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Oncoprotein 18 is a phosphorylation-responsive
regulator of microtubule dynamics
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Oncoprotein 18 (Opl8, also termed p19, p18, prosolin
or stathmin) is a cytosolic protein of previously
unknown function. Phosphorylation of Opl8 is cell
cycle regulated by cyclin-dependent kinases (CDKs),
and expression of a 'CDK target site-deficient mutant'
results in a phenotype indicative of a role for Opl8
during mitosis. This phenotype is compatible with
the idea that Opl8 is a phosphorylation-responsive
regulator of microtubule (MT) dynamics. Therefore,
in this study, we analyzed MTs in cells induced to
express either wild-type or mutated Opl8. The results
showed that wild-type Opl8 and a CDK target site
mutant both efficiently elicited rapid depolymerization
of MTs. This result contrasts with clear-cut differences
in their cell cycle phenotypes. Morphological analysis
of MTs explained this apparent discrepancy: while
interphase MTs were depolymerized in cells expressing
either Opl8 derivative, apparently normal mitotic
spindles were formed only in cells overexpressing wild-
type Op18. This result correlates with our finding that
only mutated Opl8 causes a block during mitosis.
Hence, we conclude that Opl8 decreases MT stability
and that this activity of Opl8 is subject to cell cycle
regulation by CDKs.
Keywords: cell cycle/cyclin-dependent kinases/
microtubule/oncoprotein 18/stathmin

Introduction
Oncoprotein 18 (Opl8) is a conserved cytosolic protein
that has been studied independently in various cellular
systems as p19, 19K, p18, prosolin, stathmin and Opl8
(Doye et al., 1989; Schubart et al., 1989; Zhu et al., 1989;
Cooper et al., 1990; Gullberg et al., 1990). Opl8 was
identified initially due to its complex pattern of phosphoryl-
ation in response to activating signals and elevated expres-
sion in acute leukemias. This protein is expressed in great
abundance (up to 5 X 106 molecules per cell) in various
types of neoplasm (Hanash et al., 1988; Brattsand et al.,
1993; Roos et al., 1993; Friedrich et al., 1995), and we
have therefore adopted the designation Op 18 (Melhem
et al., 1991).
Opl8 is phosphorylated on four residues in intact cells,

namely Serl6, Ser25, Ser38 and Ser63 (Labdon et al.,
1992; Beretta et al., 1993; Marklund et al., 1993a,b,

1994a; Luo et al., 1994). The complex pattern of phos-
phorylation in response to a multitude of external signals
(Cooper et al., 1990; Doye et al., 1990) prompted our
previous site mapping studies that demonstrated phos-
phorylation of Opl8 on Serl6 and Ser25 by two distinct
protein kinases. Analysis after stimulation of the T-cell
antigen receptor revealed that Ser25 is a target for members
of the mitogen-activated protein (MAP) kinase family
(Marklund et al., 1993a,b) and that Serl6 is a target for
the Ca2+/calmodulin-dependent kinase IV/Gr (Marklund
et al., 1994a).

Recent studies have shown that phosphorylations of all
four serine residues fluctuate during the cell cycle
(Brattsand et al., 1994; Luo et al., 1994; Larsson et al.,
1995). Site mapping studies identified cyclin-dependent
kinases (CDKs) as the kinase system involved in cell
cycle-regulated phosphorylation of Ser25 and Ser38, but
the cell cycle-regulated kinase system(s) involved in
Serl6 and Ser63 phosphorylation remains to be identified
(Marklund et al., 1993b; Brattsand et al., 1994). Phos-
phorylation of the two Opl8 CDK target sites increases
during S-phase progression, and at mitosis these two sites
are phosphorylated to completion (Brattsand et al., 1994;
Larsson et al., 1995). Since Serl6 and Ser63 are also
phosphorylated extensively during mitosis, although not
to completion, Opl8 is one of the major mitotic phos-
phorylation substrates in many cell types.
To investigate the function of OpI8, we recently have

expressed 'phosphorylation target site-deficient mutants'
of Opl8 and searched for defects at the level of cell cycle
regulation (Marklund et al., 1994b; Larsson et al., 1995).
The results demonstrated that induced ectopic expression
of an Opl8 mutant, substituted at its two CDK target
sites, results in accumulation of cells with a G2/M content
of DNA. The block during cell division was transient, and
prolonged culture resulted in a large fraction of the
transfected cells entering S-phase in the absence of mitosis,
i.e. endoreduplication. Interestingly, the same phenotype
was observed after mutation of the two 'non-CDK' sites,
namely Serl6 and Ser63 (Larsson et al., 1995). Thus, it
appears that cell division requires multi-site phosphoryl-
ation of Opl8 by at least two distinct protein kinase
systems.
As outlined above, the phenotype of 'kinase site-

deficient' mutants is compatible with a phosphorylation-
regulated role for Opl8 at the level of microtubule (MT)
dynamics. Moreover, shortly before completion of the
present study, Opl8 was identified as a factor that alters
MT dynamics in vitro and in Xenopus egg extracts
(Belmont and Mitchison, 1996). In the present study, we
have evaluated a potential MT-regulating role for Opl8
by analyzing the MT content, morphology and cell cycle
phenotype of cells induced to express wild-type Op 18,
an inactive deletion derivative or a 'CDK target site-
deficient' mutant.

59© Oxford University Press5290



Oncoprotein 18 regulation of microtubule dynamics

Results
Induced expression of a CDK target site-deficient
mutant of Op18 results in a phenotype
indistinguishable from the effect of drugs that
interfere with MT dynamics
To express Opl8 wild-type (Opl8-wt) and the growth-
inhibitory CDK target site-deficient Op18-S25,38A
mutant, we employed the episomal Epstein-Barr virus
(EBV)-based vector pMEP4. Using a specifically formu-
lated growth medium, the hMTIIa promoter of this vector
can be suppressed efficiently by non-toxic levels of EDTA
or induced rapidly within 2-4 h in the presence of Cd'+
(see Materials and methods and below). Figure LA shows
a time course of changes in the DNA profile after induced
expression of the indicated pMEP4 derivative. The data
reveal rapid accumulation of cells with a G,/M content of
DNA in cultures induced to express Opl8-S25,38A, while
the DNA profile of cells expressing Opl8-wt was only
moderately changed compared with the vector control.
Interestingly, the rate at which cells accumulated in the
G,/M phase of the cell cycle in the presence of the MT-
depolymerizing drug nocodazole was essentially the same
as that observed after induced expression of the Opl8-
S25,38A mutant.

Using the MPM-2 monoclonal antibody in combination
with flow cytometry, the fraction of mitotic cells within
the G,/M (4N) peak can be quantified (Davis et al., 1983;
Landberg et al., 1990). The result in Figure lB shows
that induced expression of the OpI8-S25,38A mutant, or
addition of nocadozole to vector control cells, results in
a rapid accumulation of mitotic cells. In contrast, induced
expression of Op18-wt only results in a minor effect
compared with the vector control. Remarkably similar
effects were achieved by expression of the Opl8-S25,38A
mutant and treatment of vector control cells with nocado-
zole. Thus, at the 22 h time point, %60-70% of all cells
within the G,/M peak are arrested in mitosis, and thereafter
the fraction of mitotic cells decreases. Hence, the mitotic
block that results from either expression of Op I 8-S25,38A
or disruption of MTs is transient in the K562 leukemia
cell line.

Entry into mitosis is associated with a burst of CDK
activation, mainly of the type cyclin B-associated p34-
cdc2 kinase, and kinase activity is turned off at the
metaphase-anaphase transition (Glotzer et al., 1991;
Norbury and Nurse, 1992). To analyze CDK activity in
transfected cells, cell extracts were prepared after 24 h
of induced expression in the presence or absence of
nocodazole. Kinase activities in cell extracts were analyzed
by using two distinct substrate peptides designed to be
specific for either CDKs or, as a control, for members of
the MAP kinase family. Figure IC, lower histogram,
shows that, as expected, neither nocadozole treatment nor
induced expression of Op 18 alters the level of MAP kinase
activity. Nocodazole treatment of vector control cells
resulted in the expected 6- to 7-fold increase in total CDK
activity as a result of accumulation of cells blocked in
metaphase. Importantly, similar levels of CDK activity
were recovered from cells that are blocked in mitosis as
a result of expressing the Opn8-S25,38A mutant. Further
nocodazole treatment has only a minor augmenting effect.
Finally, expression of Opl 8-wt did not result in a signific-
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Fig. 1. A transient metaphase block in cells expressing a CDK target
site-deficient mutant of Op18. K562 cells were transfected with
pMEP4 (Vec-Co.A). pMEP-Op I 8-wt (Opl 8-wt.E) or pMEP-Op 18-
S25.38A (Opl8-S25.38A, *) and hygromycin-resistant cell lines were
selected as described in Materials and methods. Thereafter, cells wvere
treated with Cd2- (0.1 pM) to induce expression from the hMTIIa
promotor. Vec-Co cells treated with 500 nM nocadozole (Vec-Co +
Noc. A) are also shown. (A) DNA profiles were determined after the
indicated time. (B) DNA and MPM-2 dual parameter staining of the
same cell population as (A). Data are expressed as the percentage of
MPM-2-positive (mitotic) cells within the 4N DNA peak. (C) Total
CDK (upper histogram) and MAP kinase (lower histogram) activities
in 5 pg of cell extracts derived from the indicated transfected cell
population induced for 24 h with Cd- (0.1 PM). in the absence
(closed bars) or presence (open bars) of 500 nM nocodazole.

ant increase in CDK activity, but CDK activity was still
induced efficiently in the presence of nocadozole. Thus,
cells arrested in mitosis by either Opl8-S25,38A or drug-
induced depolymerization of MT contain similar levels of
CDK activity.
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Fig. 2. Long-term effect on DNA content and frequency of cells in
mitosis. K562 cells were transfected with the indicated pMEP4
derivative, and hygromycin-resistant cell lines were selected as in
Figure 1. Thereafter, cells were treated with Cd2+ (0.1 ,uM) and DNA
profiles were analyzed at 24, 48 and 72 h as indicated. Vector control
cells (Vec-Co) were also treated with either nocadozole (Noc, 500 nM)
or taxol (Tax, 1 ,uM) as indicated. DNA and MPM-2 dual parameter
staining was also performed, and the data are expressed as the
percentage of MPM-2-positive (% mitotic) cells in the 4N and 8N
DNA peak (at the top of each histogram).

We have shown previously, using leukemic K562 cells,
that mutated Opl8 causes an immediate accumulation of
cells with a G2/M content of DNA and that prolonged
expression results in a fraction of cells entering S-phase
in the absence of cell division (Marklund et al., 1994b).
The results in Figure 2 show the long-term effect of Opi 8-
S25,38A expression compared with the effect of treatment
of vector control cells with either the MT-depolymerizing
drug nocadozole or with the MT-stabilizing drug taxol.
Interestingly, the DNA profiles reveal that 48-72 h of
nocodazole or taxol treatment results in a similar degree
of endoreduplication as expression of the Opl8 mutant.
Moreover, determination of MPM-2-positive cells in the
4N peaks revealed a similar and transient accumulation
of mitotic cells that peaks after 24 h of drug treatment/
induced expression (Figure 2, see top of each histogram).
Later time points show accumulation of mitotic cells at
the 8N peak, which implies cell cycle progression in the
absence of cell division. In agreement with the result in
Figure 1, the effect of ectopic Opl8-wt expression was

modest compared with the CDK target site-deficient
mutant. In conclusion, the result in Figures 1 and 2 reveals
similarities in the cell cycle block caused by Opl 8-
S25,38A and two distinct drugs that disrupt MT function.
In all cases, it appears that cells are transiently blocked
in mitosis and that a fraction of these cells proceeds into
the next cell cycle in the absence of cell division.

Modulation of the G2IM phenotype of Op18 by
nocodazole and taxol
The result outlined above suggested that Opl8 expression
may interfere with MT dynamics. If this is the case, then

nocadozole and taxol, at concentrations sufficiently low
to not cause mitotic arrest, would be expected to either
enhance or suppress the phenotype depending on how
Opl8 modulates MT stability. Accordingly, the effect on
cells induced to express the empty vector, Op18-wt or
Op1 8-S25,38A in the presence or absence of either nocoda-
zole (30 nM) or taxol (2 nM) was evaluated (see Figure
3). These concentrations were sufficiently low to not alter
the DNA profile significantly in cells containing vector
control (Figure 3A). Interestingly, addition of 30 nM
nocadozole enhanced the slight increase of cells with a
G2/M content of DNA caused by 24 h expression of
Opi8-wt, while 2 nM taxol was without detectable effect.
Conversely, the DNA profile of cells expressing Op18-
S25,38A revealed the characteristic accumulation of cells
in the G2/M peak, and this phenotype appeared partially
suppressed in the presence of 2 nM taxol, while nocadozole
was without effect. Taxol-dependent suppression of the
phenotype was also evident at the level of cell proliferation.
The data in Figure 3B show that treatment of cells
expressing Op18-S25,38A with 2 nM taxol results in
almost a doubling of [3H]thymidine incorporation, while
a 25% decrease was evident among vector control cells.
In conclusion, the weak G2/M block phenotype caused by
expression of Opl 8-wt is enhanced by 30 nM nocodazole,
while the strong G2/M block phenotype caused by Opl8-
S25,38A is partially suppressed by 2 nM taxol.

Ectopic expression of Op18 depolymerizes MTs
The simplest interpretation of the results outlined in Figure
3 is that expression of Opl8 promotes depolymerization
of MTs and that mutation of the CDK target sites modulates
this function. We therefore examined the degree of poly-
merized tubulin in transfected cells by extracting soluble
tubulin in an MT-stabilizing buffer (see Materials and
methods). The particulate cytoskeleton (P) and soluble (S)
fractions were separated by SDS-PAGE, and a-tubulin
was immunodetected to determine the relative content of
polymerized tubulin (Figure 4A). The data revealed that
24 h of either Op18-wt or Opl8-S25,38A expression
results in a drastic decrease of MTs in the particulate
fraction. It appears that Opl8 elicits depolymerization
without direct interaction with MTs, since both the endo-
genous and ectopically expressed gene products are re-
covered solely in the soluble fraction (Figure 4A, lower
panels). Moreover, from the data depicted in Figure 4B,
which shows quantification of the tubulin ratio in the
particulate and soluble fractions, it is evident that both
Opl8 derivatives partially antagonize the stabilizing effect
of taxol at 20 nM and enhance nocadozole-dependent
depolymerization of MTs.
The observed effect of Op18 expression on MT

dynamics could either be a slow adaptation process occurr-
ing during the 24 h of induced expression or a rapid
response to the expression of Opl8 protein. This question
was addressed by correlating the kinetics of expression of
Opl8 with depolymerization of MTs. The data in Figure
4C show that both Op18-wt and Op18-S25,38A are
expressed rapidly after addition of Cd>2 (dashed lines),
resulting in 6- to 8-fold higher levels of the recombinant
proteins as compared with the endogenous Op18. Most
importantly, it is also evident that MT depolymerization in
response to expressed Opl8 is rapid, and that pronounced
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Fig. 3. Modulation of the Op18-mediated phenotype by drug-induced MT depolymerization/stabilization. (A) K562 cells were transfected with the

indicated pMEP4 derivative, and hygromycin-resistant cell lines were selected as in Figure 1. Thereafter. cells were treated with Cd- (0.1 pM). in

the absence or presence of either nocadozole (Noc. 30 nM) or taxol (Tax. 2 nM) as indicated. and DNA profiles were analyzed after 24 h.

(B) [3H]Thyrnidine incorporation into cells transfected and induced with Cd>- as above. Cells were cultured for 24 h (2x104 cells/well). in the

presence or absence of taxol as indicated. Data are presented as the percentage incorporation relative to EDTA-suppressed cells.

depolymerization has already occurred at the 2 h time
point. It is notable that the level of ectopic Opl8 at
this early time point is modest and in the range of
endogenous Opl8.
The result in Figure 4A-C shows that both wild-type

and the CDK target site-deficient Opl8 protein can induce
a rapid and dramatic depolymerization of MTs. However,
it is also clear that expression of the Opl8 mutant is
somewhat more potent than that of the wild-type. For
example, during the time course shown in Figure 4C, the
differences between the wild-type and the mutant are
clearly seen for the first 2 h. Thereafter, expression of the
Opl8 mutant caused an almost complete disintegration.
while cells expressing Opl8-wt retain a low, but signific-
ant, level of MTs. To determine if the difference in potency
could be due to the phosphorylation status of the expressed
Opl8 proteins. phosphoisomers of Opl8 were separated
using a native PAGE system (Figure 4D). The data show
that only 15% of endogenous Opl8 was phosphorylated
under the conditions used, with no detectable phosphoryl-
ation of more than a single site per molecule. Importantly,
however, 67% of the overexpressed Opl 8-wt protein was
found to be phosphorylated on up to four different sites,
while analysis of the m-nutated Op18-S25,38A protein
revealed that only 25% was phosphorylated. Hence,
expression of Opl8-S25,38A results in a higher number
of unphosphorylated Op 18 molecules per cell as compared
with the wild-type derivative, which may explain differ-
ences in the potency of the expressed proteins in eliciting
depolymerization of MTs. Hyperphosphorylation of over-

expressed Opl8 is reproducible and has been noted by us

in a previous report (Larsson et al., 1995). but the
mechanism is at present unknown.

It has been proposed previously by others that Opl8 is
composed of a putative N-terminal regulatory region
(amino acids 5-62), containing the two CDK target sites,
and a C-terminal o-helical protein interaction region
(Okazaki et al., 1993; Maucuer et al., 1995). Since deletion
of amino acids 4-55 abolishes the cell cycle phenotype
of the Ser63 mutation, it was of interest to determine if
the same deletion (Opl8-A4-55) also abolishes the MT-
destabilizing activity of Opl8 (Larsson et al., 1995). As
shown in Figure SA, expression of OpI8-A4-55 does not
cause any significant alteration in the degree of MT
polymerization, which is in agreement with the cell cycle
phenotype (Larsson et al., 1995), and suggests an essential
role for the deleted region. However, this internally deleted
Opl8 protein was found to be expressed at only -50%7 of
the level of full-length Opi 8, which made comparison of
the phenotype difficult (compare data in Figure 4C with
Figure SB). To evaluate the effect of Op18-wt expressed
at levels similar to Opl8-A4-55, we took advantage of
the destabilizing effect of a Flag epitope tag attached to

the C-terminus of Opl8-wt (Opl8-wt-Flag) (Marklund
et al., 1994b). Quantification of expression levels (Figure
SB) shows that the induced levels of the Opl8-wt-Flag
were somewhat lower than of the Opl8-A4-55 protein.
Importantly, the data show that even the modest expression
level of Opl8-wt-Flag, which is only 2- to 3-fold higher
than expression of endogenous OpI8, results in a drastic
depolymerization response of MTs.
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Fig. 4. Depolymerization of MTs by ectopic Opi8 expression. (A) K562 cells were transfected with the indicated pMEP4 derivative, and
hygromycin-resistant cell lines were selected as in Figure 1. Thereafter, cells were either suppressed by the presence of 25 pM EDTA or treated for
24 h with graded concentrations of Cd'+ (0.01, 0.03, 0.1 and 0.4 PM). Cells were then extracted with an MT-stabilizing buffer and the particulate
(P) and soluble (S) fractions were prepared and analyzed as described in Materials and Methods. An autoradiograph of a Western blot analysis
probed with either anti-o-tubulin (upper two panels) or anti-Op18 (lower two panels) and revealed with [1251]protein A is shown. It should be noted
that double the amount of cell equivalents is loaded for the particulate fractions, as compared with the soluble fractions. (B) Cells transfected as
above were treated with either nocadozole (Noc) or taxol (Tax) during the last 3 h of a 7 h period of induced expression with 0.4 pM Cd2+. Tubulin
recovered in the particulate and soluble fractions was analyzed by quantitative Western blot analysis. The data are expressed as the percentage
polymerized tubulin in the total cellular tubulin content, with the assumption that tubulin recovered in the particulate fraction represents MTs.
(C) K562 cells, transfected with pMEP4 (A). pMEP-Opl8-wt (A) or pMEP-Opl8-S25,38A (0), were treated with 0.1 PM Cd2+ for the indicated
time and the MT content was quantified as in (B) (solid lines). Opl8 levels were also determined by quantitative Western blot analysis (dashed lines)
and data are presented as fold induction over endogenous Opl8. (D) The indicated transfected cell lines were treated with 0.1 PM Cd2+ for 7 h and
phosphoisomers of Opl8 were resolved and quantified as described in Materials and Methods (up to four Ser sites, namely Serl6, Ser25, Ser38 and
Ser63, are phosporylated in vivio).

Ectopic expression of Opl8-wt depolymerizes MTs
in interphase but not mitotic cells
Previous reports (Marklund et al., 1994b; Larsson et al.,
1995) and the results in Figures 1-3 demonstrate that
specific mutants of Op18 cause a complete block in
cell division, while the cell cycle phenotype caused
by overexpression of the wild-type protein is almost
undetectable. An obvious question is how these data can
be reconciled with the potent MT-depolymerizing effect
of both Op1 8-wt and Opl 8-S25,38A shown in Figure 4A-
C. To address this question, we analyzed the effect of
expressed OpI8 protein on MT morphology in interphase
and mitotic cells. Accordingly, cells were extracted with
an MT-stabilizing buffer, to remove free tubulin dimers,
fixed and thereafter stained with an anti-c-tubulin anti-
body. The immunofluorescence shown in Figure 6A
demonstrated a characteristic network of MTs in all of the
interphase cells harboring the vector control. Moreover,
as expected from the result in Figure 4, among the

interphase cells that were induced for 5 h to express either
Op18-wt or Op18-S25,38A, staining by anti-ct-tubulin
was almost undetectable. Importantly, however, functional
mitotic spindles were observed at the expected frequency
of -5% among Opl8-wt-expressing cells, but not among
cells expressing Opl8-S25,38A. Representative examples
of spindles in vector-Co- and Opl8-wt-transfected cells
during metaphase or anaphase are shown in Figure 6B.
In the case of Opl8-S25,38A-transfected cells, about half
of the mitotic cells lacked detectable MTs and their
chromosomes appeared aggregated (note that the transgene
was induced for 22 h, which results in a mitotic block of
Opl8-S25,38A-expressing cells). The rest of the mitotic
cells contained one or two distinct spindle poles with very
short MT arms, and two representative examples of these
aberrant mitoses are shown in Figure 6B. The presence
of spindle poles with very short MT arms suggests that
the CDK target site-deficient mutant caused an abnormal
increase in MT dynamics during mitosis, which in turn

5294

,I.,I'm
pf F.-'



Oncoprotein 18 regulation of microtubule dynamics

nICIt-,phaclsc B mtalihaset - x
= Suppr.

0 03 1LcM Cd2 -

0.2 LiMCd'-

Opl8-
wt-Flaa

Opl8- Upl8-
A4-55 wivt-Flaa

Fig. 5. Aniino acids 4-55 of OptI8 ri c csscntial tfoi- clp yOlx il-li/ati'ii
of MlTs. (A) K5f62 cells were triaiistcctcd ith pM1EP4 (\cc-Co).
pNIEP-Opl 5-A4-55 (0p11x-A4--5) oi ttic cpitope-taglYeCl det-ivatieC
pMIEP-Op 8-x Ot-Fae(01om-Fllx cin-i csisttlnt cell lilies
wvere selected as ini FieLnre a1 L lltiei tCi CClIs WC C CitiCi

sutitpressed h\ the prcscice of 25 uPM EDTA oi iteaicd ltoi 7 xithi
the indicated coilceiitratioiis of Cd--. liMciotubUle p0lmteilii/ation \xxas
analyzedatiid tie data extirCssct asis l FilU e 4. Smill ri ISllts xwerc

otltainect at'tcf 4 andicl 24 of indtuLced cxricssion. (B) Qul.lltitlicatioll hb
Western blot aiilvslis of expressed OpI ititci 7 I. Thc |ii(ptells
cicoded hy Op 1 X A\455 ad -wt--Flag mligrate at 14 Laind

211.5 kDa Irespectively. 1id .c sepIaratedt Iroiim endoitCeioLis Op lS th\
SDS-PAGE. The cdataiarc cxpi-essed ais the raLtio of ectollic Opt S
relative to the level ift tie cndoLcl1eLn S 011 18.

blocks foImiationi ot a tuLnctionial iitotic spindle. This is

in contrast to ox erexpression ofl Op I 8-wt. which abolishes
the majority of intelphlase MITs but Still alloWS cellS to

fOr-Im fuIlCtioinal iitotic spiidlcs and to div ide.

Discussion

Expressioni levels and phosphorylation of Op 1 8 have beeni

tIle subject of manypl1reCVious stuLies. but tIle fuilCtionl of

this protein has. uLntil recentlv. beeni obScuI-. The tir st
clue to the functioni of Opl18 was provided byirecenit
gcenetic approaches that SaLILestcda role for Opl8 dLuingL

cell division (Marklu1-nd et al.. 1 994b: LaIrssoIn et il..
1995). It was shown that kinasc tarizet sitc-deficient

mutants ot' Op18 CLaused an immedi,ate aCC-um1ulation of

cells with a G,/M conltcent of DNA. followed by pronounLiced
enrdoreplication. Morphological examination of cels

a.rrested in G,/N1 revealed that aLbout one-tllird of the cells
were ar-restcd in Iitosis. while the rest appeared as

interphase cells. At that tillme. we inltcrpIetetd the interphase
morphology as an inidicatioIn of a G, block. The pr-esenit
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StUdy shows that the phenotype observced uponl exprcssioln

o(f a CDK tarLet site-deficient nutalnlt is ilidistilnLuisIlSable
from the effect of Cl-utLs that either stabilize or depolymer-
ize MT: eaci tr-eatimielnt caIuses aI tr.ansienit imitotic block
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menlt of K562 cells. ectopic expr-essioni of CDK tareet

sitc-deticienlt mu1LItanl-ts induCILces mit(itiC slippage tlhat. ill
turln,1 results ill (eneral-tion of polyploil cells.

As Oitlinecd above, the cell cycle phlenCotype caWused by

cxir-cssioll ot' m1uLItated Op1 8 may involve interf-er-ence
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with MT dynamics during formation of the mitotic spindle.
This possibility gained further support by modulation of
the cell cycle phenotype by either nocodazole or taxol.
Thus, these two drugs, which have opposite effects on
tubulin polymerization, either enhance or suppress the
Opl8-induced cell cycle phenotype, and the data suggest
that Opl 8 expression elicits destabilization of MTs (Figure
3). Analysis of the polymerization status of MTs in intact
cells confirmed this prediction: ectopic expression of both
the wild-type and CDK target site-deficient mutant of
Opl8 results in depolymerization of MTs (Figure 4). The
effect of induced expression of Opl8 is rapid and, since
depolymerization is almost complete within 4 h, we
assume that the observed response occurs prior to any cell
cycle block and that the readout of the assay mainly
reflects the polymerization status among interphase cells.
Moreover, Op 18 appeared to be very efficient in mediating
MT depolymerization, since ectopic expression levels that
were only 2- to 3-fold higher than that of the endogenous
protein were sufficient for 90% down-regulation of
interphase MTs (Figure 5).
The cell cycle phenotype of mutated Opl8 and the

effect of drugs that interfere with MT dynamics appear
indistinguishable. This can be explained readily by the
observed depolymerizing activity of Opl8. However,
expression of wild-type Opl8 was almost as efficient in
depolymerizing MT as was that of the mutant (Figure 4),
which contrasts the clear-cut differences in their cell cycle
phenotype. A likely explanation for the difference between
cells expressing wild-type and mutated Opl8 becomes
evident from a morphological analysis of MTs. As
expected, most of the interphase MTs were depolymerized
in cells expressing wild-type or mutated Opl8, but cells
expressing wild-type Opl8 could form apparently normal
mitotic spindles. In contrast, analysis of a cell population
induced to express the Op18 mutant for 22 h, which
results in a major mitotic block, failed to reveal functional
mitotic spindles. Hence, while both the wild-type and
mutated Opl 8 appear to have similar effects on interphase
MTs, the data show that only mutated Opl8 expression
blocks formation of the mitotic spindle. It follows, there-
fore, that only mutated Opl8 would cause a block
during mitosis.

Before completion of this study, Opl8 was identified
by Belmont and Mitchison as a protein that increases the
catastrophe rate of MTs during in vitro assembly (Belmont
and Mitchison, 1996). Moreover, Opl8 was found to
interact with tubulin dimers, which the authors proposed
may be of relevance for an MT-regulatory role for Opl8.
Identification of Opl8 as a positive modulator of MT
dynamics is certainly in line with the result from the
present study; however, although the study of Belmont
and Mitchison established that Opl8 has the potential to
regulate MT dynamics, its mechanism of action is still
unknown. The results in this study illustrate some clear-
cut differences between wild-type and a CDK target site-
deficient mutant of OpI 8, which most likely reflects
phosphorylation-dependent regulation of Opl8 activity.
Firstly, the cell cycle phenotype mediated by expression
of mutated Opl8 is strong, i.e. a complete mitotic block,
while the effect of the same expression levels of wild-type
Opl8 is barely detectable. Secondly, ectopic expression of
both wild-type and mutated Opl8 results in depolymeriz-

Fig. 7. Illustration of the observed phosphorylation status of OplI8 in
cells overexpressing either wild-type or a CDK target site-deficient
mutant of Opl8. Endogenous and ectopic Opl8 are indicated by
shaded and open bars, respectively. The number and position of
phosphate groups (P) are based on the result in Figure 4D and the
results of site mapping analysis in previous reports (Brattsand et al.,
1993; Larsson et al., 1995). The P within brackets depicts the 10%
stoichiometry of phosphorylation of endogenous Opl8 observed in
untransfected cells. The observed polymerization status of interphase
and mitotic MTs in transfected cells is also illustrated.

ation of MTs in interphase cells, but functional mitotic
spindles are formed in cells expressing the wild-type
derivative and these cells are able to divide. Finally, wild-
type Opl8 is less potent than the mutant in causing MT
depolymerization in interphase cells, and this correlates
with 2- to 3-fold increased phosphorylation of the over-

expressed wild-type protein.
The observations listed above are illustrated schematic-

ally in Figure 7, which depicts the phosphorylation status
of Opl8 in cells overexpressing either wild-type or the
CDK target site-deficient mutant of Op 18. The figure also
illustrates our morphological observations on the status of
interphase and mitotic MTs in transfected cells. The
simplest interpretation of the observations summarized in
Figure 7 is that phosphorylation may cause a general
decrease in the potency with which expressed Opl8
depolymerizes MT. Thus, assuming that phosphorylated
OplI8 protein is less active in depolymerizing MTs, hyper-
phosphorylation of overexpressed wild-type Op 18 would
explain its decreased activity compared with the mutant.
The observed hyperphosphorylation of Opl18 could suggest
a feed-back mechanism that compensates for deleterious
effects of overexpressed Opl18 at the level ofMT dynamics.
Moreover, the finding that several-fold overexpression of
wild-type Opl8 does not cause a mitotic block also
suggests that phosphorylation decreases the activity of
Opi18. Thus, during mitosis, cells may produce sufficient
protein kinase activity to phosphorylate the overexpressed
wild-type Op 18 protein to the stoichiometry required to
allow formation of a mitotic spindle; this would clearly
be impossible in the case of the mutant. This would imply
that cells can tolerate overexpression of 0pl.8 during
mitosis as long as sufficient kinase activity is available
and all the sites for functional inhibitory phosphorylations
are available. This interpretation may explain why over-
expression of the wild-type Op 18 protein is compatible
with a functional mitotic spindle.
Our results suggest that phosphorylation of Opl8

decreases its activity, and it follows that kinase target site-
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deficient mutants of Opl8 would be constitutively active.
The frequently observed very short MT arms of the
aberrant spindles in Opi 8-S25,38A-expressing cells
(Figure 6) support such an interpretation. Constitutive
activity is contrary to our initial proposal that the kinase
target site-deficient mutants of Opl8 act in a dominant-
negative fashion in the G,/M phase, i.e. the mutant proteins
interfere with the function of the endogenous gene product.
The strongest evidence for our initial proposal was that
antisense mRNA-mediated suppression of Opl8 expres-
sion results in a G,/M block similar to Opl8-S25,38A-
expressing cells (Luo et al., 1994; Marklund et al., 1994b).
However, recent data showed that immunodepletion of
Opl8 from Xenopus egg extracts caused an increase in
polymerized tubulin (Belmont and Mitchison. 1996).
which is opposite to the effect we observed in response
to expression of mutated Opl8. It follows that the G,/M
block induced by expression of antisense RNA is likely
to be caused by an increase in polymerized tubulin. and
not by depolymerization of MTs, i.e. the mechanism by
which mutated Opl8 causes a G,/M block. Thus, it seems
unlikely that CDK target site-deficient mutants of Opl8
interfere with the function of the endogenous gene product
and, as argued above, it seems more likely that mutation
of the CDK phosphorylation sites abolishes negative
regyulation of its activity.
The present study suggests that Opl8 phosphorylations

on Ser25 and Ser38 by CDK during mitosis reduce
the MT-destabilizing activity of Opl8. This may appear
contradictory to the simple model of Belmont and
Mitchison (1996) whereby Opi8 is proposed to be activ-
ated at the onset of mitosis by phosphorylation, to provide
a mechanism for the observed increase in MT dynamics
during mitosis. However, in addition to the two CDK
phosphorylation sites, Op18 is also phosphorylated on
Serl6 and Ser63 during mitosis (Larsson et al.. 1995).
Hence, it remains possible that phosphorylation of Serl6
and Ser63 during mitosis, which is carried out by an as
yet unidentified protein kinase, could either modulate or
antagonize the effect of CDK phosphorylation on Ser25
and Ser38. A future challenge will be to elucidate how
phosphorylation of specific sites, alone and in combination,
modulates the activity of Op 18 during interphase and
mitosis.

Materials and methods
DNA constructs
DNA manipulations were performed by standard recombinant techniques
(Sambrook et ofl. 1989). Construction of the mutant Opl8-S25.38A
cDNA. where the codons for Ser25 and Ser38 are exchanged with Ala.
and Opl8-A4-55. where the sequence encoding amino acids 4-55 is
deleted. have been described previously (Marklund et ol.. 1994a). The
nine a.mino acid Flag epitope tag (Hopp et to.. 1988) was fused to the
COOH-terminal end of OpI8-wt as described (Marklund et olf.. 1994b).
Op 1 8 derivatives were isolated as BaomnHI-HiodIII fraements and cloned
into the corresponding sites in the polylinker of the episomal EBV
expression vector pMEP4 (Invitrogen) (Groger et of.. 1989).

DNA transfection, suppression of the hMTlla promoter and
cell culture conditions
The pMEP4-based plassmids described above allow expression of Opl8
derivatives under control of the Cd-_inducible hMTIIa promoter. The
pMEP4 shuttle vector contains the EBV origin of replication. the
EBNA-1 gene to allow, high-copy episomal replication, and the lipfh
gene. which confers hygromycin B resistance in mammalian cells

(Groger et of., 1989). The K562 ervthroleukemia cell line was transfected
with pMEP-Op18 derivatives as described elsewhere (Marklund et af..
1994b). In brief. K562 cells were transfected by electroporation in the
presence of 12 peg of pMEP4-based derivatives. 5 pg of pCMV-EBNA
and 25 pg of pBluescript SK( +-) as carrier DNA. Cells thereafter were
recultured in a medium containiing EDTA (25 PM which has been
designed specifically to support cell growth under conditions that
minimize expression from the hMTIIa promoter (Marklund et ol.. 1994b).
Hygromycin (0.5 mg/ml. Boehringer-Mannheim) was used to select for
transfected cells. and -50-70c%f of all pMEP4-transfected cells survyivine
electroporation were resistant to the drug. while essentially all mock-
transfected cells were killed within 3 days. The experiments were

performed routinely 5-6 days post electroporation.

Flow cytometric analysis and [3H]thymidine incorporation
Single parameter DNA staining was performed with propidium iodide
as described (Marklund et af.. 1994b). DNA and MPM-2 dual parameter
stainings were performed on cells fixed in 70cc ethanol buffered with
50 mM glycine buffer. pH 2 (-20'C). Cells were washed and incubated
with a monoclonal antibody anti-MPM-2 (Landberg et fl.. 1990)
(Dakopatts A/S). which was revealed by fluorescein-conjugated rabbit
anti-mouse immunoglobulin. Prior to analysis, cells were resuspended
in phosphate-buffered saline (PBS) containing 10 pg/ml propidium
iodide. 0.1% Triton X-100 and 10 pg/ml RNase. DNA and MPM-2 dual
parameter analysis was performed using a FACScan (Becton Dickinson).
Cellular proliferation was analyzed by culturing cells (0.2 ml/culture.
triplicate cultures) in flat bottom microtiter plates in the presence of
[3H]thymidine (1 pCi/well) for 2 h. Cultures were thereafter terminated
by precipitation on glass filters, and incorporation of [3H]thymidine was
determined by liquid scintillation.

Analysis of MT polymerization status, SDS-PAGE, Western
blot and analysis of Op 18 phosphoisomers
The extent of MT polymerization was determined by extracting soluble
tubulin in an MT-stabilizina buffer essentially as described (Minotti
et ofl., 1991). The stabilizine buffer, wvhich was sli5thly modified,
contained 0.1 M PIPES pH 6.9. 2 M glycerol. 5 mM MgCl., 2 mMN
EGTA, 0.5% Triton X-100, 4 mM taxol. 5 pg/ml pefablock and
5 pg/ml leupeptin. The tubulin content was analyzed in the particulate
cytoskeleton and the soluble fractions by separation on a 10-920%
gradient SDS-PAGE as described (Gullberg et ofl.. 1990). The tubulin
content in each fraction was quantified by probing filters with anti-oX-
tubulin (clone B-5-1-2, Siema). Bound antibodies were revealed bN
incubation with rabbit anti-mouse immunoe lobulin followed by
[125I]protein A. Phosphorimager analysis of radioactive bands was used
for quantification. and serial dilutions of samples were analyzed to
ensure that the assays were performed in the linear range. Based on the
assumption that tubulin recovered in the particulate fraction represents
MT and that tubulin recovered in the soluble fraction represents free
dimers, data are expressed as the percentage polymerized tubulin in the
total cellular tubulin content. Affinity-purified anti-Op18, specific for
the COOH-terminal (anti-Opl8:34-149). was used for Western blot
analysis together with 121>IJprotein A as described (Brattsand et of..
1993). As a control for equal loading, the relevant part of the filters was
probed routinely with rabbit anti-triose phosphate isomerase or the PC 10
monoclonal antibody. To separate Opl8 phosphoisomers, wve emploved
a native PAGE system that separates Op18 accor-ding to the charge
differences introduced by each of the four identified phosphorylationls,
as previously described (Marklund et al., 1993b).

Analysis of CDK and MAP kinase activity by in vitro
phosphorylation
Cells were lysed in a Triton X-100-containine buffer as previously
described (Marklund et (af., 1993b) and 5 pg ( 15 p1) of cellular protein
was used for in vitro phosphorvlation using either the cdc2 kinase
enzyme assay system (Amersham) or the p42/p44 MAP kinase enzyme
assay system (Ainersham). The specificity of these two protein kinase
assaay systems relies on phosphorylation of specific substrate peptides,
and the analyses were performed as recommended by the manufacture.

Immunofluorescence
Cells were extracted with MT-stabilizina buffer (see above) containing
0.05%7c saponin/l0 pg/ml RNase. Cells wvere fixed in 4% parafoorm-
aldehvde/0.5%X glutaraldehyde for 15 min followed by quenching with
NaBH4. and thereafter were stainied with anti-a-tubulin (clone B-5-1-2.
Sigma). Bound antibodies were revealed by fluorescein-conjugated rabbit
anti-mouse immunoglobulin and DNA was stained with 0.1 pg/mil
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propidium iodide. Cells were mounted using 1 mg/ml of p-phenylenedia-
mine in PBS with 80% glycerol and analyzed by either epifluorescence
or by using a Nikon Diaphot equipped with a Molecular Dynamics
confocal imager system.
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