Arrow: fragmented pieces of nuclei
in the Mtd-positive cell. Right panel showing clumped Mtd expression in the cytoplasm of an apoptotic cell. (d) Mtd localization to cytotrophoblast cells that express the
proliferative marker ki67. Mtd (green), Ki67 (red), DAPI (blue). Middle and right panels: high magnification of the boxed area. Arrowhead: punctuate expression of Mtd. (CT,
cytotrophoblast; S, stroma; ST, syncytiotrophoblast; distal EVT, distal portion of extravillous trophoblast column)
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SNP-induced apoptosis promotes mitochondrial
localization of Mtd in JEG-3 cells. To determine whether
Mtd preferentially localized to the mitochondria during apo-
ptosis, we assessed Mtd localization in JEG-3 cells following
apoptotic induction with sodium nitroferricyanide (III) (SNP),
a nitric oxide donor recognized to induce apoptosis in the
JEG-3 cell line.29 Cell death and viability were assessed over
48h by trypan blue exclusion and MTT assays (data not
shown). Two-day exposure to 2.5 and 5mM SNP inhibited
proliferation (data not shown) and triggered cell death
(2.5mM: 23.65±4.07% and 5mM: 73.82±6.57). Nuclear
morphology was assessed 24 h following treatment. Mitotic
structures were readily seen in untreated conditions (Figures
5c, e and 6a), whereas nuclear blebbing was frequently
observed in both SNP-treated conditions (Figures 6b and c).
Mtd was assessed by fluorescence immunocytochemistry
in JEG-3 cells treated with mitotracker. Mtd could be seen in
both the nuclear and cytoplasmic compartments of cells
in the early stages of apoptosis, displaying nuclear con-
densation and reformation (Figure 6a–c, top right panels).
With the progressive degree of apoptosis, evidenced by
increased nuclear transformation and blebbing, Mtd expres-
sion became less nuclear and predominantly cytoplasmic, by

which it appeared aggregated and localized to mitochondria
(Figure 6b, lower panel; Figure 6c, middle panel). At late
stages, Mtd could be detected in the cytoplasm but its
localization to mitochondria could not be found, as the
mitochondria were no longer capable of uptaking the tracer
dye (Figure 6c, bottom panel).

Inhibition of Mtd-L suppresses cyclin E1 expression. To
determine the functional significance of Mtd in trophoblast
cell cycle during the first trimester, we evaluated the
consequences of inhibiting Mtd-L on cyclin E1 expression
in the first trimester human placental explants using an
antisense (AS) knockdown approach. This approach has
been previously used in our laboratory with a knockdown
efficiency in explants of 40–60%.14 The inhibition of Mtd-L
resulted in a 31.5 and 31.3% reduction of both cyclin E1
mRNA and protein expression, respectively (Figure 7a
and b). In addition, this was accompanied by a marked
decrease in proliferating cell nuclear antigen (PCNA)
expression, a marker of S phase (Figure 7b, middle panel).
Interestingly, knockdown of Mtd-L had no effect on cyclin E1
expression in the late first trimester of gestation (data not
shown).

Figure 4 Mtd isoform mRNA expression in trophoblast subpopulations. (a) Laser capture microdissection of the nonproliferative, distal portion of an anchoring column
(7-week placenta). (b) Expression of Mtd L and P isoforms by qPCR. Threshold cycle was taken as the point where the curve contacted the dashed line. (c) Graphical
representation of Mtd-L mRNA in villous (open bars), proliferative EVT in proximal column (hatched bars), and nonproliferative EVT distal column (black bars) in the first
trimester placental sections. n¼ 6 for samples from 5 to 8 weeks, n¼ 5 for samples from 9 to 12 weeks
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We have previously reported that overexpression of MtdL
andMtdP results in cellular apoptosis.14 To establish a role for
Mtd in cellular proliferation, we generated a doxycycline-
inducible MtdL expression system in HEK293 cells, which
allows for controlled MtdL expression (Figure 7c). Induction of
MtdL using 0.25mg/ml doxycycline over 36 h did not affect the
rate of cell death as determined by trypan blue exclusion (data
not shown), and it was associated with a 32% increase in
cyclin E1 protein expression (Figure 7c). This was accom-
panied by an increase in 5-Bromo-20-deoxy-uridine (BrdU)
incorporation by these cells (Figure 7d). Conversely, an
siRNA-mediated reduction of MtdL (75%) in HEK293 cells led
to a decrease in both cyclin E1 protein expression (41%) and
BrdU incorporation (Figure 7f and g).

Mtd expression in proliferating trophoblast cells in
PE. We have previously reported that Mtd expression is

elevated in placentae from severe preeclamptic pregnancies
and that this is associated with increased trophoblast cell
death, characteristic of this disease. To determine whether
the increase in Mtd was also associated with the hyper-
proliferative nature of the trophoblast cells, we tested
whether Mtd was expressed in Ki67- and cyclin E1-positive
cells in placental samples from PE. As anticipated, PE
displayed greater levels of Ki67 (% of Ki67-positive tro-
phoblast cells, PE: 8.6% versus age-matched control (AMC):
3.7% and term control (TC): 1.7%; Po0.05), cyclin E1 (% of
cyclin E1-positive trophoblast cells, PE: 13% versus AMC:
6.3% and TC: 2.5%; Po0.05), and Mtd compared with age-
matched and TCs (Figure 8a–d). Furthermore, dual labeling
of Mtd with Ki67 and cyclin E1 was evident to a greater extent
in preeclamptic samples compared with either age-matched
(Figure 8a and c) or TCs (data not shown). Interestingly,
nuclear expression of Mtd in preeclamptic samples was

Figure 5 Subcellular localization of Mtd isoforms in JEG-3 cells. (a) mRNA expression of Mtd-L (filled bar) and Mtd-P (hatched bar) in JEG-3 cells grown in standard
conditions for 48 h. Expression of Mtd-L, corrected against 18S, is significantly elevated compared with Mtd-P. (b). Fractionation of JEG-3 cells grown in standard conditions for
48 h. Upper panel: western blot for Mtd. Lower panel: verification of cellular fractions: tubulin (cytoplasmic), cytochrome c (mitochondrial), and lamin A (nuclear membrane).
(c–e) JEG-3 cell grown in standard conditions for 24 h labeled with mitotracker (red) and immunostained for Mtd (green), DAPI (blue). Mitotic cells denoted by an asterisk.
Colocalization of Mtd and mitochondria: yellow (overlap of red and green). (d) JEG-3 cell at high magnification displaying healthy nuclear morphology, (e) high magnification of
JEG-3 cells in mitosis. *Po0.01, Mann–Whitney U-test
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predominant in Ki67- or cyclin E1-positive cells, whereas in
the syncytial knots the expression was mainly cytoplasmic. In
contrast, comparable levels of Mtd were seen in both the
nuclear and cytoplasmic regions of age-matched (Figure 8a
and c, bottom panels) and TC sections (data not shown).
Coexpression of Mtd with E-cadherin confirmed that CTs
were the predominant sites of nuclear Mtd expression in
preeclamptic placentae (Figure 8e).

Discussion
In recent years, it has become apparent that members of the

Bcl-2 family are involved in regulating cell fate in a variety of

systems.15–17 Data presented herein show that Mtd, a

proapoptotic molecule of the Bcl-2 family, is involved in the

regulation of both proliferation and cell death in the human

placenta in physiological and pathological conditions. In

particular, we show that (1) Mtd is expressed in proliferating

Figure 6 Localization of Mtd to mitochondria in apoptotic JEG-3 cells. JEG-3 cells treated with or without SNP for 24 h. (a) untreated JEG-3 cells. (b) JEG-3 cells treated
with 2.5 mM SNP. (c) JEG-3 cells treated with 5 mM SNP. Cells were labeled with mitotracker and immunostained for Mtd. Mitotracker (red) Mtd (green), DAPI (blue).
Colocalization of Mtd and mitochondria: yellow (overlap of red and green). Arrowhead denotes apoptotic cells; Star denotes area of apoptotic cells; Asterisk denotes mitotic
cells. � 100 images show apoptotic cells representative from each treatment group. (a) Occasional apoptotic cell in untreated group displaying early stages of apoptosis and
colocalization of Mtd with mitotracker. (b) Cells treated with 2.5 mM SNP showing the occasional mitotic structure and increased levels of cell death with early and late stages of
apoptosis. (c) Numerous apoptotic cells displaying a range from early (condensed, blebbing nuclei, top right panel) to blebbing and fragmented nuclei (middle panel) and
apoptotic bodies (lower panel)
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trophoblast cells during early placental development and in
severe early onset PE, where it acts on the G1 phase of the
cell cycle by directly regulating the expression of cyclin E1, (2)
Mtd-L is the isoform responsible for this effect on cell
proliferation, and (3) Mtd localizes to the nuclear compart-
ment in proliferating cells, whereas during apoptosis it
switches localization to the cytoplasm where it interacts with
mitochondria.
Both the antiapoptotic and proapoptotic members of the

Bcl-2 family have been shown to participate directly in cell
cycle regulation independent of their apoptotic function.15–17

The antiapoptoticmembers, Bcl-2, BCL-xL, BCL-w, andMcl-1,
have been shown to have inhibitory effects on passage
through the cell cycle, whereas the proapoptotic member,
Bax, promotes cell proliferation by conferring cell cycle
advancement.17,18,21 Although the Mtd promoter has
been found to be activated at the G1/S boundary in vitro,24

we present for the first time direct evidence that the Mtd
protein is expressed in cycling cells in vivo. In the human
placenta, the expression of Bax associates predominantly
with the apoptotic index,34 suggesting that Bax may not be
involved in trophoblast cell cycle regulation. This underscores
a unique function for Mtd as a proapoptotic regulator of cell
cycle progression in the human placenta.
Our study found that nuclear expression of Mtd associa-

ted closely with the proliferative index throughout human
placental development. In the early first trimester, Mtd
localized primarily to the nucleus in Ki67- and cyclin E1-
positive CTs that displayed healthy nuclear morphology with
no sign of apoptosis, whereas past the ninth week of
gestation, as the percentage of proliferative cells decreased,
expression of Mtd switched to the apical border of the ST
layer. The effect of Mtd on cyclin E1 was also associated
with this temporal regulation, occurring only in the early first

Figure 7 The effect of Mtd-L interference on cyclin E1. (a, b) Expression of cyclin E1 (mRNA: n¼ 4; protein: n¼ 4) in the early first trimester explants treated with Mtd-L
sense (S, nonsilencing) oligonucleotides or Mtd-L antisense oligonucleotides (AS, silencing) or untreated (C) in 3% O2 for 72 h. (a) Relative transcript levels of cyclin E1 as
detected by qPCR and corrected against 18S. *Po0.05, Mann–Whitney U-test. (b) Expression levels of cyclin E1 protein (upper panel) and PCNA protein (middle panel).
Confirmation of equal loading by Ponceau detection of total proteins (lower bands). (c) Induction of GFP-hMtdL in Flp-In T-Rex-293 cell line with increasing concentrations of
doxycycline (0.05, 0.25, 0.5, 1.25, and 2.5mg/ml) over a 36 h period. HEY ovarian cancer cell lysate was included as a negative control for GFP and positive control for
cyclin E1. Top panel: level of hMtdL expression detected by GFP. Middle panel: expression of cyclin E1 and bottom panel, control actin. (d) BrdU incorporation in hMtdL
Flp-In T-Rex-293 cell line following treatment with or without 0.25mg/ml doxycycline over a 36 h period. (e–g) knockdown of MtdL in HEK293 cells using siRNA strategy.
(e) Fold changes in MtdL transcript levels relative to scrambled sequence (SS) as detected by qPCR. Statistical significance was assessed by Kruskal–Wallis test followed
by Mann–Whitney U-tests; a, b, c: Po0.05. (f) Expression levels of cyclin E1 protein and actin. (g) BrdU incorporation in HEK293 following knockdown of MtdL using
30mM siRNA for 48 h. Negative control; immunostaining with mouse IgG in HEK cells subjected to BrdU
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trimester explants. Nonetheless, the apoptotic role of Mtd has
been shown to be maintained past the first trimester.14 Taken
together, these data suggest that a change in Mtd function
may take place late in the first trimester, away from a cell cycle
regulatory role, and that this is accompanied by a change in

subcellular localization. This switch in localization and
function is likely regulated by the increase in oxygen
concentration experienced by the placenta at this time. This
is supported by previous studies that have found hypoxia
response elements in the promoter region of Mtd,14,35

Figure 8 Localization of Mtd to proliferative cells in preeclamptic placentae. (a) Spatial localization of Mtd-L and Ki67 in placental tissue from preeclamptic (PE) and age-
matched control (AMC) placentae. Mtd (green), Ki67 (red), and DAPI (blue). Top panels: floating villi from a preeclamptic placenta at 29 weeks of gestation, bottom panels:
floating villi from an age-matched control placenta (34 weeks). Left-hand panels: � 20 magnification; middle and right panels: � 100 magnification. Merged panels show
colocalization (yellow/white) of Mtd with Ki67 with nuclei detected by DAPI staining. CT, cytotrophoblast cells; SK, syncytial knots; arrows, colocalization of Mtd and Ki67 in the
nuclear compartment of cells in the trophoblast layer. (b) Quantification of the percentage of trophoblast cells positive for Ki67 in PE (n¼ 5), AMC (n¼ 5), and term controls
(TC) (n¼ 5). Statistical significance was assessed by Kruskal–Wallis test followed by Mann–Whitney U-tests; a, b, c: Po0.05. (c) Spatial localization of Mtd and cyclin E1 in
placental tissue from preeclamptic and age-matched control placentae. Mtd (green), cyclin E1 (red), and DAPI (blue). Top panels: floating villi from a preeclamptic placenta at
26 weeks of gestation, bottom panels: floating villi from an age-matched control placenta (32 weeks). Left-hand panels: � 20 magnification; middle and right panels: � 100
magnification. Merged panels show colocalization (yellow/white) of Mtd with cyclin E1 with nuclei detected by DAPI staining. CT, cytotrophoblast cells; SK, syncytial knots;
arrowhead, colocalization of Mtd and cyclin E1 in the nuclear compartment of cells in the trophoblast layer. (d) Quantification of percentage of trophoblast cells positive for
cyclin E1 in PE (n¼ 5), AMC (n¼ 5), and term controls (TC) (n¼ 5). Statistical significance was assessed by Kruskal–Wallis test followed by Mann–Whitney U-tests; a, b, c:
Po0.05. (e) Spatial localization of Mtd and the cytotrophoblast marker E-cadherin in placental tissue from preeclamptic and age-matched control placentae. Mtd (green),
E-cadherin (red), and DAPI (blue). Top panels: floating villi from a preeclamptic placenta (32 weeks), bottom panels: floating villi from an age-matched control placenta
(32 weeks). Left-hand panels: � 20 magnification; middle and right panels: � 100 magnification. Merged panels show coexpression of Mtd with E-cadherin (CT,
cytotrophoblast cells; SK, syncytial knots; open arrowhead, cytotrophblast cell coexpressing Mtd and E-cadherin)
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and have shown Mtd to be decreased in higher oxygen
conditions.14,35

As the inhibition of Mtd leads to a decrease in cyclin E1, we
hypothesize that Mtd may function during the G1/S transition.
In accordance with our observations, a recent study
performedwith amouse fibroblast cell line showed expression
of the Mtd transcript to be increased at the mid-to-late G1

phase, following the overexpression of G1/S-phase transition
factors.24 Moreover, the decrease in PCNA and BrdU
incorporation following Mtd knockdown and increased BrdU
incorporation following doxycycline-induced Mtd overexpres-
sion indicates that the effect on cyclin E1 expression results in
altered cell cycle progression to the S phase. In addition, we
also observed Mtd expression in mitotic cells and in Ki67-
negative cells. It is possible that, similar to Mcl-1, which
functions at both the G0/G1 and G2/M borders,19,20 Mtd may
have different roles at distinct phases of the cell cycle.19,20

Our data also suggest that the role of Mtd in cell fate is likely
dependent on conformation and location of the protein. This
mode of regulation has previously been shown for Bax, a Bcl-2
family member structurally similar to Mtd.22,36 Although Bax is
cytoplasmic and monomeric in healthy cells, its apoptotic
function depends on its oligomerization and translocation to
the mitochondria.37–40 Similarly, we observed a diffuse,
punctuate expression pattern of Mtd in proliferative tropho-
blast cells, whereas cells undergoing apoptosis displayed a
clumped or aggregated pattern of Mtd expression, consistent
with oligomerization. Furthermore, Mtd has previously been
reported to form oligomers under apoptotic stimuli in HEK293
cells.35

In addition, Mtd expression was both cytoplasmic and
nuclear in healthy proliferating cells, whereas its expression
became cytoplasmic and localized to the mitochondria in cells
undergoing apoptosis. Mtd has been shown to interact with
the exportin Crm1,41 supporting the idea that Mtd can travel
between the nuclear and the cytoplasmic compartments to
exert its cellular function. It is therefore plausible that in
trophoblast cells, low levels of Mtd remain monomeric and
locate to the nucleus, where their function is linked to cell cycle
regulation, whereas cytoplasmic accumulation of Mtd pro-
motes oligomerization, localization to the mitochondria, and a
functional switch toward its apoptotic role.
Interestingly, Mtd was also observed in a subset of

mitochondria in healthy JEG-3 cells. This may be explained
by previous work showing that in healthy MCF-7 cells,
Mtd loosely associates with the mitochondria and that on
apoptotic stimulation, Mtd becomes tightly integrated into
the mitochondrial membrane.35

Mtd is expressed as three isoforms in total human placental
lysate, the principal isoforms being Mtd-L and Mtd-P.14 We
postulate that the Mtd-L isoform has a dual role in both cell
proliferation and death, whereas Mtd-P may primarily have a
‘killing’ role. This is supported by our fractionation studies that
revealed Mtd-L to be the predominant isoform expressed in
the nuclear compartment of proliferating JEG-3 cells, where it
would have direct access to interaction with cell cycle-
regulating molecules, and by our knockdown and over-
expression experiments where Mtd-L was seen to have a
direct effect on cyclin E1 expression. In contrast, both Mtd-L
and Mtd-P were located in the mitochondrial fraction of JEG-3

cells and their overexpression has been shown to result in
apoptosis.14

We have previously shown that both the Mtd-L and Mtd-P
isoforms are increased in preeclamptic placental tissue
compared with AMC and TCs.14 PE is a placental disorder,
characterized by hyperproliferation of the trophoblast cells
and accompanied by excessive apoptosis and syncytial
shedding. We therefore hypothesized that Mtd may in part
contribute to the increase of both cellular apoptosis and cell
proliferation in this pathology. We have previously shown that
in PE, Mtd is associated with mitochondrial depolarization
and an increase in apoptosis,14 and in this study we show
colocalization of Mtd to the Ki67- and cyclin E1-positive CTs in
PE, suggesting that the abundance ofMtdmay also contribute
to the hyperproliferative phenotype. This is further supported
by our data showing that in PE, the hyperproliferative
phenotype of the trophoblast cells is associated with
increased Ki67 and cyclin E1 expression levels. It is likely
that Mtd works in concert with a variety of cell cycle-regulating
molecules, including the Cip/Kip family of inhibitors and the
Notch proteins, which have also been found to be over-
expessed in PE as reviewed by Heazell and Crocker.10

On the basis of a putative working model (Figure 9), we
postulate that during early placental development, Mtd-L is
upregulated by the low oxygen environment, and that it
localizes to the nucleus of the CTs where it promotes
proliferation by aiding in the G1 to S transition. Introduction
of apoptotic stimuli may lead to cytoplasmic accumulation of
Mtd, and result in Mtd oligomerization and interaction with the
mitochondria, thus producing a proapoptotic response. In
conclusion, Mtd appears to have an important role in the
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Figure 9 Putative model of Mtd function in the trophoblast. Under low oxygen
conditions, as seen in early placental development, Mtd remains monomeric and
localizes to the nucleus of cytotrophoblast cells where it promotes proliferation by
aiding in the G1 to S transition. Under conditions of oxidative stress, Mtd
accumulates in the cytoplasm where it interacts with the mitochondria. Mtd pore
formation in the mitochondria leads to release of apoptogenic molecules into the
cytoplasm, thus activating the apoptotic cascade and cell death
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proliferative and apoptotic pathways that mediate trophoblast
cell fate. Improper regulation of Mtd, as seen in PE, may have
a role in altering the homeostasis of trophoblast layers, con-
tributing to the increased rate of proliferation and apoptosis
associated with this pathology.

Materials and Methods
Placental tissue collection. The first trimester human placental tissues
(5–13 weeks of gestation, n¼ 35) were obtained immediately following the elective
termination of pregnancies by dilatation and curettage, or suction evacuation.
Gestational age was determined by the date of the last menstrual period and first
trimester ultrasound measurement of crown-rump-length. Preeclamptic group
(PE, n¼ 8) was selected on the basis of ACOG clinical and pathological criteria.42

Controls were selected as AMC (n¼ 9) or TC (n¼ 8) healthy pregnancies with
normally grown fetuses that did not have signs of placental dysfunction. Birth weight,
gestational age, laboratory values, and clinical observations relevant to the health of
the mother were taken from the clinical records. The PE patients’ group was
characterized by an average gestational age of 32 weeks; average blood pressure
168/105 (systolic/diastolic), and the presence of proteinuria (average 3 g/day). One
out of eight PE pregnancies was associated with intrauterine growth restriction.
The AMC and TC patients were delivered at an average of 31.5 and 38 weeks,
respectively, and exhibited normal blood pressure (116/73) with no sign of
proteinurea. Patients with diabetes, infections, and kidney disease were excluded.
Placenta samples with calcification, necrosis, and visually ischemic areas were also
excluded from the collection. In both the normal and pathological groups, babies
were delivered by cesarean section. Normal preterm deliveries were attributed to
multiple pregnancies without discordancy, preterm labor owing to an incompetent
cervix, and the premature preterm rupture of a membrane. Term controls were
included as pregnancies delivered preterm are by definition abnormal and may be
associated with placental abnormality.43,44 Informed consent was obtained from
each individual patient, and tissue collections were approved by the Mount Sinai
Hospital’s Review Committee on the Use of Human Subjects and carried out in
accordance with the participating institutions’ ethics guidelines. Tissues were snap-
frozen or prepared in PFA and processed for histochemical analysis.

Samples for LCM were prepared immediately after collection. Briefly, fresh tissue
was washed in PBS, saturated in cryoprotect solution (66% OCT in 33% sucrose
solution), and embedded in OCT (optimal cutting temperature) compound (Tissue-
Tek, Sakura Finetek, Torrance, CA, USA) snap-frozen and kept at �801C until
further use. Cryosections, (7mm thick) were cut using RNAse-free blades and
mounted on uncoated, uncharged slides (Superfrost, Fisher Scientific, Ottawa, ON,
Canada).

First trimester villous explant culture and Mtd antisense
knockdown. Chorionic villous explant culture and Mtd knockdown was per-
formed as previously described14,45 using phosphorothiolated (all positions) sense
(S) and AS oligonucleotides designed against the Mtd-L transcript NM_032515
(S-L: 50-CATGGAGGTGCTGCGG-30, AS-L: 50-CCGCAGCACCTCCATG-30).
Villous explants were incubated at 3% O2 in the presence or absence of S or AS
oligos (10 mM) or DMEM/F12 alone for 72 h. Explants from eight different first
trimester placentae (6–8 weeks) run in triplicate were used for the antisense
knockdown experiments.

Laser capture microdissection. Before lasercapture microdissection,
immunostaining for Ki67 was performed initially to identify areas of proliferation.
Briefly, frozen sections were fixed in 4% PFA, treated with 0.3% H2O2, blocked with
5% horse serum, and incubated with anti-Ki67 antibody (dilution 1 : 100) for 1 h at
room temp. LCM was performed on adjacent cryosections, using the Arcturus
Pixcell II system (Arcturus Engineering, Mountain View, CA, USA) according to the
manufacturer’s protocol. Briefly, sections were overlaid with a thermoplastic
membrane (CapSure LCM Caps, Arcturus), and cells were captured by focal
melting of the membrane through laser activation. Three individual caps were used
for each placental sample, specifically isolating the villous trophoblast layer
comprising both CTs and STs, the proliferative (Ki67-positive) region of the proximal
column, or the nonproliferative (Ki67-negative) cells of the distal anchoring columns.
Approximately 2000–5000 cells were captured onto each cap.

RNA analysis. RNA was extracted from frozen placental tissue using an
Rneasy Mini Kit (Qiagen, Valencia, CA, USA) and from LCM samples using the

PicoPureRNA Isolation Kit (Arcturus). All samples were treated with DNase I,
reverse transcribed using random hexamers (Applied Biosystems, Foster City, CA,
USA), and amplified by 20 cycles of PCR (5 min at 951C, cycle: 30 s at 951C, 30 s at
551C, and 1.5 min at 721C). Analysis was carried out using the DNA Engine Opticon
2 System (MJ Research, Waltham, MA, USA) as previously described.14 Mtd was
quantified using the SYBR Green I dye DyNamo HS kit (MJ Research) based on the
manufacturer’s protocol using isoform-specific primers (Mtd-L: Forward 50-GCCT
GGCTGAGGTGTGC-30, Mtd-P: Forward 50-GCGGGAGAGGCGATGA, Reverse
(both L and P) 50-TGCAGAGAAGATGTGGCCA-30). TaqMan Universal MasterMix
and specific Taqman primers and probe for cyclin E1 and 18S were purchased from
ABI as Assays-on-Demand for human genes. Data were normalized against expres-
sion of 18S ribosomal RNA using the 2DDCt formula as previously described.14

Antibodies. A rabbit polyclonal antibody generated against peptide mapping
within an internal region of Mtd (137–151) of human origin (NM_032515) was raised
in our laboratory, and preimmune serum was used as control (WB 1 : 500).
Antibodies were purchased from Cell Signaling Technology, Beverly, MA, USA:
Mtd/Bok(4521) rabbit polyclonal (IF 1 : 50), and Cytochrome c (136F3) rabbit
monoclonal (WB 1 : 200); Santa Cruz Biotechnology, Santa Cruz, CA, USA: Mtd/
Bok (H151) rabbit polyclonal (IF 1 : 400), Cyclin E1 (HE12) sc-247 mouse
monoclonal (IF 1 : 400, WB 1 : 1500), Lamin A (C20) sc-6214 goat polyclonal WB
1 : 200), GFP (B-2) sc-9996 mouse monoclonal (WB 1 : 500), and Actin (I-19) sc-
1616 goat polyclonal (WB 1 : 1500); Vector Laboratories, Burlingame, CA, USA:
Ki67 (clone MM1) mouse monoclonal (IF 1 : 100); and Sigma-Aldrich, St. Louis, MO,
USA: a-Tubulin (clone DM 1A) mouse monoclonal (WB 1 : 2000); DakoCytomation,
Denmark A/S: PCNA (clone PC10) mouse monoclonal (WB 1 : 500) Abcam,
Cambridge, MA, USA: E-Cadherin (HECD-1) mouse monoclonal (IF 1 : 200) and
Roche, Mannheim, Germany: BrdU mouse monoclonal (IF 1 : 100). Normal rabbit
and mouse IgG (sc-2027 and sc-2025, respectively) were purchased from Santa
Cruz Biotechnology and used as negative control. Secondary antibodies;
horseradish peroxidase-conjugated or biotinylated anti-rabbit/mouse/goat IgG
(WB 1 : 5000, Santa Cruz Biotechnology); Alexa Fluor 488 anti-goat/rabbit, Alexa
Fluor 594 anti-mouse/rabbit (IF 1 : 200, Molecular Probes, Eugene, OR, USA).

Western blot analysis. Western blotting was performed as previously
described.14 Blots were visualized by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Oakville, ON, Canada). All western blots were confirmed for
equal loading using 0.1% (w/v) Ponceau S solution. For quantification purposes,
bands of interest were analyzed using the CanoScanLiDE20 image scanner (Canon
Canada, Mississauga, ON, Canada).

Immunofluorescence staining. Immunofluorescence staining was
performed as follows. Sodium citrate antigen retrieval was performed, followed
by treatment with Sudan Black (0.1% sudan black in 70% EtOH) to quench
endogenous fluorescence. Sections were preincubated in 5% horse serum diluted
in antibody diluent (0.04% sodium azide and 0.008% gelatin in PBS), to block
nonspecific binding, and incubated with primary antibodies overnight at 41C. For
negative controls, the primary antibody was replaced by a corresponding
concentration of mouse or rabbit IgG. Slides were treated with 0.4% DAPI (40,6-
diamidino-2-phenylindole) for nuclear detection. Fluorescence images were viewed
using � 20 regular and � 40, and � 100 oil immersion objective lens (NA 1.35)
and collected using the DeltaVision Deconvolution microscope (Applied Precision,
LLC, Issaquah, WA, USA).

Positive and negative cell counts were based on the presence or absence of
immunoreactivity of the Ki67 and Mtd antibody. Cell counts were recorded as a
percentage of the total cell number in the field where the total cell number was taken
as the number of nuclei (DAPI stained) in the trophoblast layer of floating villi or
within anchoring columns. For Ki67 and Cyclin E1 quantification in normal and
pathological samples, placental sections were stained using a peroxidase-based
method as previously described,45 and cell counts were recorded as a percentage of
either Ki67- or cyclin E1-positive trophoblast cells per field. Five fields of view were
analyzed per sample.

TUNEL. The in situ Cell Death Detection kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA) was used on the basis of the manufacturer’s protocol.

Cell line culture and analysis. Human choriocarcinoma JEG-3 cells were
grown in EMEM media (ATCC, Manassas, VA, USA) supplemented with 10% fetal
bovine serum (nonheat inactivated) in 20% oxygen (standard conditions).
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SNP treatment. JEG-3 cells were seeded into a six-well plate (2� 105 cells per
well) or 96-well plates (5000 cells per well) and treated after 16 h with SNP (Sigma)
(dose range between 1 and 10 mM).
Trypan blue exclusion assay. Cells were harvested by trypsinization, centri-
fuged, resuspended in media, and diluted 1 : 10 in 0.4% Trypan blue solution
(Invitrogen, Carlsbad, CA, USA). Blue versus white cells were counted on a hema-
tocytometer. Data are represented as an average of three independent
experiments.
Cell viability (MTT). Cell viability was determined by the MTT (Sigma) dye-
reduction assay. JEG-3 cells seeded into a 96-well plate (5000 cells per well) were
subjected to 30ml of MTT dye (5 mg/ml) per well, at 0, 6, 12, 24, and 48 h. The cells
were then incubated at 371C for 4 h. The media was subsequently aspirated and
100ml of dimethyl sulfoxide (DMSO) were added to each well. Absorbance (relative
optical density) was measured at 570 nM using a uQuant microplate
spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA). Data are
presented as an average of four experiments.
Cell fractionation. JEG-3 cells were grown to 70% confluence and collected in
lysis buffer (0.3 M sucrose, 1 M EDTA pH8, 5 mM Mops, 5 mM KH2PO4, 0.1% BSA
– pH to 7.4 using KOH) for fractionation. Cells were lysed using a dounce
homogenizer, and differentially centrifuged to attain cell fractions: 5 min at 600 g to
precipitate nuclei followed by 12 min at 10 000 g to pellet light membrane fraction.
The resulting supernatant containing the cytoplasmic fraction was lyophilized and all
fractions were resuspended in RIPA buffer. Verification of fraction specificity was
assessed by western blot detection of specific subcellular markers: a-tubulin
(cytoplasm), cytochrome c (mitochondria), and lamin A (nuclear membrane).
Localization ofMtd tomitochondria. JEG-3 cells (3.0� 105) were seeded on
sterile glass coverslips and allowed to adhere overnight. Cells were then incubated
with 100 nM MitoTracker Red CMXRos (M-7512) (Molecular Probes), a dye taken
up by active mitochondria, and fixed in 3.7% formaldehyde. Incubation with primary
antibody against Mtd was carried out overnight, and secondary detection was
performed as described above for embedded sections.

Construction of stable cell line expressing GFP-hMtdL. Human
embryonic kidney (HEK) cell line stably expressing GFP-hMtdL was generated as
follows: plasmid-encoding GFP-hMtdL was stably introduced into Flp-In T-Rex-293
cell line (Invitrogen), as described in the manufacturer’s protocol. Briefly, the human
MtdL gene was amplified from full-length cDNA hMtdL (Open Biosystems) by PCR
using the forward primer 50-ggcgcgccagaggtgctgcggcgctcctcg-30 and the reverse
primer 50-cagagagatgacccggatcccg-30. The PCR was digested by AscI/BamHI and
cloned into pcDNA5/FRT/TO/GFP (a kind gift from Dr. Gingras, SLRI at Mount Sinai
Hospital, Toronto). The resulting plasmid was verified by digest and sequencing and
finally cotransfected along with pOG44 (Invitrogen) into Flp-In T-Rex-293 cells to
induce a site-specific integration event. Hygromycin-resistant clones were obtained
under 100-mg/ml hygromycin selection. MtdL was induced in the stable transfected
cell line with 0.05–2.5mg/ml of doxycycline for 36 h.

BrdU incorporation. 5-Bromo-20-deoxy-uridine labeling was performed in
accordance with the manufacturer’s protocol (Roche Applied Sciences, made in:
Mannheim, Germany; distributed in Indianapolis, IN, USA). Cells were subjected to
BrdU for either 20 or 45 min following either doxycycline (0.25mg/ml) or MtdL siRNA
(30mM) treatments.

Statistical analysis. Statistical analyses were performed using GraphPad
Prism 4 software (San Diego, CA). For comparison of data between multiple groups,
we used the Kruskal–Wallis test. For comparison between the two groups, we used
the Mann–Whitney U-test. Significance was defined as Po0.05. Results are
expressed as the mean±S.E.M. or box and whisker plots showing the median and
interquartile ranges.
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