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Abstract

c-Jun is one of the major components of the activating protein-1 (AP-1), the transcription factor that participates in regulation of
proliferation, differentiation, and apoptosis. In this study, we explored functional interactions of the c-Jun protein with several regulators
of the G1/S transition in serum-deprived v-myb-transformed chicken monoblasts BM2. We show that the c-Jun protein induces expres-
sion of cyclin A, thus up-regulating activity of cyclin A-associated cyclin-dependent kinase 2 (CDK?2), and causing massive programmed
cell death of starved BM2cJUN cells. Specific inhibition of CDK2 suppresses frequency of apoptosis of BM2cJUN cells. We conclude
that up-regulation of cyclin A expression and CDK2 activity can represent important link between the c-Jun protein, cell cycle machin-

ery, and programmed cell death pathway in leukemic cells.
© 2006 Elsevier Inc. All rights reserved.
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c-Jun is a major subunit of transcription factor AP-1,
which controls the key cellular processes, including prolif-
eration, differentiation, apoptosis, and oncogenic transfor-
mation. The c-jun gene belongs to a group of immediate
early genes that are activated in response to a variety of
cytokines through MAP or JNK/SAPK kinase pathways.
It codes for the c-Jun protein that participates in control
of cell cycle and apoptosis, thus having major impact on
carcinogenesis [1-3]. It has been shown that c-Jun is asso-
ciated with endometrial cancer [4], breast cancer [5,6],
and many types of leukemia [7,8]. In addition, the Ber-
Abl protein chimera can activate the Jun N-terminal kinase
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(JNK), thus activating transcription of the jun gene in
chronic myeloid leukemia (CML) [9]. Dominant negative
c-Jun mutants can impair the Ber-Abl-induced transforma-
tion [9]. The c-Jun can also interact with Pml transcription
coactivator [10] and p73 protein, thus enhancing
cell response to various DNA-damaging agents, such as
cis-platin [11,12].

To address the role of the c-Jun protein in leukemic
cells, we previously established and partially characterized
the v-myb-transformed chicken monoblasts [13] inducibly
expressing c-jun from human metallothionein 11, promoter
(BM2cJUN) [14]. Exogenous c-Jun significantly suppressed
growth and induced differentiation of BM2cJUN cells [14].
In this study, we show that c-Jun can also induce apoptosis
of these cells once they are cultured in serum-deprived
conditions. This effect is mediated by cyclin A that is
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significantly up-regulated in c-Jun-expressing BM2cJUN
cells and causes activation of the CDK2 kinase.

Materials and methods

Cell cultivation. The line of v-myb-transformed chicken monoblasts
(BM2), its c-jun-expressing derivative (BM2cJUN) and the empty-vector
transfected BM2CD4 cells were described earlier [13-15]. The cells were
cultured in DME medium as described elsewhere [14] supplemented with
either 5% fetal calf and 5% chicken sera (normal serum, NS) or 0.2% fetal
calf and 0.2% chicken sera (low serum, LS). The cells were seeded at a
starting density of 2 x 10° cells/ml (NS) or 4 x 10° cells/ml (LS), respec-
tively, and cultured for 48 h. Then, they were treated with 1x107* M
ZnCl, for the indicated time periods to induce expression of exogenous
c-jun. To specifically block the CDK2 activity, cells were treated with
75 uM roscovitine for the same time as ZnCl,. All chemicals and reagents
were purchased from Sigma-Aldrich, Prague, Czech Republic.

SDS-PAGE and immunoblotting. Harvested cells were collected by
centrifugation, washed in 1x PBS and resuspended in RIPA lysis buffer
containing 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA,
0.5% NP-40, 50 mM NaF, 8 mM glycerolphosphate, and protease
inhibitors (200mM PMSF, 100 mM TPCK, 100 mMDTT, 1 pg/pl
leupeptin, 1 pg/pl aprotinin, and 10 pg/ul trypsin inhibitor) [16]. Fifteen
micrograms of cellular protein extracts quantified by Bio-Rad protein
assay (Bio-Rad Laboratories, Hercules, CA, USA) was mixed with 2x
Laemmli sample buffer (100 mM Tris, pH 6.8, 4% SDS, 200 mM DTT,
20% glycerol, and 0.1% bromophenol blue) boiled for 3 min, resolved
by 10% SDS-polycrylamide gel electrophoresis (SDS-PAGE), electro-
blotted to 0.45 ym PVDF membrane (BiotraceTM, Pall Life Sciences,
NY, USA), and incubated with one of the polyclonal antibodies diluted
1:500-1:1000 (anti-c-Jun sc-44, anti-CDK2 sc-163, anti-CDK4 sc-601G,
anti-CDKG6 sc-177, anti-cyclin A sc-751, anti-cyclin D1 sc-450, anti-
cyclin D2 sc-593, and anti-cyclin E sc-481, all purchased from Santa
Cruz Biotechnology, Santa Cruz, CA, USA and anti-actin A5060,
Sigma-Aldrich, Prague, Czech Republic) at 4 °C overnight. The blots
were developed using horseradish peroxidase-conjugated secondary
antibodies (A6667 for sc-751, sc-593, sc-481, sc-44, A5060; A4914 for
sc-163; A4174 for sc-601G; and A9044 for sc-450) (dilution 1:5000)
(Sigma-Aldrich, Prague, Czech Republic), and ECL Plus Western
Blotting Detection System (Amersham Biosciences, Vienna, Austria)
according to the manufacturer’s protocol. At least three independent
experiments were performed.

CDK?2 kinase assay. Hundred micrograms of cell extracts was
precleared using RIPA-washed G-protein beads (Sigma—Aldrich, Prague,
Czech Republic). Supernatants were incubated with 5 pl of anti-CDK?2
(sc-163), anti-cyclin A (sc-751) or anti-cyclin E (sc-481) antibody at 4 °C
for 1 h. Then, 25 pl of RIPA-washed G-proteins was added and incubated
overnight at 4 °C. Pellets were washed four times in RIPA buffer and twice
in kinase buffer (50 mM Hepes, pH 7.5, 10 mM MgCl,, 10 mM MnCl,,
and 10 mM glycerolphosphate). Reaction was initiated by mixing 25 ul of
the sample with 25 pul of the kinase buffer solution containing histone H1
(Sigma-Aldrich, Prague, Czech Republic) (2.5 ug) and 0.1 pl [**P]JATP
(100 pCi/ml). The mixture was incubated at 37 °C for 30 min. Then, the
reaction was stopped by addition of 50 pl of 2x Laemmli buffer. Each
sample was loaded on 10% SDS-polyacrylamide gel and analyzed by
SDS-PAGE. The gel was fixed in a mixture of 50% methanol, 40% H,O
and 10% acetic acid, dried and exposed to the film for autoradiography
[16]. Four independent experiments were performed.

Analysis of nuclear morphology. Suspension of 2-3x10° cells was
centrifuged, washed in PBS and fixed in a mixture of 75% methanol and
25% acetic acid at —20 °C for at least 1 h. Then, the cells were collected by
centrifugation, resuspended in 100 pl of supernatant and dropped on a
slide. The cells were stained with propidium iodide (20 mg/ml) and nuclear
morphology was assessed using fluorescence microscopy. Frequency of
cells with fragmented nuclei in a population of at least 250 cells was
determined and assessed by analysis of variance (ANOVA). Three inde-
pendent experiments were performed.

Analysis of phosphatidylserine externalization. Cells were cultured
either in NS or LS medium for 48 h. Then, the cells were treated with
1x10™* M ZnCl, for 6 h and harvested. Vital staining of apoptotic cells
was performed using FITC-conjugated annexin V (Roche Diagnostics,
Mannheim, Germany) and propidium iodide. The cells were washed twice
with staining buffer (10 mM Hepes, 140 mM NaCl, 10 mM CaCl,, pH
7.4), incubated with annexin V-FITC (0.5 pl/sample) and propidium
iodide (5 pg/ml) for 15 min and analyzed by flow cytometry (FACS Cal-
ibur, Becton-Dickinson, 488 nm argon laser for excitation). At least
10,000 viable cells were collected for each sample. For analysis, the cell
population was gated using forward versus side scatter parameters. Flow
cytometric data were analyzed using CellQuest 3.0 software (Becton—
Dickinson). Results were evaluated as a percentage of double-negative
cells (intact), annexin V-positive cells (early apoptotic), and double-posi-
tive (necrotic or late apoptotic) cells.

Results and discussion

We described earlier that ectopically expressed c-Jun
down-regulates  proliferation of  v-myb-transformed
BM2cJUN monoblasts by inducing arrest in G1 phase of
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Fig. 1. (A) ZnCl, induces expression of c-Jun in BM2cJUN cells.
BM2cJUN and the empty vector-transfected BM2CD4 cells grown in
normal serum (NS) and low serum (LS) conditions were treated with
ZnCl, (1 x 107 M) for 24 h. Extracts of harvested cells were resolved in
10% SDS-PAGE and analysed by immunoblotting with the Jun-specific
antibody. Anti-actin antibody was used to control for sample loading. (B)
Expression of cyclin A is increased in BM2cJUN cells grown in LS
conditions. Extracts of zinc-treated BM2cJUN cells were analysed by
SDS-PAGE and immunoblotting using antibodies specific for indicated
regulators of G1/S transition. (C) Activity of cyclin A-associated CDK2
increases in BM2cJUN cells. The cells grown in LS conditions were treated
with ZnCl, for 24 h. To control for CDK2 expression, SDS-PAGE and
immunoblotting were performed as described. To measure the CDK2
activity, the protein was immunoprecipitated from harvested cells using
anti-CDK2 antibody (upper box) or co-immunoprecipitated using anti-
cyclin A (middle box) or anti-cyclin E (lower box) antibodies. Activity of
CDK?2 was determined by kinase assay as described in Materials and
methods.
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the cell cycle [14]. BM2cJUN cells contain exogenous c-jun  transition—cyclins A, D1, D2, E and kinases CDK2,
placed under control of human metallothionein 11, pro-  CDK4, CDKS6. Since c-Jun as well as the other regulators
moter making the c-jun expression inducible with heavy  of G1/S transition can be activated by serum growth fac-
metals [14]. In order to investigate the molecular processes  tors, the study was performed in serum-starved BM2cJUN
controled by c-Jun in BM2cJUN cells, we determined cells cultured in low serum (LS) conditions. To test the
expression and/or activity of several regulators of G1/S level of c-jun expression in serum-starved BM2cJUN cells,
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Fig. 2. c-Jun induces apoptosis of BM2cJUN cells. (A) BM2CD4 and BM2cJUN cells were cultured in LS conditions for 48 h, and treated with 1 x 107*M
ZnCl, (+) or left untreated (—) for next 24 h. The cells were fixed, stained with propidium iodide and examined by fluorescence microscopy to enumerate
cells with fragmented nuclei. Data were processed by ANOVA. At least 250 cells were analysed in each sample. The data represent mean values of six
independent experiments. Error bars indicate standard deviations. Asterisk denotes a significant difference (p < 0.05) from BM2CD4 control. (B) c-Jun
increases externalization of phosphatidylserine (PS) in BM2cJUN cells. The cells were cultured as described (A), and treated with ZnCl, for 6 h. The
exposure of PS on the cell surface was assessed by FACS using FITC-conjugated annexin V probe. Cell viability was measured by propidium iodide
staining. Typical results of three independent experiments are shown.
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the cells were treated with zinc chloride for 24 h and
extracts of harvested cells were analyzed by SDS-PAGE
followed by immunoblotting. The level of c-Jun was com-
pared with BM2cJUN cells cultured in normal serum
(NS), and with control BM2CD4 cells. We detected low
amount of c-Jun in zinc-treated BM2CD4 cells suggesting
that expression of endogenous c-jun can be partially acti-
vated in BM2 cells treated with zinc ions (Fig. 1A). In con-
trast, the level of the c-Jun protein dramatically increased
in zinc-treated BM2cJUN cells irrespective of the presence
or absence of the sera. Then, we tested expression of cyclin
A, cyclin DI, cyclin D2, cyclin E, CDK4, and CDK6 in
zinc-treated BM2cJUN and BM2CD4 cells cultured in
NS and LS conditions. Cyclin D1, cyclin D2, cyclin E,
CDK4, and CDK6 were clearly down-regulated in serum-
starved BM2CD4 as well as BM2cJUN cells (Fig. 1B).
CDK2 was produced in similar levels by BM2CD4 and
BM2cJUN cells independently of the serum growth factors.
In contrast, the level of cyclin A was clearly increased in
zinc-treated BM2cJUN cells but not in control BM2CD4
cells (Fig. 1B). These data demonstrate that the c-Jun pro-
tein can specifically control the level of cyclin A but not any
other cyclins/CDKs regulating entry of starved BM?2
monoblasts to the S phase of the cell cycle. This observa-
tion prompted us to investigate whether cyclin A can affect
activity of the cyclin A-associated kinase CDK2. We cul-
tured BM2cJUN and BM2CD4 cells in LS conditions,
and measured activity of CDK2 in cell extracts by kinase
assay. We found that the CDK2 activity was significantly
higher in zinc-treated BM2cJUN cells cultured in LS con-
ditions than in similarly treated control BM2CD4 cells
(Fig. 1C) and untreated BM2cJUN cells (not shown).
CDK2 can be activated by either cyclin E or cyclin A. To
specify the type of cyclin that activates CDK2 in
BM2cJUN cells, we co-immunoprecipitated CDK?2 using
cyclin A- or cyclin E-specific antibody and performed the
kinase assays again. While the kinase activity of the cyclin
E-CDK2 in BM2cJUN cells was the same as in BM2CD4
cells, activity of the cyclin A-CDK2 was higher in
BM2cJUN cells than in control BM2CD4 cells (Fig. 1C).
These results document that the c-Jun protein induces
expression of cyclin A, thus activating CDK2 kinase in
serum-deprived BM2cJUN monoblasts.

To test frequency of apoptosis occurring in serum-
starved BM2cJUN cells, we examined nuclear morpholo-
gy of serum-deprived BM2cJUN and control BM2CD4
cells treated with ZnCl, for 24 h. We found that about
10% of zinc-treated BM2CD#4 cells contained fragmented
nuclei (Fig. 2A). In contrast, the apoptotic nuclear frag-
mentation occurred in about 55% of zinc-treated
BM2cJUN cells. This difference was statistically signifi-
cant (p <0.05) (Fig. 2A). In addition, analysis of phos-
phatidylserine externalization confirmed high frequency
of apoptosis occurring in BM2cJUN cells treated with
zinc chloride for only 6h (12%), while untreated
BM2cJUN cells (1.5%) and zinc-treated BM2CD4 cells
(3%) retained significantly lower frequency of apoptosis

(Fig. 2B). Induction of apoptosis in starving- and c-jun-
expressing BM2cJUN cells was also confirmed by analy-
sis of DNA fragmentation by agarose gel electrophoresis
(not shown).

High rate of apoptosis can be associated with cyclin A-
mediated up-regulation of CDK2 in BM2cJUN cells. To
test this hypothesis, we treated BM2cJUN cells with the
ATP-competitive isopropylpurine analogue, the roscovi-
tine—2-( R)-(1-ethyl-2-hydroxyethylamino)-6-benzylamino-9-
purine. Roscovitine acts as specific inhibitor of CDK2
[17,18] possessing the pro-apoptotic effects [19]. Frequency
of apoptosis increased in roscovitine- and zinc-treated
BM2CD4 and roscovitine-treated BM2cJUN cells, but it
significantly decreased (p <0.0001) in roscovitine- and
zinc-treated BM2cJUN cells (Fig. 3). This suggests that it
is the CDK2 activity that is responsible for high rate of
apoptosis in these cells.

The c-Jun protein is considered to drive the cell fate
either towards apoptosis or survival [20-25]. Pro-apoptotic
effects of the c-Jun protein were documented in several cell
types including neurons [26-28], fibroblasts and erythroleu-
kemic cells [29]. At the same time, c-Jun can activate
expression of cyclin A that regulates G1/S transition of
the cell cycle [30]. Cyclins, CDKs, and their inhibitors are
often involved in regulation of programmed cell death
[31]. Up-regulation of the CDK2 activity seems to be a
common mechanism of initiation of apoptosis. For exam-
ple, increased rate of cyclin A expression and CDK2 activ-
ity were found in HeLa and FaO rat hepatoma cells
undergoing apoptosis induced by various chemical reagents
[32]. Activation of CDK2, but not CDKI1 occurs also in
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Fig. 3. Roscovitine suppresses c-Jun-induced apoptosis of BM2cJUN
cells. The cells were cultured in LS for 48 h and treated with ZnCl, (—) or
ZnCl, and roscovitine (+) for 24 h. The cells containing fragmented nuclei
were enumerated as described in the legend to Fig. 2A. The data represent
mean values from three independent experiments. Error bars indicate
standard deviations. At least 250 cells were analysed in each sample.
Asterisk denotes a significant difference (p < 0.0001) from BM2cJUN cells
grown in the absence of roscovitine as determined by ANOVA.
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mature non-cycling CD4"CDS8" thymocytes undergoing
apoptosis [33]. This effect can be suppressed by specific
inhibition of the CDK2 activity by ATP-competitive chem-
icals, such as olomoucine [34]. In addition, the CDK2
activity is essential for cell death-associated chromatin con-
densation, and other features of apoptosis [35]. Our study
suggests that c-Jun can activate expression of cyclin A, thus
up-regulating activity of CDK?2 and inducing apoptosis of
starved v-myb-transformed monoblasts. This provides a
new link between the c-Jun protein and apoptotic pathway
in leukemic monoblasts.
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