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Cell cycle-dependent expression of clAP2 at G2/M phase contributes
to survival during mitotic cell cycle arrest
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cIAP2 (cellular inhibitor of apoptosis protein 2) is induced by
NF-«B (nuclear factor «B) when cells need to respond quickly to
different apoptotic stimuli. A recent study using cDNA microarray
technology has suggested that cIAP2 transcription is regulated in
a cell cycle-dependent manner, although the mechanism for such
regulation is unknown. In this study, we confirmed the cell cycle-
dependent regulation of cIAP2 expression at both the mRNA
and protein levels. Additionally, we found that a bipartite CDE
(cell cycle-dependent element)/CHR (cell cycle gene homology
region) element in the cIAP2 promoter mediates clAP2 gene activ-
ation in G2/M phase. Cell cycle-dependent G2/M-phase-specific
cIAP2 expression is enhanced by NF-« B activation, and selective

down-regulation of cIAP2 causes cells blocked in mitosis with
nocodazole to become susceptible to apoptosis, indicating that the
G2/M-phase-specific expression of cIAP2 contributes to the sur-
vival of mitotically arrested cells. Our studies describing the NF-
«B-independent G2/M-phase-specific expression of cIAP2 will
help in further understanding the molecular basis of cIAP2 over-
expression in a variety of human cancers.

Key words: apoptosis, cell cycle, cellular inhibitor of apoptosis
protein (cIAP), inhibitor of apoptosis protein (IAP), mitosis, nuc-
lear factor kB (NF-«B).

INTRODUCTION

IAPs (inhibitors of apoptosis proteins) comprise a family of pro-
teins that suppress mitochondria-dependent and -independent
apoptosis by inhibiting caspases [1]. Eight human IAP family pro-
teins, characterized by the presence of one to three BIRs (baculo-
virus IAP repeats), have been identified. Among these family
members, cIAP1 [cellular IAP1; also known as HIAP2 (human
IAP2)] and cIAP2 (HIAP1) are the only two IAPs that have been
implicated in the signal transduction pathways activated by TNF
(tumour necrosis factor-«). In fact, they were originally dis-
covered as proteins recruited to the activated TNFR2 (TNF recep-
tor 2) complex [2]. cIAP1 and cIAP2 inhibit not only the terminal
effector caspases-3 and -7 via their BIR domain, but also caspase-8
with the help of TRAF (TNFR-associated factor)-1 and -2 during
TNFR 1-mediated apoptosis [3].

We have previously characterized the promoter region of the
cIAP2 gene and identified two NF-«B (nuclear factor xB)-
binding sites that are essential for TNF-mediated induction [4].
Subsequent studies indicated that expression of cIAP2 can also
be regulated by other promoter elements. For example, a CRE
(cAMP response element) plays a role in the cAMP-mediated
induction of cIAP2 in T84 colon cancer cells [5]. cIAP2 is also in-
duced by dexamethasone and, to a greater extent, by dexa-
methasone and interferon-y in A549 lung cancer cells [6]. This
induction likely is mediated through a putative glucocorticoid re-
sponsive element [7]. Furthermore, comprehensive cDNA micro-
array analysis of the cell cycle-dependent gene expression profile
of HeLa cells revealed that the expression of cIAP2 is regulated
in a cell cycle-dependent manner [8]. Using similar approaches,
cIAP2 has been identified as a primary target gene down-regulated

by the tumour suppressor pS3, an important regulator of cell cycle
arrest and apoptosis [9]. Together, these results suggest that cTAP2
expression can be regulated by multiple mechanisms.

The regulation of apoptosis and cell cycle progression are
thought to be inter-related processes. Survivin, an IAP family
member, is a well-studied example of this. It is selectively ex-
pressed in G2/M phase in a cell cycle-dependent manner and
associates specifically with the microtubules of the mitotic spindle
[10], implying that survivin could function in both the mitotic
spindle checkpoint and apoptosis [11]. The cell cycle-dependent
expression of survivin is likely mediated by CDE (cell cycle-
dependent element) and CHR (cell cycle gene homology region)
elements in its promoter [12,13]. Bipartite CDE/CHR elements
are found in the promoter regions of many genes that are max-
imally expressed in late S/G2 or G2/M phases, such as those cod-
ing for cdc25C, cyclin A, cdc2, plk (polo-like kinase), and many
other genes [14—19].

Although the expression of cIAP2 has been suggested to be
regulated in a cell cycle-dependent manner, the exact mechanism
and functional consequence(s) of this regulation are unknown.
The present study demonstrates that the cell cycle dependence
of cIAP2 transcription requires a CDE and a CHR in the cIAP2
promoter. These elements repress cIAP2 transcription in asyn-
chronized cultures, and this repression is relieved in nocodazole-
arrested G2/M phase cells. Nocodazole has been shown to activate
NF-«B in HeLa cells and to promote the survival of mitotically
arrested cells [20]. However, the G2/M-phase-specific transcrip-
tion of cIAP2 in G2/M phase is independent of NF-«B activation
and increased cIAP2 expression contributes to the survival of
mitotically arrested cells. Our studies demonstrate that cIAP2 is
the only G2/M-phase-specific NF-xB-related survival gene.

Abbreviations used: Ad, adenovirus; BIR, baculovirus inhibitor of apoptosis protein repeat; CDE, cell cycle-dependent element; CDF-1, cell cycle-
dependent factor 1; CHR, cell cycle gene homology region; clAP, cellular inhibitor of apoptosis protein; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; GFP, green fluorescent protein; IAP, inhibitor of apoptosis protein; IkBe, inhibitory «Be; NF-«B, nuclear factor «kB; RT-PCR, reverse transcription
PCR; siRNA, small interfering RNA; TNF, tumour necrosis factor-; TNFR, TNF receptor.
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EXPERIMENTAL
Cell culture and synchronization

Culture medium was purchased from Life Technologies. HeLa
cells were maintained at 37°C with 5% CO, in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with 10 %
fetal bovine serum. For synchronization, HeLa cells were arrested
with a double-thymidine block as described previously [8].
Briefly, cells were blocked for 18 h with 2 mM thymidine, released
for 9 h by washing out the thymidine, and then blocked again with
2 mM thymidine for 17 h. This treatment arrested the cells at the
beginning of S phase. The cells were released from the block
by washing out the thymidine, and total RNA was prepared for
each hour post-release from the arrest. To obtain G1/S phase- or
G2/M phase-arrested cells, an asynchronous population of HeLa
cells was treated with 2 mM thymidine for 24 h (to arrest cells
in G1/S phase) or 200 ng/ml nocodazole for 16 h (to arrest cells in
G2/M phase). The cell cycle distribution of the population was
determined by propidium iodide staining and flow cytometry
(FACSCalibur system, BD Biosciences).

Reagents

Recombinant human TNF was kindly supplied by LG Biotech
Research Institute (Daejeon, Korea). All other reagents, including
nocodazole and thymidine, were purchased from Sigma, unless
otherwise stated.

RNA isolation and RT (reverse transcription)-PCR

Total RNA was isolated using Easy-BLUE (Intron, Seoul, Korea),
according to the manufacturer’s instructions. Total RNA (1 ug)
was reverse transcribed using MMLV (Moloney-murine-leuka-
emia virus) reverse transcriptase (Promega) with random primers.
Reaction mixture (1 ul) was then used as template in a PCR ampli-
fication using Taq polymerase (Genenmed, Seoul, Korea) in a final
total volume of 20 ul. The PCR products were analysed on 1.2 %
agarose gels. The gene encoding GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as a control. Specific primers
used for the analysis of candidate genes were as follows. cIAP2:
forward, 5'-AAG TTC TTA CCA CTG TGC AAT G-3', and re-
verse, 5'-CAA GTA GAT GAG GGT AAC TGG C-3); cIAPI:
forward, 5-CCT GTG GTT AAA TCT GCC TTG-3, and re-
verse, 5-CAA TTC GGC ACC ATA ACT CTG-3'; XIAP: for-
ward, 5-GCA GGG TTT CTT TAT ACT GG-3', and reverse,
5-TGT CCC TTC TGT TCT AAC AG-3’; survivin: forward, 5'-
GGC ATG GGT GCC CCG ACG TTG-3, and reverse, 5'-CAG
AGG CCT CAA TCC ATG GCA-3; ICAM-1: forward, 5'-CGT
GCC GCA CTG AAC TGG AC-3, and reverse, 5-CCT
CAC ACT TCA CTG TCA CCT-3"; GAPDH: forward, 5'-CTC
AGA CAC CAT GGG GAA GGT GA-3, and reverse, 5'-ATG
ATC TTG AGG CTG TTG TCA TA-3'.

Plasmid construction

Luciferase reporter constructs containing various fragments of
the cIAP2 promoter region have been described previously [4].
Mutations in the CHR and CDE elements of the cIAP2 promoter
were generated by the site-directed mutagenesis of the —247LUC
plasmid or its NF-« B mutated version [—247m«B(1,3)LUC]. To
construct the CDE/CHR double-deleted reporter, a new Nrul
restriction site (TCGCGA) was introduced into the CHR-mutated
reporter (—247mCHR) by replacing the cytosine at the — 17
position with adenosine (see Figure 2B). The resulting plasmid
was cut with Nrul and MIuNI [a unique restriction site created by
the introduction of the mutated CHR (TGGCCA) fragment] and

© 2006 Biochemical Society

re-ligated, to generate the — 247 ACDE/CHR LUC plasmid. The
introduction of each of these mutations was confirmed by DNA
sequencing.

Transfection and luciferase assays

Transfections were carried out using the poly(ethylenimine) tech-
nique [21]. Each reporter luciferase (2 pg) construct was co-
transfected with 0.5 ug of pCDM8-S-galactosidase when cells
seeded into six-well plates reached 50-70 % confluence. At 24 h
post-transfection, the drugs, such as nocodazole (200 ng/ml) or
TNF (10 ng/ml), were added as indicated. Transfectants were
lysed in 0.15 ml of lysis buffer (Promega) and centrifuged at
10000 g for 5 min to remove cellular debris. The resulting cleared
lysates were assayed for luciferase and -galactosidase activities.
The results of the luciferase assays were normalized to the
respective results of the B-galactosidase assays.

Adenoviral infection

Adenoviruses expressing S-galactosidase (Ad-fGal) and the
super-repressor form of I« Ba (inhibitory k Ba) (Ad-IkBaeM) in
which serine residues 32 and 36 were mutated to alanine were
provided by Dr C.-G. Yoo (Department of Internal Medicine,
School of Medicine, Seoul National University, Seoul, Korea).
Cells were infected with adenovirus at a multiplicity of infection
of 100 for 4 h. After the virus was removed, cells were allowed to
recover for 20 h in complete medium.

Western blot analysis

After stimulation, cells were washed with cold PBS, scraped off
the plate and resuspended in lysis buffer containing 1 % Nonidet
P40, 50 mM Hepes (pH 7.5), 100 mM NaCl, 2 mM EDTA, 1 mM
pyrophosphate, 10 mM sodium orthovanadate, 1 mM PMSF
and 100 mM sodium fluoride. Cell lysates were centrifuged at
12000 g for 10 min at 4°C. The supernatants were resolved by
SDS/PAGE. Proteins were transferred on to nitrocellulose mem-
brane (Bio-Rad). The resulting membranes were blocked in Tris-
buffered saline/Tween 20 supplemented with 5% BSA for 1 h,
and then incubated with the indicated primary antobodies for
1h and with a 1:5000 dilution of the horseradish-peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG secondary anti-
bodies (Santa Cruz) for 1h at room temperature. The blots
were then treated with enhanced chemiluminescence reagents
(Amersham Pharmacia Biotech) and exposed to film. For Western
blotting, we purchased commercial antibodies specific for cIAP1
and cIAP2 (R&D systems; rabbit or goat antiserum), cyclin A
(Cell Signaling) and IxBa (Santa Cruz).

RNA interference

The target sequences for the cIAP1- and cIAP2-specific siRNA
(small interfering RNA) were determined using the Ambion
web-based criteria. Using the T7 RNA polymerase-mediated
transcription method (Silencer siRNA construction kit; Ambion),
c[AP2 (5-AAT GAT GGT TGA AGG TTA CAT-3'), cIAP1
(5'-AAG GAG TCT TGC TCG TGC TGG-3") and GFP (green
fluorescent protein) (5'-AAG TCC GCC ATG CCC GAA GGC-3)
siRNAs were synthesized. siRNA (20 pmol) was transfected using
Lipofectamine 2000™ (Life Technologies) into HeLa cells grown
in six-well plates. Post-transfection (60 h), RT-PCR analysis was
performed to examine the effectiveness of the siRNAs.

Flow cytometric assessment of apoptosis

Apoptotic cells were identified using M30, an antibody specific
for a caspase-cleaved cytokeratin 18. HeLa cells that had been
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Figure 1  Cell cycle-regulated expression of clAP1 and clAP2
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(A) RT-PCR and Western blot analysis of clAP2 expression in HelLa cells after release from a double-thymidine block-induced cell cycle arrest. Total mRNA was prepared at the indicated times, and
RT-PCR was performed to measure steady-state mRNA levels of clAP2, clAP1, survivin and XIAP genes, as described in the Experimental section. Survivin mRNA was measured as a positive control
for cell cycle-dependent expression and GAPDH was used as a loading control. Cell lysates were also prepared at the indicated times and processed for Western blot analysis using antibodies
specific for clAP2, clAP1, cyclin A and GAPDH (as a loading control). Flow cytometric analysis of cellular DNA content at the indicated times post-release from the double-thymidine block is shown
in the lower panel. (B) Hela cells were arrested at G1/S or G2/M phases by treatment with thymidine for 24 h or nocodazole for 16 h respectively. Gell cycle arrest at the respective phases was
confirmed by flow cytometric analysis of cellular DNA content. RT-PCR analysis of clAP2 mRNA expression was conducted as described in the text.

transfected with the indicated siRNAs were treated with noco-
dazole (2 pg/ml) for 14 h. Mitotic cells were recovered using the
mechanical shake-off method. These cells were fixed and labelled
with a fluorescein-tagged anti-M30 monclonal antibody [22], ac-
cording to the manufacturer’s instructions (Roche Molecular Bio-
chemicals) to identify the apoptotic cells. In addition, cells were
stained with propidium iodide to measure apoptotic cells with
sub-G1 DNA content. Flow cytometry was performed using the
FACSCalibur and CellQuest software (Becton Dickinson).

RESULTS
Cell cycle-dependent expression of clAP1 and clAP2

A previous cDNA microarray study identified cIAP2 as one of
the candidates of cell cycle-regulated genes [8]. We initially con-
firmed this regulation by examining the levels of cIAP2 mRNA
in synchronized cell populations using RT-PCR. For these experi-
ments, HeLa cells were synchronized at the G1/S boundary by
a double-thymidine block and harvested at various times after
release from thymidine block for cIAP2 expression analysis. Fig-
ure 1(A) (upper left-hand panel) shows that, from its basal level
in G1/S synchronized cells, cIAP2 mRNA expression begins to
increase in S phase (2 h post-release, as determined by flow cyto-
metric analysis of cellular DNA content) (Figure 1A, lower panel).

cIAP2 mRNA expression level peaked in G2 phase (6 h post-
release) and decreased as cells enter G1 phase (8—12 h post-re-
lease). The maximal level of cTAP2 mRNA was detected earlier
than the maximal level of survivin mRNA, which was detected
at 8—10 h post-release. cIAP1 was also regulated in a cell cycle-
specific manner, with kinetics similar to that of cIAP2. These
results demonstrate that the steady-state level of cIAP2 mRNA is
tightly regulated throughout the cell cycle, and its expression
peaks in late S/G2 phase. To determine if the cell cycle-
dependent accumulation of cIAP1 and cIAP2 mRNA results in
corresponding accumulation of proteins, we performed Western
blot analysis of HeLa cell lysates prepared at various time points
post-release from a thymidine block. Relative to the kinetics of
mRNA accumulation, there was a delay in cIAP1 and cIAP2
protein accumulation, which began in G2/M phase (6 h post-
release). The protein levels were maintained until cells reached
early G1 phase (12 h post-release), then abruptly decreased (Fig-
ure 1A, upper right-hand panel). In addition, when compared with
the protein accumulation of cyclin A, a cell cycle-regulated gene
thatis expressed beginning in S-phase and reaches a maximal level
of expression in G2-phase, cIAP1 and cIAP2 exhibited delayed
accumulation kinetics. To further examine the cell cycle-specific
expression of cIAP2, we arrested HeLa cells at G1/S phase by
treatment with thymidine for 24 h or at G2/M phase by treatment
with nocodazole, a microtubule-depolymerizing drug, for 16 h.
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Figure 2 G2/M-specific activity of the clAP2 promoter is mediated by the
region containing CDE-like and CHR elements

(A) Increased clAP2 promoter activity during G2/M phase. A series of clAP2-promoter-fragment-
containing luciferase constructs were transfected into Hela cells, and luciferase activity was
analysed in cultures synchronized in G1/S phase or in G2/M phase as described in Figure 1(B).
The G1/S phase- or G2/M phase-specific increase in luciferase activity is expressed as the fold
increase relative to the luciferase activity detected in asynchronized cells. The results are ex-
pressed as the means + S.D. for three independent experiments. (B) Sequence analysis of the re-
gion (—93 downstream) mediating the cell cycle-regulated transcription of the clAP2 gene
(left-hand panel). The CDE-like element and a CHR element are indicated. The alignment of the
CDE-like and CHR elements from the clAP2 promoter with those of other cell cycle-regulated
genes is also shown (right-hand panel).

The level of cIAP2 in these cells was analysed by RT-PCR. The
results show elevated levels of cIAP2 transcripts detected in
G2/M-phase-arrested cells, but not in cells arrested in G1/S phase
(Figure 1B).

Mapping of the promoter region responsible for the cell
cycle-regulated expression of clAP2

We examined whether the accumulation of cIAP2 mRNA during
G2/M phase was regulated by the cIAP2 promoter. A series of

A N

plasmids in which different cIAP2 promoter fragments drive the
expression of luciferase [4] were transfected into HeLa cells,
and luciferase activity was assayed in cultures synchronized in
G1/S and G2/M phases (Figure 2A). Cells arrested in G2/M
phase exhibited luciferase activities which were 4-8-fold greater
than that of cells arrested in G1/S phase. The promoter fragment
containing a deletion up to nucleotide position —93 (—93LUC)
retained the activity for the G2/M-phase-specific expression,
indicating the promoter region regulating the cell cycle-dependent
transcription of cIAP2 is further downstream of —93. Sequence
analysis of this region revealed a putative CDE-like element (at
position 4+ 6) and a CHR element (at position + 20) downstream
of a TATA-like box (TTTAAA). Alignment of these promoter
elements with the CDE and CHR of other cell cycle-regulated
gene promoters [23,24] showed that the CHR site of the cIAP2
promoter perfectly matches with the CHR consensus sequence
(TTGAAA). The CDE element of the cIAP2 promoter has one
biased base change (at the fifth position) from the CDE consensus
sequence (Figure 2B).

Bipartite CDE/CHR promoter element regulates the cell
cycle-dependent expression of clAP2

The presence of a bipartite CDE/CHR element in the cIAP2 pro-
moter suggests that this element may function as a binding site
for a G1-phase-specific repressor, a function which it performs in
other G2/M-phase-specific genes. To investigate such a repressive
function of this element, we constructed luciferase expression
plasmids containing cIAP2 promoters with mutations in either
the CHR element or in both the CDE and CHR elements or with a
deletion of both the CDE and CHR elements (Figure 3A). These
three mutant constructs were transfected into HeLa cells, and basal
luciferase activity was measured (Figure 3B). Comparison with a
wild-type construct (—247LUC), mutation of the CHR resulted
in an increase in basal promoter activity, and further gradual in-
creases in promoter activity were observed for the CDE/CHR-
mutated construct and the CDE/CHR-deleted construct. Follow-
ing cell cycle arrest of transfected HeLa cells in G2/M phase with
nocodazole treatment for 16 h, the wild-type promoter construct
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Figure 3 Mutational analysis of the CDE-like and CHR elements of the clAP2 promoter

(R) Representation of the luciferase reporter constructs containing mutations in either the CHR or both the CDE and CHR elements of the clAP2 promoter. (B) The reporter plasmids were transfected
into HeLa cells, and basal promoter activities of the wild-type reporter (— 247 LUC) and each mutant reporter were measured in asynchronously growing transfectants. The results are expressed
as the means + S.D. for three independent experiments. (G) Promoter activities of the mutant reporters containing either wild-type (white bars) or mutant (black bars) NF-« B sites were measured
in transfectants arrested in G2/M phase by nocodazole treatment. Results are shown as the fold increase relative to the activity detected in untreated transfectants. The results are expressed as the

means + S.D. for three independent experiments.

© 2006 Biochemical Society



Cell cycle-dependent expression of clAP2 339

showed 5.4-fold increase in promoter activity relative to the
activity of asynchronized cells, and mutating the CHR element
modestly reduced this increase to 3-fold. Further decreases in
activity were detected in cells transfected with the CDE/CHR-
mutated (2.2-fold) and CDE/CHR-deleted (1.4-fold) promoter
constructs (Figure 3C, white bars). These results suggest that the
CDE and CHR sites in cIAP2 promoter transcriptionally repress
expression in cycling cells. This repression is likely to be mediated
by the binding of a G1-phase-specific repressor to these sites and is
relieved when cells enter G2/M phase. In experiments performed
using CDE/CHR mutant promoter constructs containing non-
functional NF-«B mutations, similar results were obtained,
although the increase in G2/M-phase cells was slightly decreased
(Figure 3C, black bars).

Cell cycle-dependent expression of clAP2 is independent
of NF-«B activation in nocodazole-arrested cells

It has been demonstrated previously that microtubule-depoly-
merizing compounds, such as nocodazole, can activate NF-«B,
especially in HeLa cells [20,25]. Reporter constructs containing
a cIAP2 promoter with either mutations of the two NF-«B ele-
ments (Figure 3C) or deletions of the two NF-«B elements (Fig-
ure 2A) were activated in nocodazole-mediated G2/M phase-
arrested cells. This result indicates that cIAP2 gene activation
in nocodazole-arrested G2/M phase cells is independent of
nocodazole-mediated activation of NF-xB. To confirm this result,
we examined whether cIAP2 expression could be activated in
nocodazole-arrested HeLa cells in which the NF-«B signalling
pathway was inhibited. Initially, we examined cIAP2 mRNA
levels following treatment of cells with nocodazole and/or TNF
(Figure 4A, upper panel). TNF induced cIAP2 transcription by
2 h post-treatment, and this level decreased after 16 h. Although
the nocodazole treatment did not significantly increase cIAP2
transcription after 2 h, cIAP2 expression was increased to similar
levels by 16 h. Treatment with both TNF and nocodazole for
16 h increased cIAP2 expression to a level that was the sum of
that detected with either treatment alone. These findings were
supported by experiments using cells infected with adenoviruses
(Figure 4A, lower panel); the control virus (Ad-SGal) did not
affect cIAP2 mRNA expression following 16 h treatment with
TNF or nocodazole, or both (Figure 4A, upper panel). Immunoblot
analysis using a cIAP2-specific antibody demonstrated the addi-
tive effects of simultaneous treatment of TNF and nocodazole on
cIAP2 expression. NF-«B inhibition, mediated by the infection
with adenovirus expressing the I«Ba super-repressor (Ad-
IkBaM), completely blocked TNF-induced cIAP2 expression at
both the mRNA and protein level; however, this effects was not
observed in cells treated with nocodazole for 16 h, although the
cIAP2 expression level was reduced. In addition, cells treated with
both TNF and nocodazole and those treated with only nocodazole
showed similar levels of cIAP2 expression upon inhibition of
NF-«B activation. This finding indicates that cIAP2 gene activ-
ation in G2/M-phase-arrested cells is independent of NF-«B
activation.

To further confirm the NF-«xB-independent G2/M phase-
specific expression of cIAP2, we analysed the activity of reporter
constructs containing cIAP2 of wild-type, mutant CDE/CHR or
mutant NF-« B promoters (Figure 4B). In cells transfected with the
wild-type reporter (—247LUC), TNF and nocodazole treatment
resulted in 4.6- and 5.1-fold increases in luciferase activity res-
pectively relative to untreated controls. The luciferase activity
of cells treated with both TNF and nocodazole was increased
9.6-fold, further indicating that the two stimuli have additive ef-
fects. Although the cIAP2 promoter with mutations in the two
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Figure4 G2/M-phase-specific transcription of cIAP2 is additively increased
by TNF-activated NF-«B
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(R) HeLa cells were treated with TNF or nocodazole (NOC), or both TNF and nocodazole, for 2
or 16 h, and the level of clAP2 mRNA was assessed by RT-PCR. GAPDH mRNA was used as a
loading control (upper panel). Hela cells infected with either a control virus (Ad-BGal) or
avirus expressing the I« Ba: super-repressor (Ad-I« BaM) were treated with TNF or nocodazole,
or both TNF and nocodazole, for 16 h. Total RNA was processed, and the levels of clAP2 and
GAPDH mRNA were analysed by RT-PCR. Cell lysates were also prepared to measure levels of
clAP2 and I« Ber super-repressor protein by immunoblotting with polyclonal antibodies specific
for clAP2 and I« B respectively (lower panel). (B) HeLa cells were transfected with the wild-type
(—247LUC), the NF-« B mutant [— 247m«B(1,3)] or the CDE/CHR mutant (— 247mCDE/CHR)
reporters. After 24 h, the transfectants were divided into four samples: one was left untreated,
and the other three were treated with TNF or nocodazole, or both TNF and nocodazole, for 16 h.
Luciferase activities of each transfectant culture were measured, and the results are expressed as
the fold increase in luciferase activity relative to the activity of the untreated control. The results
are expressed as the means + S.D. for three independent experiments.

functional NF-« B-binding sites [— 247m« B(1,3)] did not respond
to TNF treatment, it was responsive to nocodazole treatment. In
contrast, the reporter containing the promoter lacking a func-
tional CDE/CHR element (—247mCDE/CHR) was TNF-induc-
ible (2.5-fold induction), but was unresponsive to nocodazole
treatment.

Increased levels of clAP2 in G2/M phase contribute to cell survival
during mitotic cell cycle arrest

As mentioned above, nocodazole induces NF-« B activation inde-
pendent of its mitotic arrest function. This activated NF-« B serves
to promote cell survival, possibly through the induction of NF-
kB-regulated anti-apoptotic genes [20]. Therefore, we examined
whether increased cIAP2 expression in nocodazole-arrested cells
provide protection from apoptosis following mitotic arrest. HeL.a
cells were transfected with cIAP1-specific siRNA, cIAP2-specific
siRNA or control GFP-specific siRNA. Post-transfection (60 h),
the cells were treated with nocodazole (2 pg/ml) for 14 h. This
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Figure 5 Down-regulation of clAP1 and/or clAP2 proteins increases cell death in nocodazole-arrested mitotic cells

(R) Hela cells were transfected with clAP1-specific SIRNA, clAP2-specific SiRNA or control GFP-specific SIRNA. Post-transfection (60 h), the cells were processed for RT-PCR analysis using primers
specific for ¢lAP1 and clAP2 mRNA and also for Western analysis. (B, C) HeLa cells were transfected with clAP1-specific SIRNA, clAP2-specific SiIRNA or control GFP-specific SiRNA. Post-transfection
(60 h), cells were collected and separated into two samples: one was left untreated and the other was treated with nocodazole (2 +g/ml) for 14 h. The nocodazole-treated mitotically-arrested cells
were collected by mechanical shake-off. These cells, along with the untreated control cells, were processed for flow cytometric analysis after staining with a fluorescein-tagged anti-M30 antibody.
GFP-specific siRNA transfectants treated with nocodazole and ALLN (N-acetyl-L-leucyl-L-leucylnorleucinal) for 14 h were used as a positive control for apoptotic cells. Cells in the area marked by
M1 are considered to be undergoing apoptosis. The change in the percentage of apoptotic cells following nocodazole treatment is indicated. Three independent experiments were performed, and the
mean percentage of apoptotic cells is presented (B). Representative profiles of anti-M30 antibody-stained untreated control (continuous line) and nocodazole-arrested (grey shading) cells transfected
with each of the specific siRNAs are shown (C). (D) HeLa cells were transfected with the indicated siRNA and after 48 h of transfection the cells were left untreated or treated with nocodazole
(400 ng/ml) for 24 h. Cells were harvested and collected for flow cytometric analysis of cellular DNA content. Cell death was scored by the percentage of cells with a DNA content of less than 2N

(marked by M1).

treatment resulted in the mitotic arrest of more than 80 % of cells
with a sign of early apoptosis, which can be easily collected using
a mechanical shake-off method as described previously [20]. RT-
PCR and Western blot analysis showed that mRNA and pro-
tein levels of cIAP1 and cIAP2 were significantly reduced from
basal levels in their respective siRNA-transfected cells, but not in
cells transfected with the GFP siRNA (Figure 5A). To determine
whether this selective down-regulation of cIAP1 or cIAP2
expression increased the incidence of nocodazole-induced apop-
tosis, we stained the cells with the fluorescein-tagged M30
antibody, which is specific for caspase-cleaved cytokeratin 18
products, and examined them by flow cytometry. As shown in
Figure 5(B), 16-18 % of asynchronized cells undergo spontan-
eous apoptosis, regardless of transfected siRNA targets. Treatment
of siRNA transfectants with nocodazole increased the percentage
of cells undergoing apoptosis (GFP siRNA transfectants, 40.2 %;
cIAP1 siRNA, 59.7 %; cIAP2 siRNA, 58.2 %; cIAP1 and cIAP2
siRNAs, 73.1 %) (Figure 5B). The siRNA-mediated knockdown
of both cIAP1 and cIAP2 resulted in a greater increase in the
induction of apoptosis than the knockdown of either molecule
alone. Treatment of cells with proteasome inhibitors, which block
the nocodazole-induced activation of NF-«B, reduced the sur-
vival of nocodazole-arrested mitotic cells [20]. When GFP siRNA
transfectants were treated with both nocodazole and ALLN (N-
acetyl-L-leucyl-L-leucylnorleucinal), a proteasome inhibitor, the
percentage of cells undergoing apoptosis increased to 85.2 %.
This result indicates that, in addition to cIAP1 and cIAP2, other
NF-«B-induced anti-apoptotic proteins are involved in the
protection from mitotic cell cycle arrest-mediated apoptotic cell
death. Therefore, the cell cycle-dependent, G2/M phase-specific
expression of cIAP2 and cIAPI contributes to cell survival
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during mitotic cell cycle arrest. Representative overlapped M30
antibody-stained profiles of untreated and nocodazole-treated
siRNA transfectants are shown in Figure 5(C). We also examined
the effect of cIAP1 and cIAP2 knockdown on cell survival
by investigating the hypodiploid DNA content of HeLa siRNA
transfectants after exposure to nocodazole (400 ng/ml) for 24 h. In
the absence of nocodazole, we observed no significant difference
in the percentage of cells with sub-G1-phase DNA content, nor
were there any differences in the cell cycle profiles compared
with the control GFP siRNA-transfected or naive untransfected
cells. This indicates that transfection of each siRNA itself had no
effect on normal progression through cell cycle and mitosis. As
expected, in the presence of nocodazole, a significant increase
in apoptosis was observed in the cells in which cIAP1 or
cIAP2 had been silenced, but not in the control GFP siRNA-
transfected or naive cells, confirming that knockdown of cIAP1
or cIAP2 sensitized cells to nocodazole by significantly increasing
apoptosis (Figure 5D).

DISCUSSION

In the present study, we examined the cell cycle-dependent
regulation of cIAP2 promoter activity and identified the promoter
sequence elements responsible for this regulation. Our results
showed that the CDE and CHR elements in the cIAP2
promoter control the transcriptional activation of cIAP2 express-
ion in G2/M-phase-synchronized cells. Additionally, we demon-
strated that this enhanced cIAP2 expression in mitotically arrest
cells contributes to cell survival.

In HeLa cells released from a G1/S-phase arrest, steady-state
levels of cIAP2 mRNA rose and peaked in late S-phase/G2.
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Correspondingly, after a 4h lag period, cIAP2 and cIAP1
proteins levels increased during G2/M phase. These elevated
levels were maintained until early G1 phase and then decreased
when cells entered early G1 phase (Figure 1). A previous study
reported that the cell cycle-dependent change in cIAP1 protein
levels was not detectable in HeLa cells by Western blot ana-
lysis [26]; however, in the present study we demonstrated that
the cell cycle periodicity of cIAP1 protein expression in the
same HeLa cells is detectable. cIAP proteins function as E3
ubiquitin ligases for various target proteins and for themselves
through a RING finger domain at their C-terminal ends [27,28].
Therefore, the cellular abundance of cIAPs can be regulated
by transcription (regulating protein synthesis) and by ubiquitin-
mediated proteasome degradation (regulating protein stability).
An intriguing question is whether the sharp decrease in early G1
phase is a result of its intrinsic auto-ubiquitinating activity or
the activity of other ubiquitin ligases that are activated during G1
phase. In addition, relative to the kinetics of mRNA accumulation,
there is a delay in protein accumulation of cIAP1 and cIAP2,
strongly suggesting that post-transcriptional controlling mech-
anisms involving the action of E3 ubiquitin ligase activity of
cIAPs or factors that control such activity towards themselves
are involved in cell cycle-dependent expression of these
proteins.

The variation in cIAP2 mRNA levels throughout the pro-
gression through the cell cycle is based, at least in part, on
promoter function. As shown in the reporter gene activation ex-
periments (Figure 2), the region 93 nt upstream of the putative
transcription start site directs basal cIAP2 promoter activity in
asynchronously growing HeLa cells. A 4-8-fold increase in pro-
moter activity was observed in G2/M phase-synchronized cells
relative to G1/S-phase-arrested cells. An alignment of the cIAP2
promoter sequence with the CDE/CHR elements of the known
G2/M-phase-specific genes revealed that, although the CHR
sequence perfectly matches the consensus sequence, the CDE se-
quence has one biased base change from the CDE consensus
sequence. Also, the spacing of the CDE and CHR elements in the
cIAP2 promoter is different from the spacing in the promoters of
other G2/M-phase-specific genes. However, mutagenesis experi-
ments revealed that the cIAP2 CDE and CHR sequences func-
tioned as G1 repressor elements, since both the basal expression
level and the elevated expression level of the promoter with a
mutation in the CHR element were further increased by mutation
of the CDR element. Furthermore, reporter gene activation in
G2/M-phase-synchronized cells gradually decreased with the
sequential introduction of CHR and CDE element mutations,
indicating that these elements mediate the cell cycle periodicity
of cIAP2 gene expression.

To examine the protein complexes that bind to the CDE/CHR
elements of the cIAP2 promoter, we performed gel-shift assays
using nuclear extracts from both asynchronously growing and
nocodazole-treated, G2/M-phase-arrested HeLa cells. The results
demonstrated a specific protein complex binds to the CDE/CHR
elements of the cIAP2 promoter in growing HeLa cells. However,
these DNA-binding complexes were still detectable in G2/M
phase-arrested HeLa nuclear extract (results not shown). In fact,
the identity of the repressor complex that binds to various CDE/
CHR elements in vivo is controversial. Although the specific
DNA-binding activity of protein complexes can be demonstrated
using gel-shift assays, the cell cycle-dependent binding of these
complexes is not often described, with the exception of the, as yet
uncharacterized, CDF-1 (cell cycle-dependent factor 1). CDF-1
binds to the CDE and CHR elements in the cdc2 promoter in
quiescent NIH 3T3 cells, and this gradually diminishes following
serum stimulation [29]. In addition to CDF-1, other studies have

shown that E2F ternary complexes can bind with low affinity to
the CDE element of the cdc2 cyclin A promoters [16]. Another
uncharacterized protein, called CHF (cyclin A CHR-binding
factor), binds to the CHR of the cyclin A promoter [30]. These
results suggest the existence of different complexes of CDE/CHR
and their binding proteins.

Among the CDE/CHR-regulated S/G2 phase- or G2/M phase-
specific genes, cIAP2 is the only gene that can be activated by
NF-«B. The connection between NF-« B activation and cell cycle
progression has been described for the expression of the G1-
phase specific cyclin D1 gene. Cyclin D1 is a key regulator of the
G1 phase checkpoint, and the expression of the cyclin D1 gene
during G1 phase is controlled by NF-«B in conjunction with other
transcription factors, such as AP1, Spl or E2F-1 [31,32]. This
pathway represents one mechanism by which NF-«B regulates
cell growth. Concurrently, NF-« B regulates cell survival, a func-
tion which primarily depends upon its ability to induce a variety
of anti-apoptotic genes, including cIAP2 [33]. Recently, NF-«B
has been shown to promote cell survival in nocodazole-arrested
mitotic HeLa cells [20]. Since nocodazole can induce NF-« B, NF-
kB-regulated anti-apoptotic gene products have been suggested to
be involved in the survival of mitotically arrested cells. Our studies
demonstrate that increased cIAP2 expression in nocodazole-
synchronized mitotic cells contributes to survival from apoptosis
induced by this anti-microtubule drug. cIAP2 gene activation by
nocodazole-induced NF-«B is independent of the CDE/CHR-
mediated transcriptional de-repression of cIAP2 gene in G2/M-
phase cells. The magnitude of cIAP2 expression in nocodazole-
arrested G2/M-phase cells is further enhanced by the treatment
with TNF, suggesting that certain cancer cells under inflammatory
stimuli or with constitutive NF-«B activation may have a better
chance of survival during a mitotic cell cycle arrest.

In addition to the suppression of apoptosis in mitotically
arrested cells, what function might increased cIAP2 expression
during G2/M phase serve? A recent study [26] has suggested a
potential role for cIAP molecules in the cell cycle. They showed
that cIAP1 is predominantly a nuclear protein in Hela cells,
whereas cIAP2 is localized to both the cytoplasm and nuclear
compartments. Over-expression of cIAP1 induces aberrant cell
division and accumulation of polyploid cells, possibly due to a
defective regulation of mitotic arrest. Furthermore, they showed
that cIAP1 can interact with survivin which controls the mitotic
checkpoint. Given the structural and functional similarity between
cIAP1 and cIAP2, it is likely that cIAP2 could also perform such
a cell cycle regulatory function, possibly as part of G2/M-phase
checkpoint.

Deregulation of cIAP2 transcription provides a mechanism by
which malignant cells could escape cell cycle checkpoints. cIAP1
and cIAP2 have been identified as candidate oncogenes that are
overexpressed in lung cancer [34]. Over-expression of cIAP2 is
also observed in neutrophilic leukeamia [35] and bladder cancer
[36]. It has recently been reported that a genetic defect in the CDE
and CHR elements of the human survivin promoter is correlated
with the over-expression of survivin in cancer cells [37]. There-
fore, our finding that the CDE and CHR elements of the cIAP2
gene promoter functionally regulate the gene’s cell cycle-
dependent transcription may further our understanding of the
molecular consequences of cIAP2 over-expression in some human
cancers.
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