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Constitutive active GTPases Rac and Cdc42 are associated with
endoreplication in PAE cells
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Abstract

The Rho-like guanine triphosphate (GTP)ases become activated by extracellular ligands and regulate a wide variety of biological
processes, including cell motility, spreading of cells, cytoskeletal organisation and transcriptional activity. We studied the effect of
expression of WtRac and Cdc42 and of their constitutive active V12 variants on cell cycle transition using the isopropylthiogalactoside
(IPTG) inducible Rac and Cdc42 transfectants of porcine aortic endothelial (PAE) cells. Expression of V12Rac or V12Cdc42 resulted
initially in an enrichment of cells in G2/M, followed by the appearance of multinucleated cells with some of the nuclei still being
able to incorporate bromodeoxyuridine (BrdU). By fluorescent activated cell sorter (FACS) analysis, these cells appeared as poly-
ploid cells. Prolonged activation of VI2Rac or V12Cdc42 resulted in genomic instability and these cells finally detached from the
culture plate. These findings indicate that induction of the constitutive active V12 forms of Rac and Cdc42 results in ‘mitotic slippage’,
where endoreplication takes place irrespective of the exit from cytokinesis. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Rho family of guanine triphosphate (GTP)ases
are members of the Ras superfamily and include Cdc42,
Rac and Rho. The Rho-like GTPases can be activated
by extracellular ligands and regulate a wide range of
biological processes, including cytoskeletal organisa-
tion, cell motility, cell morphology, cell adhesion, cell
growth, transcriptional activation, membrane traffick-
ing and development. Their activity is regulated by a
combination of GTPase-activating proteins (GAPs),
guanine nucleotide exchange factors (GEFs) and gua-
nine nucleotide dissociation inhibitors (GDIs) [1]. The
Rho-like GTPases are important regulators of the
cytoskeletal organisation, where Rac induces cell
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spreading and membrane ruffles, Cdc42 governs the
extension of filopodia and RhoA regulates the assembly
of stress fibres [1]. A hierarchy among these GTPases
was established, in which activated Cdc42 activates Rac,
which in its turn activates RhoA [2]. However, Rac and
Cdc42 oppose the action of RhoA during cell move-
ment, most likely by inactivation of the myosin light
chain kinase, which when activated by Rho-kinase,
mediates myosin activation and stress fibre formation
[3].

A final target of the Rho-like GTPases associated
signalling is activation of cell cycle progression, since
microinjection of RhoA, Rac and Cdc42 in quiescent
fibroblasts stimulated cell cycle progression through the
G1 and S phases [4]. Furthermore, constitutive active
mutants of Rac and Cdc42 induce E2F transcriptional
activity and accumulation of cyclin D1 and pRb phos-
phorylation in serum-deprived NIH 3T3 fibroblasts and
rat-1 cells [5].

We examined long-term (4 days) effects of activation
of Rac and Cdc42 in order to investigate the role of
these regulators on cell cycle progression in cells with a
conditional overexpression of Rac or Cdc42 [6].
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2. Materials and methods
2.1. Cell culture

The inducible Rac and Cdc42 PAE cell lines [6] were
kindly provided by Leonard Stephens (Babraham Insti-
tute, Cambridge, UK). The inducible Rac and Cdc42
PAE cell lines were cultured in F12 nutrient mixture
(Ham F12; Gibco BRL, Life Technologies, Inc.) con-
taining 9% heat-inactivated FBS and 0.3 pg/ml pur-
omycin and 60 pg/ml hygromycin at 37 °C in a 5% CO,
humidified atmosphere. The PAE cell lines were induced
for Rac and Cdc42 expression by addition of 2 mM
IPTG to the medium.

2.2. GTP-binding activity of Rac and Cdc42

We employed the glutathione-S-transferase (GST)-
PAK binding assay as described by van Leeuwen and
colleagues in Ref. [7] to measure the GTP-binding
activity of Rac or Cdc42. In brief, cells were washed in
ice cold phosphate-buffered saline (PBS), containing 1
mM MgCl, and 0.5 mM CaCl,, incubated for 5 min in
lysis buffer (50 mM Tris—HCI, pH 7.4; 2 mM MgCly;
1% Nonidet (N)P-40; 10% glycerol; 1 mM benzamide;
1 pg/ml leupeptin; 1 pg/ml pepstatin; 1 pg/ml aprotinin)
and centrifuged for 5 min at 21 000g at 4 °C. Aliquots
were taken to measure the protein amount. The super-
natant was then incubated with a bacterial-derived
GST-PAK-CD fusion protein [7], bound to glutathione-
coupled sepharose beads for 60 min at 4 °C. The beads and
proteins bound to the fusion protein were washed three
times with lysis buffer, eluted with Laemmli buffer, and
analysed for bound Rac or Cdc42 by Western blotting,
using monoclonal antibodies against Rac (Transduction
Laboratories) or Cdc42 (Sc-87, Santa Cruz).

2.3. FACS analysis

Cells were harvested by PBS/ethylene diamine tetra
acetic acid (EDTA) and trypsin treatment. The single
cell suspension was washed twice with PBS, resuspended
in 0.5 ml PBS and then fixed with 7.5 ml 70% ethanol
and incubated overnight at 4 °C. Cells were washed with
PBS containing 1% FBS, resuspended in 200 pl PBS/
1% FBS containing EtBr (20 pg/ml) and RNAse A (100
pg/ml) and incubated for 30 min at 37 °C. Cells were
analysed in a fluorescent activated cell sorter (FACS).

2.4. Immunofluorescence

Cells were cultured on coverslips and washed twice
with PBS (containing 0.5 mM MgCl, and 1 mM CacCl,)
and fixed with 3.7% formaldehyde in PBS (containing
0.5 mM MgCl, and 1 mM CaCl,). Cells were washed
twice with PBS, treated for 3 min with 0.5% Triton/PBS

and blocked for 30 min with 1% Bovine Serum Albu-
min (BSA)/PBS. Cells were incubated with TRITC-
Phalloidin (Sigma; 1:2500) and TO-PRO-3 (1:500)
(Molecular Probes, Leiden, The Netherlands) for 1 h at
37 °C and then washed six times with PBS. The cover-
slips were sealed with Vectashield onto a microscope
slide and analysed with confocal microscopy.

For BrdU-labelling experiments, cells were cultured for
the indicated period of time with or without isopropyl-
thiogalactoside (IPTG), the last 24 h in the presence of
1 uM BrdU, then fixed in ice-cold methanol, briefly
dipped in acetone, and prepared for immunohisto-
chemistry. The analysis consisted of an acid denaturation
step (2 N HCI for 20 min at room temperature), incu-
bation with a BrdU-DNA specific mouse antibody
(Central Laboratory Blood Transfusion, Amsterdam,
The Netherlands), staining with a fluorescein-isothio-
cyanate labelled goat-anti mouse antibody, whereas the
total DNA was stained with ethidium bromide.

For staining of Microtubule Organising Centres
(MTOC:s), PAE cells were cultured in the presence or
absence of IPTG, fixed with methanol, and incubated
with an anti B-tubulin antibody (T8535, Sigma) and
stained with a FITC labelled second antibody and for
total DNA with 4,6 diamidine-2-phenylindole-dihydro-
chloride (DAPI). The antibodies were used in the con-
centrations recommended by the suppliers.

2.5. Metaphase spreads

The PAE cell lines were cultured as subconfluent
monolayers, with or without 2 mM IPTG for 4 days.
The cells were then treated with 50 pg /ml colcemide for
6 h and cells were harvested. Cells were washed twice
with PBS and treated with 1% sodium citrate for 20 min
at room temperature. An equal amount of fixative
(methanol/acetic acid (3:1)) was added and cells were
harvested at 1000 rpm by 14 °C during 8 min. Cells were
washed three times with fixative and were dropped on a
thin water layer containing 0.1 pg/ml DAPI on a micro-
scope slide and analysed by ultraviolet (UV) microscopy.

2.6. Thymidine incorporation

Cells were plated in 24 wells (10000 cells/well) and
cultured in medium containing 9% fetal bovine serum
(FBS). The next day the medium was replaced by med-
ium containing 0.1, 1, 3 or 9% FBS with or without 2
mM IPTG and cells were incubated for 4 days. The cells
were pulse-labelled with tritium-thymidine (2 pCi/well)
for 1 h at 37 °C. The reaction was stopped by addition
of 1 M ascorbic acid for 1 h at 4 °C. The cells were
washed twice with PBS, treated with 5% trichloroacetic
acid (TCA) for 15 min at 4 °C. After one wash with 5%
TCA, the TCA was removed completely and 300 ul 0.1 N
NaOH was added to each well, the cells were incubated
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Fig. 1. (a) Expression of endogenous and induced exogenous WtRac
and WtCdc42 proteins and of their V12 forms in porcine aortic endo-
thelial (PAE) cells. WtRac or WtCdc42 and V12Rac or V12Cdc42
PAE cells were cultured for 3 days in the absence (—) or presence (+)
of 2 mM IPTG and assayed by western blotting for the protein levels
of these Rho-(GTP)ases. (b) GTP-binding activity of exogenous
WtRac and VI2Rac. Cells were cultured for 6 h in the presence of
IPTG. GTP-binding activity was measured by the ability of the gua-
nine triphosphate (GTP)-binding Rac proteins to bind to glutathione-
S-transferase (GST)-PAK as described in Materials and methods.

for 30 min, harvested and radioactivity was counted in a
liquid scintillation counter.

3. Results

3.1. VI2Rac and V12Cdc42 affect proliferation of PAE
cells

To address the effect of the overexpression of Rac and
Cdc42 on cell proliferation, we used stably transfected
PAE cells with IPTG-inducible wild-type Rac (WtRac),
constitutive active Rac (V12Rac), wild-type Cdc42
(WtCdc42) or constitutive active Cdc42 (V12Cdc4?2) as
described by Welch and colleagues in Ref. [6]. Induction
by IPTG resulted in elevated levels of exogenous Wt
and V12 Rac and Cdc42 proteins (Fig. 1a) that migra-
ted slower because of the EE-tag epitope present in
these constructs [6]. IPTG induction resulted, however,
in a small increase of GTP-binding activity of exogen-
ous WtRac, whereas VI2Rac GTP-binding activity was
greatly enhanced (Fig. 1b), which was measured by the
ability of activated, GTP-binding form of Rac to bind
to its substrate, PAK [7]. A similar increase in GTP-
binding activity of V12Cdc42 over WtCdc42 activity
was observed upon IPTG induction (data not shown).

The effect of prolonged induction on proliferation
was studied by culturing the cells in medium containing
different percentages of sera and measuring thymidine
incorporation after 4 days. The tritium-thymidine
incorporation of cells expressing V12Rac or V12Cdc42
proteins was reduced compared with the non-induced
PAE cells. This was independent of the serum con-
centration and was most pronounced in cells growing in

medium containing 9% serum (see Fig. 2). A slight
reduction was also observed in WtRac-expressing cells,
but not in WtCdc42 expressing cells.

3.2. VI2Rac- and V12Cdc42-expressing cells become
multinucleated

The effect of prolonged expression of VI2Rac or
V12Cdc42 proteins on cell cycle transition was exam-
ined by FACS analysis (Fig. 3). Non-induced PAE cells
gave a normal DNA profile representing asynchro-
nously growing cells. No major change in the DNA
profile was detected in PAE cells which overexpress the
wild-type version of exogenous Rac or Cdc42 protein
after 1 or 3 days. However, already after 1 day, PAE
cells expressing V12Rac or V12Cdc42 protein started to
accumulate at G2/M. After 3 days, an even larger por-
tion of the cells had accumulated in G2/M and on top
of that a significant portion of the cells became poly-
ploid. To investigate the morphology of these cells in
detail, we employed confocal microscopy (see Fig. 4).
After 1 day of overexpression of exogenous WtRac,
lamellipodia and membrane ruffles became visible at the
leading edge of the cells. In general, these cells have one
nucleus and the morphology of these cells did not
change very much after 2 days. In cells overexpressing
exogenous WtCdc42, filopodia were induced and most
of the cells contained one single nucleus, as was seen in
WtRac-overexpressing cells. V12Rac-expressing PAE
cells, however, became flat and showed big lamellipodia
at multiple leading edges. We noticed that part of the
cells were stretched into different directions and that the
cells were sometimes pulled out into thin cytoplasm
bridges. After 1 day of V12Rac induction, a few cells
were detected with more than one nucleus. Up to 60%
of the cells became multinucleated after 2 days of
induction of VI12Rac, as well as those induced for
V12Cdc42-expression (Fig. 4). This corresponds with
the fraction of polyploid cells observed in the FACS
analysis (Fig. 3). Thereafter, these cells started to detach
from the culture plate, which hampered an accurate
estimation of the fraction of polyploid cells. Multi-
nucleated and polyploid cells, however, were only
observed in VI12Rac and V12Cdc42 expressing cells, and
not in the WtRac and WtCdc42 cells or in the non-
transfected control cells.

3.3. DNA synthesis in multinucleated V12Rac and
Vi12Cdc42 PAE cells

Cells were labelled for 24 h with BrdU at the fourth
day after induction of either WtRac/Cdc42 or their V12
forms and examined by immunofluorescence for incor-
poration of BrdU and thus for the ability of cells to
recently pass through S phase (see Fig. 5). BrdU incor-
poration still occurred in some of the multinucleated
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cells, which arose as result of induction of VI12Rac or
V12Cdc42 protein. Note also that only a part of the
VI2Rac or V12Cdc42 cells turned into multinucleated
cells, as was also observed in Fig. 4 and that only a part
of those multinucleated cells showed BrdU incorpora-
tion. Detachment of V12Rac- and V12Cdc42-expressing
cells from the culture plate that started after 3 days of
IPTG exposure, hampered an accurate estimation of the
fraction of the multinucleated cells incorporating BrdU.
However, incorporation of BrdU in multinucleated cells
only occurred in VI2Rac- and V12Cdc42-expressing
cells, and not in exogenous WtRac- or WtCdc42-
expressing cells, nor in the non-transfected control cells.
These data indicated that induction of VI12Rac or
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V12Cdc42 in PAE cells resulted in multinucleated cells
with some of the nuclei still being capable of replicating
their DNA.

The endoreplication of nuclei went along with the
increased number of MTOCs. Non-induced cells, and
cells with induction of WtRac or WtCdc42 proteins
showed either one or two MTOCSs, whereas V12Rac or
V12Cdc42 protein induction resulted in multiple MTOCs
in multinucleated cells (see Fig. 6) upon paclitaxel-
induced G2/M arrest. The karyotype of non-induced
PAE cells or PAE cells expressing WtCdc42 showed an
average number of 35 chromosomes. In PAE cells over-
expressing WtRac, the majority of the cells had a normal
chromosome number, whereas some cells contained a
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Fig. 2. Thymidine incorporation in porcine aortic endothelial (PAE) cells. 10000 cells were seeded in triplicate in a 24-well plate and cultured in
various concentrations of fetal bovine serum (FBS) in the presence (+) or absence (—) of 2 mM IPTG. After 4 days, cells were assayed for tritium-
thymidine incorporation as described in Materials and methods. This experiment was repeated twice, whereas cells were seeded in triplicate, with no
differences between these two experiments. The results of one such an experiment is presented with standard deviations (S.D.). CPM, counts per

minute.
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slightly elevated chromosome number (see Fig. 7).
However, metaphase spreads of V12Rac and V12Cdc42
PAE cells showed a significant proportion of cells dis-
playing an increased number of chromosomes (see
Fig. 7).

4. Discussion
This study indicates that sustained expression of
VI12Rac or V12Cdc42 protein in PAE cells leads to

multinucleated cells with some of the nuclei still being
able to replicate their DNA in the absence of cytokinesis.
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This absence of cytokinesis does not arrest the nuclei in
a mitotic state, since some BrdU incorporation still
takes place (Fig. 5). These features indicate that V12Rac
and V12Cdc42 activity leads to ‘mitotic slippage’ in
these cells. It should be noted here that not all of the
cells ended up as multinucleated cells, suggesting that
VI12Rac and V12Cdc42 activity affected some delicately
balanced process which links nuclear replication to
cytokinesis. This uncoupling of nuclear replication from
cytokinesis was only observed upon induction of the
V12 forms and not upon induction of the WtRac and
Cdc42 forms. This is most likely due to a sustained high
GTP-binding activity associated with the V12 Rac/Cdc42
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Fig. 3. FACSCAN analysis of WtRac or WtCdc42 and of V12Rac or V12Cdc42 porcine aortic endothelial (PAE) cells cultured for 0, 1 and 3 days
in the presence of 2 mM IPTG. FACSCAN analysis was performed as described in Materials and methods. Standard 10000 cells were analysed by
fluorescent activated cell sorter (FACS). The experiment was performed twice, with no substantial difference between the two experiments. Arrows

on top indicate the DNA content.
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forms which is lacking in the Wt forms, despite a similar
induction of proteins by the IPTG treatment (see Fig. 1).
The relatively low GTP-binding activity despite the
excess of exogenous WtRac hints furthermore, to a rapid
inactivation of GTP-binding activity of WtRac.

Our study indicates that PAE cells expressing V12Rac
are more flat than the non-induced or WtRac expressing

Control

WtRac

V12Rac

WitCdc42

V12Cdc42

Days of IPTG induction

Fig. 4. Effect of Rac or Cdc42 activation on the morphology of por-
cine aortic endothelial (PAE) cells. WtRac or WtCdc42 and V12Rac
or V12Cdc42 PAE cells were cultured for 0, 1 and 2 days in the pre-
sence of 2 mM IPTG and were after fixation, stained for actin by
TRITC-Phalloidin and for nuclei by TO-PRO-3 staining as described
in Materials and methods. 300 000 cells were seeded in a six-well plate
and cells were followed for 2 days in the presence of IPTG. The
experiment was performed three times with similar results. Repre-
sentative pictures are presented.

PAE cells (Fig. 4). Normally, cells are flat during the
interphase of the cell cycle and remain flat during the
first part of mitosis until metaphase. Then, cells start to
round up in order to enter mitosis [8]. The Rho-like
GTPases Rac and Cdc42 are involved in cell spreading.
Micro-injection of dominant-negative NI17Racl or
N17Cdc42 mutants into growing cells not only leads to
the loss of lamellipodia and filopodia, respectively, but
also leads to the rapid loss of their focal complexes
resulting in cell rounding [9,10]. We, and others [1],
found the opposite, initially an increased spreading of
the cells, when constitutive active VI2Rac and
V12Cdc42 were induced. Upon prolonged induction of
these proteins, cells started to detach from their sub-
stratum. With respect to cell rounding and cell spread-
ing, it is assumed that RhoA plays an opposing role in
cell division compared with Rac and Cdc42. RhoA is
likely involved in cell rounding and cleavage furrow
formation, which is induced by the contractile ring
consisting of actinomyosin [11]. Activated RhoA indu-
ces phosphorylation of myosin light chains, which is
directly associated with cleavage furrow induction [12].
P21-activating kinase (PAK), which is activated by
either Rac or Cdc42, blocks the phosphorylation of
myosin light chains induced by RhoA. This results in
decreased myosin activity, a reduction in contractility,
and in the disassembly of stress fibres [3,13]. Expression
of dominant-negative Rho kinase, the target of Rho
GTPase, impaired segregation of the cleavage furrow-
glial filaments resulting in multinucleated cells [14].
Although we did not investigate the effects of RhoA in
this study, our data clearly demonstrate that expression
of active V12Rac or V12Cdc42 mimics the effect of
dominant-negative Rho: expression of VI2Rac or

Rac Cdc42

Wit

Vvi2

Fig. 5. BrdU incorporation in WtRac, WtCdc42 cells and their V12
variants after various periods of Rac/Cdc42 induction. Cells were
cultured for 4 days with 2 mM IPTG, the last 24 h including 1 pM
BrdU, and analysed for BrdU incorporation as described in Materials
and methods. BrdU incorporating nuclei stain yellow and appear grey
on the photo, nuclei were stained with EtBr and appear bright on the
photo. Note the multinucleated cells in the V12 variants after 4 days of
induction, with not all of the nuclei incorporating BrdU.
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Fig. 6. Microtubule organising centre (MTOC), in VI12Rac cells. V12Rac cells were cultured for 4 days in the presence of 2 mM IPTG (a), the last 24
h including 5 uM paclitaxel (b and c), and stained for B-tubulin (a and b) or with DAPI (c) as described in Materials and methods. Arrows in b
indicate the MTOCs.

»
2

Frequency

)

Frequency

14 0O PAE

12 m PAE+WtRac

10

8

6

4

2

0 N e
20 30 40 50 60 70 80 90 100110120130140 150160170

Chromosome number

14 0 PAE

12 B PAE+WtCdc42

10

8

6

4

2

0 1

20 30 40 50 60 70 80 90 100110 120130140 150 160 170
Chromosome number

O PAE
12 B PAE+V12Rac
. 10
2
$ 8
=}
g 6
g
2
0 N | N N S ) E—
20 30 40 50 60 70 80 90 100110120130140150160 170
Chromosome number
(d)
14 O PAE
12 m PAE+V12Cdc42
.. 10
2
S 8
=
g 6
L og
2 n
0 S — ] — l

20 30 40 50 60 70 80 90 100110120130140 150160 170

Chromosome number

Fig. 7. Karyogram of WtRac, WtCdc42 porcine aortic endothelial (PAE) cells and of their V12 variants after 4 days of culturing in the presence of 2
mM IPTG. The number of chromosomes of 100 mitotic nuclei were counted for each cell variant as described in Materials and methods.
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V12Cdc4?2 stabilises the bridge-like cytoplasmic struc-
ture formed between the unseparated daughter cells
(Figs. 4 and 5). Surprisingly, however, this inhibition of
cytokinesis does not lead to a complete inhibition of
DNA synthesis, but finally results in endoreplication by
which multinucleated cells become generated (Figs. 3
and 4), a process known as ‘mitotic slippage’. Uncou-
pling of nuclear replication and cytokinesis leads, fur-
thermore, to genomic instability (Fig. 7). Activation of
Rac has recently been reported as a crucial mediator of
integrin-specific control of cell cycle in endothelial cells
[15]. Our findings suggest that sustained activation of
V12Rac, and also of VI12Cdc42, results in genomic
instability which usually leads to cell death, but from
which occasionally (more) tumorigenic variants may
emerge.
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