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Treatment of human myeloid leukemia K562 cells
ith the serine/threonine protein phosphatases inhib-

tor okadaic acid induced mitotic arrest followed by
poptosis in a synchronized manner. The effect was
bserved at drug concentrations that inhibited the
rotein phosphatase type 2A but not type 1. We inves-
igated whether apoptosis was a consequence of the
receding mitosis arrest or was induced indepen-
ently by okadaic acid. We found that (1) apoptosis,
ut not mitotic arrest, was inhibited in cells with con-
titutive expression of Bcl-2; (2) pretreatment of cells
ith the DNA synthesis inhibitor hydroxyurea blocked

he mitotic arrest but not the apoptosis mediated by
kadaic acid; (3) down-regulation of c-myc gene was
ssociated with apoptosis, but not with mitotic arrest;
nd (4) inhibition of protein synthesis abrogated mi-
otic arrest, but not apoptosis. The results suggest that
nhibition of protein phosphatase 2A by okadaic acid
rovokes mitotic arrest and apoptosis of leukemia
ells by independent mechanisms. © 1999 Academic Press

The molecular mechanisms involved in execution of
poptosis and mitosis are different, but they share
any morphological changes such as chromatin con-

ensation and molecular events as the induction of
itotic cyclins and unscheduled activation of cyclin-

ependent kinases, observed in some apoptosis models
1–5). However, apoptosis can take place in the absence
f p34cdc2 activation in other systems (6–8). Although it
as been established that prolonged cell arrest in mi-
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pain. Fax: 34-942-201945. E-mail: leonj@medi.unican.es.
256006-291X/99 $30.00
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osis by drugs (e.g. taxol, vinblastine and colcemide)
eads to apoptosis, whether the apoptosis is a necessary
onsequence of a mitotic arrest or whether both effects
re triggered by independent mechanisms is still under
ontroversy.
Okadaic acid (OA) is an inhibitor of the serine/

hreonine protein phosphatase types 1 (PP1) and 2A
PP2A), the IC50 for PP2A being 0.1-1 nM, while for
P1 it is 100 times higher (9). OA has been shown to

nduce mitotic arrest or premature chromosome con-
ensation in different of cell types. These include
ouse oocytes and embryos (10, 11), HeLa cells (12,

3), fibroblasts (14), pituitary cells (15), spermatocytes
16), neuronal cells (17, 18), myeloid cells (19) and
ymphocytes (20). It must be noted that most of these
ata were obtained with OA concentrations much
igher than the IC50 for PP2A and PP1, which may
esult in pleiotropic effects, thus making a mechanistic
xplanation of OA activity in those models difficult.
OA has been reported to inhibit apoptosis in some

nstances (21–22). However, OA induces apoptosis in a
ide variety of human and rodent cell lines (17–20,
3–25). An obvious possibility is that mitotic arrest is a
rerequisite for the OA-mediated apoptosis, which
ould occur after an abortive mitotic attempt. The
echanism by which OA provokes mitotic arrest is not
ell understood, although PP2A activity appears to be

equired for the metaphase-anaphase transition, an
ffect thought to be mediated through Cdc25A phos-
hatase activation (reviewed in 26). Another mecha-
ism recently proposed for Xenopus eggs is that OA

nduces an activity that prevents cyclin B ubiquitina-
ion and subsequent degradation, thus blocking exit
rom mitosis (27).

The K562 cell line was derived from a human chronic
yeloid leukemia in blastic crisis and is very resistant
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o treatments that induce apoptosis in other human
yeloid leukemia cell lines (28–31). Possible reasons

or this resistance to apoptosis are the lack of p53 (32)
nd the expression of the Bcr-Abl kinase (29). How-
ver, OA induces apoptosis in K562 (33, 34) and we
ave shown that the OA-mediated apoptosis of K562
akes place concomitantly with the inhibition of
P2A—the most sensitive phosphatase isoform—but
ot PP1 (34). Interestingly, it has been reported that
A also induces mitotic arrest in K562 (35), although

he temporal and mechanistic relationship between
oth phenomena has yet to be established. Therefore,
he K562 model system is very well suited to investi-
ate the connection between abortive mitosis and
poptosis. In the present paper we show that in K562
ells OA-induced mitotic arrest precedes the onset of
poptosis, but that both effects occur independently.

ETHODS

Cell culture, cell cycle analysis, and p34cdc2 activity. K562 cells
from ATCC) were grown in RPMI 1640 medium (Gibco-Life Tech-
ologies) supplemented with 8% fetal calf serum and gentamycin (80
g/ml). When indicated, exponentially growing cells at a concentra-
ion of 2.5 3 105 cells/ml were treated with OA (Boehringer Mann-
eim) or hydroxyurea (Boehringer Mannheim). Cell morphology was
nalyzed using May-Grünwald-Giemsa stain of cytocentrifuge prep-
rations. Cell growth and viability were assayed by hemocytometer
nd the trypan blue exclusion test. DNA synthesis was monitored by

3H]thymidine incorporation as described (36). Cell cycle distribution
as determined by fluorescent-activated cell sorting. K562 cells were
arvested, washed with PBS, fixed and stained with propidium io-
ide in a DNA-Prep apparatus following the manufacturer’s instruc-
ions (Coulter). DNA content was determined in a Coulter Epics flow
ytometer. For p34cdc2 activity determination, cells were lysed and
mmunoprecipitated with anti-p34cdc2 antibodies as described (37).
he kinase activity of the immunoprecipitates was determined using
istone H1 as the substrate.

Determination of DNA fragmentation. Fragmented cytoplasmic
NA was prepared essentially as described (34) and analyzed elec-

rophoretically on 1% agarose gels containing 0.1 mg/ml of ethidium
romide. For the in situ end-labeling of genomic DNA, cytocentrifuge
reparations of K562 cells were fixed in 4% paraformaldehyde. The
ssay was performed using digoxigenin-dUTP (Boehringer Mann-
eim) essentially as described (38) but using T7 DNA polymerase
Pharmacia, 10 U/ml) as the labelling enzyme.

Retroviral infection of K562. Retrovirus expressing human Bcl-2
ere produced from the amphotropic packaging cell line PA317 (39)

ransfected with the plasmid LBcl2-SN (40) (provided by S. Collins,
red Hutchinson Cancer Research Center, Seattle). To produce con-
rol viruses, the empty vector LXSN (39) was electroporated into
A317 cells and virus-producing cells selected with 500 mg/ml of
418 (Geneticin, Life Sci. Technologies). To infect K562 cells, 2 3 103

iruses of each virus stock were added to 106 cells in the presence of
mg/ml polybrene. After 48 hours the cells were washed and incu-

ated with selecting media containing G418. Resistant cells were
elected and the cells were designated KLXSN (infected with the
etroviral vector) and KLBcl2v (infected with Bcl-2 retroviruses).

Analysis of mRNA and protein. Total RNA was prepared using
he acid guanidine method (41) and Northern blots were prepared as
escribed (42). The probes for human c-myc and max were as de-
cribed (34). Probes were labelled with [32P]adCTP by random prim-
257
zed as described (42). The expression of Bcl-2 was determined by
mmunoblot as previously described (43). Expression of cyclin A was
etermined with a monoclonal antibody (Santa Cruz Biotechnology)
nd expression of cyclin B1 with a rabbit polyclonal antibody (pro-
ided by X. Graña, Fels Institute, Philadelphia).

ESULTS

itotic Arrest and Apoptosis Are Consecutively
Induced by Okadaic Acid in K562 Cells

To set up the experimental conditions to investigate
he relationship between mitotic arrest and apoptosis
n K562, we first carried out a kinetic and dose-
esponse studies of the growth-inhibiting effect of OA
n K562 cells. We found that OA, at concentrations of
0 nM and above induced growth arrest, as determined
y cell count (Fig. 1A). We used 15 nM OA for further
xperiments, as we demonstrated previously that this
A concentration is sufficient to inhibit PP2A but no
ther phosphatases in K562 (34). In agreement with
he cell counts, the [3H]thymidine incorporation into
NA was also abolished by 14 nM OA after 48 hours of

reatment (Fig. 1B). We then determined the revers-
bility of the growth arrest mediated by OA. Cells were
reated with 15 nM OA for different periods of time,
ashed, and the growth was determined for up to 3
ays. Exposure for 18 h and longer to 15 nM OA re-
ulted in irreversible growth arrest (Fig. 1C). Morpho-
ogical analysis showed that most of the cell treated for

days were apoptotic. Some binucleated cells (about
5%) were also detected after 48 h of treatment (not
hown), indicating that some cells successfully com-
leted anaphase but did not divide.
We next analyzed the development of mitotic arrest

nd apoptosis in K562 cells after different times of
xposure to 15 nM OA. Cytological staining confirmed
hat after 12-24 hours of treatment about 50% of the
ells showed metaphasic figures (Fig. 2A). This fraction
ecreased thereafter with a concomitant increase in
ells showing the typical morphological features of
poptosis, e.g. cell shrinkage and nuclear condensation
nd fragmentation. The fraction of apoptotic cells
eached about 60% after 48 hours and 80% after 72 h
Fig. 2A). Endonucleolytic cleavage characteristic of
poptosis was assayed in situ by DNA end-labeling
sing T7 DNA polymerase and digoxigenin-labelled
eoxynucleotides. About 15% of positive nuclei were
etected after 24 hours of exposure to 15 nM OA, and
he fraction of labelled nuclei increased up to about
0% after 48 hours of treatment (Fig. 2B). The apopto-
ic nature of these morphological changes was con-
rmed by the presence of internucleosomal DNA frag-
entation, the biochemical hallmark of apoptosis.
here was a marked DNA laddering after 48 hours and
2 h of treatment with 15 nM OA (Fig. 2C). Okadaic
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cid tetra-acetate, an OA derivative that does not in-
ibit protein phosphatases, did not retard K562 cell
rowth and did not induce apoptosis at concentrations
p to 30 nM (not shown).
We investigated whether OA induced the onset of

ormal mitosis in K562 or rather a premature chromo-
ome condensation. We performed analysis of DNA
ontent by propidium iodide staining and flow cytom-
try. The cytometry profiles (Fig. 2D) revealed that
ost of the cells contained 4C amount of DNA after

4 h of treatment, appearing at a G2/M peak. This
iming coincided with the peak of cells showing mitotic
rrest after Giemsa staining (Fig. 2A), suggesting that
he metaphase state induced by the drug corresponded
o a mitotic arrest rather than unscheduled chromo-
ome condensation. The cytometry profile of DNA con-
ent of OA-treated cells also showed an increasing
umber of cells appearing in the sub-G0/G1 region,
hich corresponds to apoptotic cells (44). Consistent
ith the hypothesis that arrest occurs after initiation

FIG. 2. Mitotic arrest and apoptosis are sequentially induced b
uring treatment with 15 nM OA. Data are mean values from four
tained cells collected 24 and 48 hours after OA addition are shown
etected by in situ end-labeling in control cells (a) and cells treated w
ells treated with 15 nM OA for the indicated periods of time. Lane
ell cycle distribution of K562 cells treated with OA. The histogram
r treated for 24 and 48 hours with 15 nM OA.

FIG. 1. (A) Growth of K562 in the presence of the indicated OA
ynthesis after 24 and 48 hours of treatment with the indicated OA c
f K562 cells after transient exposure to OA. Cells were treated for 6
edia without OA. Cell densities were scored with a cytometer cham
258
f a normal mitosis, there was an activation of p34cdc2

uring the treatment with OA (Fig. 3A), in keeping
ith previous results (14, 45). Also, expression of cyclin
and B1 was elevated during up to the first 12 h of

reatment, dropping thereafter, with faster down-
egulation observed for cyclin B1. Cyclin levels were
own once the cells were committed to apoptotic death,
nd undetectable 48 h after OA addition (Fig. 3B). As a
ontrol, we determined cyclin A and B1 expression in a
arallel experiment using cells treated with 10 mM
ocodazole, a drug that reversibly arrests cells in meta-
hase, with a concomitant cyclin A and B accumulation
Fig. 3B).

itosis and Apoptosis Induced by OA Are Uncoupled
in K562 Cells

We first generated by retroviral infection a K562
ub-line with constitutive expression of Bcl-2, desig-
ated KLBcl2v. As shown in the immunoblot of Fig.

A in K562 cells. (A) Fraction of metaphasic and apopotic and cells
parate experiments with standard deviations. Pictures of Giemsa-
low; arrowheads indicate apoptotic cells. (B) Nuclear DNA breaks
15 nM OA for 48 hours (b). (C) Fragmentation of genomic DNA in

hows DNA size markers (phage l DNA digested with HindIII). (D)
ow the DNA content analyzed by flow cytometry of cells untreated

centrations. The arrow indicates the time of OA addition. (B) DNA
entrations, determined by [3H]-thymidine incorporation. (C) Growth
2 hours with 15 nM OA, washed and incubated up to 3 days in fresh
r.
y O
se
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A, KLBcl2v cells expressed high levels of Bcl-2 protein
hereas it was undetectable in vector-transfected cells

KLXSN), as expected from previous reports indicating

FIG. 3. OA induces p34cdc2 activation and mitotic cyclins expres-
ion. (A) p34cdc2 activity during OA treatment. Cells extracts were pre-
ared at the indicated times and assayed for p34cdc2 kinase activity on
istone H1. (B) Cyclin A and B expression during OA treatment of
562. Cell extracts were prepared at the indicated times after OA
ddition (15 nM) and the levels of cyclin A and B were analyzed by
mmunoblot. Parallel samples were treated with 10 mM nocodazole. The
osition of cyclin A and B1 are indicated at the right. Arrowheads
ndicate the position of the 60 kDa protein marker.

FIG. 4. OA induces mitotic arrest in K562 expressing Bcl-2. (A)
cross-reacting protein (indicated by *) is shown to assess the simila
arkers are shown at the left. (B) Fraction of cells with apoptotic m

ells”) during the treatment with 15 nM OA. White bars represent K
rom three separate experiments and bars represent standard devia
260
hat K562 does not express Bcl-2 (43). We used
LBcl2v cells to test whether mitosis could occur in the
bsence of subsequent apoptosis in this system. The
poptosis induced by 15 nM OA was dramatically re-
uced in KLBcl2v cells compared with control cells, but
A still induced a clear mitotic arrest (Fig. 4B). Thus,
ost cells in mitotic arrest provoked by OA did not

rogress to apoptosis.
To investigate whether apoptosis was a consequence

f the mitotic arrest, we followed two approaches.
irst, we analyzed OA-induced apoptosis in cells pre-
reated with hydroxyurea, which reversibly inhibits
NA synthesis (36). The effect of hydroxyurea in K562
as confirmed by flow cytometry of cells stained with
ropidium iodide. Cells treated with 1 mM hydroxy-
rea for 24 h did not progress to G2/M phase (Fig. 5A).
he effect of hydroxyurea pre-treatment on OA-
ediated apoptosis was studied by counting Giemsa-

tained cells. As shown in Fig. 5B, when cells were
reated for 24 hours with 1 mM hydroxyurea prior to
he addition of OA, very few mitotic figures were de-
ected, compared with cells treated with OA alone
compare Fig. 5B with Fig. 2A). However, a high frac-
ion of apoptotic cells (80%) was found 48 h after add-
ng OA. This result was confirmed by DNA fragmenta-
ion analysis. Unlike cells treated with hydroxyurea
lone, those treated with hydroxyurea plus OA showed
he DNA laddering typical of apoptosis (Fig. 5C). Sim-
lar results were found when the hydroxyurea was
ashed out before OA addition (not shown). Therefore

unoblot analysis of Bcl-2 expression in KLXSN and KLBcl2v cells.
rotein loading in both samples. The position of the molecular weight
hology (“apoptotic cells”) and with metaphasic morphology (“mitotic
l2v cells and black bars control KLXSN cells. Data are mean values
s.
Imm
r p
orp
LBc
tion
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A still induced full apoptosis when mitosis was pre-
ented by hydroxyurea.
It has been reported in many cell systems that high

-myc expression is linked to a high proliferative state
f the cells and decreases when proliferation is inhib-
ted. Consistent with this finding, we had previously
hown that OA-mediated apoptosis of K562 is accom-
anied by down-regulation of c-Myc and its dimeriza-

FIG. 5. Hydroxyurea inhibits the mitosis but no apoptosis induce
ells (“control”) and cells treated with hydroxyurea for 24 hours (
orphology (“apoptosis”) during treatment with hydroxyurea and OA

hen added to a concentration of 15 nM. Data are mean values from t
C) DNA fragmentation induced by hydroxyurea and OA treatmen
ndicated periods of time, or pretreated 24 hours with hydroxyurea a
own-regulation does not depend on the previous mitotic arrest. Cel
eriods of time and c-myc and max expression was determined by N
ith 1 mM hydroxyurea and then for 24, 48, and 72 h with 15 nM
rrowheads indicate the position of the 18S rRNA. A picture of the fi

he loading and integrity of the RNAs.
261
ion partner Max (34). Therefore, we investigated
hether the down-regulation of c-myc was a conse-
uence of OA-induced mitotic arrest. We determined
y northern analysis the expression of c-myc in cells
xposed to OA after treatment with hydroxyurea.
-myc expression did not change significantly with the
ydroxyrea treatment, but decreased when OA was
dded (Fig. 5D). The extent of OA-mediated down-

OA. (A) Flow cytometry analysis of DNA content of untreated K562
). (B) Fraction of cells with metaphasic (“mitosis”) and apoptotic
ells were treated with 1 mM hydroxyurea for 24 hours and OA was
e independent experiments and bars represent standard deviations.
K562 cells were incubated with hydroxyurea (HU) or OA for the

then with OA for 12, 24, and 48 hours (HU1OA). (D) c-myc and max
ere treated with 15 nM OA or 1 mM hydroxyurea for the indicated

hern analysis. Lanes labeled HU1OA refer to cells treated for 24 h
. The filter was consecutively hybridized to c-myc and max probes.
r with the rRNAs stained with ethidium bromide is shown to assess
d by
HU
. C

hre
ts.
nd
ls w
ort
OA
lte
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egulation was similar to that observed without pre-
reatment with hydroxyurea. We found that max was
lso down-regulated during OA-mediated apoptosis,
ut not with growth arrest mediated by hydroxyurea
lone (Fig. 5D). Thus, the down-regulation of c-Myc/
ax mediated by OA in K562 is associated with apop-

osis but not with mitotic arrest.
As a second approach to exploring the relationship

etween mitosis and apoptosis, we used the protein
ynthesis inhibitor cycloheximide. Cycloheximide in-
ibited K562 cell growth, as expected, but no mitotic
rrest or apoptosis was detected during 72 h of treat-
ent. When the cells were treated with OA and cyclo-
eximide (10 mg/ml) the mitotic arrest was completely

nhibited, as no cells showing metaphasic figures were
etected. This would be the expected result if OA ini-
iated a normal mitosis, which requires synthesis of
yclins. However, the extent of apoptosis in cells ex-
osed to cycloheximide plus OA was similar to that of
ells treated with OA alone (Fig. 6A). The same result
as observed in the analysis of DNA fragmentation,
ecause cycloheximide did not reduce the laddering of
NA mediated by OA (Fig. 6B). Thus, OA-induced
poptosis does not require protein synthesis and takes
lace in the absence of previous mitotic arrest.

FIG. 6. Cycloheximide inhibits mitotic arrest but not apoptosis i
o 15 nM OA, 10 mg/ml cycloheximide, or both drugs, as indicated. (B
5 nM OA (lanes OA), 10 mg/ml cycloheximide (CHX), or both drugs
262
ISCUSSION

In the present study we explored the functional re-
ationship between mitotic arrest and apoptosis in-
uced in the K562 model. OA induces an accumulation
f cells in a metaphasic state which precedes the accu-
ulation of cells with apoptotic morphology. It has

een reported that OA induces premature abnormal
hromatin condensation in some cell types (11, 13, 20,
6). However, the up-regulation of mitotic cyclins,
34cdc2 activity and the 4C DNA content of K562 cells
rrested by OA indicates that OA induces normal mi-
otic onset. It is noteworthy that cyclin A and B are
own-regulated after 24 h of treatment, when the cells
re irreversibly committed to apoptosis.
OA-induced mitotic arrest was followed by apoptosis.
n obvious possibility is that the apoptotic program
as activated after a failure to complete mitosis, as
lready proposed for OA-mediated apoptosis (17, 18)
nd for other drugs that provoke mitotic blocking. As
xpected, enforced expression of Bcl-2 rescued cells
rom OA-mediated apoptosis, while mitotic arrest was
till observed. This result could be explained if the
itotic arrest triggered an apoptotic signal and Bcl-2

cted downstream in the apoptosis pathway. However,
ur results are also compatible with the hypothesis

ced by OA. (A) Fraction of mitotic cells and apoptotic cells exposed
NA fragmentation of K562 cells treated for the indicated times with
A1CHX).
ndu
) D
(O
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hat OA induce mitotic arrest and apoptosis through
eparate pathways and Bcl-2 would only block the lat-
er. Surprisingly, our results suggested that, in this
odel, OA-mediated mitotic arrest is not necessary for

poptosis to occur, and that in K562 cells mitosis arrest
nd apoptosis are independent effects of protein phos-
hatases inhibition by OA. Both approaches followed
n our experiments lead to this conclusion. Firstly,
poptosis takes place even when the DNA synthesis
nd subsequent mitosis have been blocked by hy-
roxyurea. The expression of c-myc proto-oncogene is
own-regulated during OA-mediated apoptosis of
562. In agreement with the association between high

-myc expression and proliferation (47) it is conceivable
hat the observed c-myc down-regulation was a conse-
uence of the mitotic arrest, rather than of apoptosis.
owever, c-myc expression is kept elevated when mi-

otic arrest is prevented by hydroxyurea. Thus, c-myc
own-regulation exerted by OA is not a result of the
itotic arrest but linked to the apoptotic process in
562. Using the second approach, we found that inhi-
ition of protein synthesis inhibited mitosis (as expect-
d), but not OA-mediated apoptosis. This approach is
easible in K562 cells due to their resistance to apopto-
is mediated by cycloheximide (32 and the present
aper). In summary, our results indicate that, con-
ersely to a widely accepted view, apoptosis is not
ecessarily a consequence of OA-mediated mitotic ar-
est.

Although the IC50 of OA for inhibition of PP1 and
P2A falls within the nanomolar range (9), many of the
ffects on mitotic arrest and apoptosis reported on
ther cell systems are achieved by much higher OA
oncentrations much higher. On the other hand, mi-
otic arrest and apoptosis of K562 occur at OA concen-
rations (15 nM) that, as we have previously shown,
nhibit PP2A but not PP1 activity in K562 (34). PP2A
lays multiple roles in the cell, and our findings sug-
est that its function in cell cycle control may be inde-
endent from that required for cell viability. Finally,
he finding that apoptosis is not necessarily linked to
revious mitotic arrest may contribute to understand-
ng the cytotoxic effect of mitotic blockers used in can-
er chemotherapy.
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