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p190RhoGAP-A (p190) is a GTPase-activating protein known
to regulate actin cytoskeleton dynamics by decreasing RhoGTP
levels through activation of Rho intrinsic GTPase activity. We
have previously shown that p190 protein levels are cell cycle-
regulated, decreasing in mitosis, and that this decrease is medi-
ated by the ubiquitin-proteasome pathway. In addition, overex-
pression of p190 results in decreased RhoGTP levels at the
cleavage furrow during cytokinesis, p190 and the RhoGEF Ect2
play opposing roles in cytokinesis, and sustained levels of p190
in mitosis are associated with cytokinesis failure, all findings
that suggest but do not directly demonstrate that completion
of cytokinesis is dependent on reduced levels of p190. Here
we report, using an RNAi reconstitution approach with a deg-
radation-resistant mutant, that decreased p190 levels are
required for successful cytokinesis. We also show that the
multinucleation phenotype is dependent on p190 RhoGAP
activity, determine that the N-terminal GBDSI1 region is nec-
essary and sufficient for p190 mitotic ubiquitination and deg-
radation, and identify four N-terminal residues as necessary
for the degradation of p190 in mitosis. Our data indicate that
in addition to activation of RhoGEF(s), reduction of RhoGAP
(p190) is a critical mechanism by which increased RhoGTP
levels are achieved in late mitosis, thereby ensuring proper
cell division.

Mitosis is the final stage of the cell cycle where cell cyto-
plasm, organelles, and replicated DNA are equally separated to
give rise to two daughter cells. Mitosis is divided into several,
well defined, stages: prophase, prometaphase, metaphase,
anaphase, and telophase. Cytokinesis, encompassing anaphase
and telophase, begins shortly after sister chromatid separation
with the formation of a cleavage furrow and proceeds until cell
abscission is completed (1). Irreversible progression through
the different mitotic stages depends largely on the proteasomal-
dependent degradation of cell cycle regulatory proteins such as
cyclin A, cyclin B, Securin, and Plk1 (2).
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In addition to proteasomal degradation, an important driver
of cytokinesis is the small GTPase RhoA (3). Rho family
GTPases are regarded as molecular switches that cycle between
the active (GTP-bound) and inactive (GDP-bound) states. Rho
activation states are regulated by three classes of proteins: guanine
nucleotide exchange factors (GEFs),” GTPase-activating proteins
(GAPs), and GDP dissociation inhibitors. Multiple lines of evi-
dence show that RhoA regulates furrow formation and actomyo-
sin ring contraction during cytokinesis (4). For example, inhibition
of RhoA activity prevents cleavage furrow formation (5, 6), and
RhoA and its activator, the GEF ECT2, localize to the cleavage
furrow and midbody. These findings and others strongly support
RhoA involvement in cytokinesis (7-9).

Opposing ECT2 activity is p190RhoGAP-A (p190), which
provides a negative component of RhoA regulation (10). p190
has an N-terminal GTP binding domain (GBD), a middle
domain (MD) that contains multiple protein interaction motifs,
and a C-terminal GAP domain. This GAP domain is specific for
the Rho family of GTPases, particularly RhoA (11, 12), and plays
a vital role in the regulation of the actin cytoskeleton and its
rearrangement in response to growth factor stimulation (13),
integrin engagement (14, 15), and v-Src transformation (16).

Previous studies in our laboratory identified an additional
function of p190 (17). These studies demonstrated that overex-
pression of p190 results in multinucleation, a phenotype indic-
ative of cytokinesis failure. This event is dependent on the
C-terminal region of pl190, which contains the RhoGAP
domain, a polyproline domain, and several kinase recognition
sites (18). Immunofluorescence microscopy of mitotic cells
revealed that endogenous p190 localizes to the cleavage furrow
along with actin and upon overexpression interferes with the
normal positioning and contraction of the furrow. Further-
more, p190 protein levels were observed to transiently decrease
in late mitosis, a decrease that was mediated by the ubiquitin-
proteasome pathway. These results raised the questions of
whether the cell cycle-linked down-regulation of p190 is
required for successful completion of cytokinesis and how
mitotic p190 degradation is regulated.

Here, we demonstrate that the decrease in p190 levels
observed in mitosis is required for successful completion of
cytokinesis and that when it fails to occur, cell division is
blocked, and multinucleation ensues. The minimal region on

2 The abbreviations used are: GEF, guanine nucleotide exchange factors; GAP,
GTPase-activating proteins; GBD, GTP binding domain; MD, middle
domain; S1, section 1; IVS, intervening sequence.
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p190 required for significant ubiquitination was mapped to the
GBDS1 domain. Moreover, four lysine residues near the
extreme N terminus were identified as necessary for mitotic
p190 degradation. Using point mutations, we further demon-
strate that the multinucleated phenotype is dependent on p190
RhoGAP activity, and therefore, on aberrant Rho signaling.
Together, these findings indicate that down-regulation of p190
is a necessary event for the completion of cytokinesis and avoid-
ance of mitotic catastrophe. They also further define the mech-
anism by which cells achieve the well characterized increase in
RhoGTP levels during cytokinesis.

EXPERIMENTAL PROCEDURES

Reagents—The following chemicals were used throughout
this study: thymidine, nocodazole, MG132, DAPI (Sigma), lac-
tacystin (Calbiochem), and doxycycline (Clontech). Mono-
clonal antibodies specific for HA tag (HA.11, Covance; 12CA5,
a kind gift of M. Weber, University of Virginia), MAPK (B3B9,
provided by M. Weber), p190 (BD Transduction Laboratories),
B-actin (Clone AC-15, Sigma), and cyclin A and cyclin Bl
(Santa Cruz Biotechnologies) antibodies were used in Western
blotting.

Cell Culture and Synchronization—MDA-MB-468 Tet-on
p190, AGBD, or vector-only inducible human breast cancer
cells (17) and HeLa human cervical carcinoma cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen) and peni-
cillin and streptomycin (Invitrogen). Growth media used for
MDA-MB-468 cells also contained puromycin (130 ng/ml) and
Geneticin (G418, 400 ng/ml) (Sigma). Cells were synchronized
by treatment with 2 mm thymidine for 14—16 h, released for 8 h,
and subsequently treated with 50 ng/ml nocodazole for 14-16
h. Cells were released from the nocodazole block and harvested
by mitotic shake off at indicated times. Either lactacystin (10
uM) or MG132 (20 mm) was added during the time of release as
indicated.

Plasmid Constructs—The following p190 constructs used in
this study were previously described in Su et al. (17): AGBD,
AGAP (A C terminus), GBD, Section 1 (S1), and GAP. The
Y1105A, R1283A, 4KR, and GBDS1 4KR mutants were gen-
erated by using the QuikChange II site-directed mutagenesis
kit (Stratagene) and expressed in the triple HA-tagged vector
pKH3 (kind gift from I. Macara, University of Virginia).
Other cDNA fragments of p190 used in this study were also
cloned into the pKH3 vector at BamHI and EcoRI sites after
generation by PCR using the following primer pairs:
GBDIVS, 5'-GCCAGGATCCATGATGATGGCAAGA-
AAG-3"and 5'-GCGCGAATTCTCACCACTTTAAGAAC-
TCTGGC-3"; GBDS1,5'-GCCAGGATCCATGATGATGG-
CAAGAAAG-3' and 5'-AATTGAATTCCTGAAACGGC-
AACATTCCCC-3'; IVS/S1, 5'-GTCAGGATCCACAAGC-
AAAGGACAAG-3" and 5'-AATTGAATTCCTGAAACG-
GCAACATTCCCC-3'; S2S3GAP, 5'-GTGAGGATCCCC-
TGTGAACTCTTTCCAGA-3" and 5'-GGCCGAATTCCT-
GATAAGAAGACAAC-3'. All mutants obtained by PCR
were confirmed by sequencing before use.

In Vitro Ubiquitination Assay—In vitro ubiquitination reac-
tions were performed as described by Cockman et al. (19).
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Extracts were prepared from mitotic MDA-MB-468 cells,
which provided all enzymes for the ubiquitination reaction.
Briefly, cells were swollen in a hypotonic buffer (20 mm Tris, pH
7.5, 5 mm KCl, 1.5 mm MgCl,, and 1 mm DTT), homogenized,
and centrifuged at 10,000 X g for 10 min at 4 °C. Aliquots of
supernatants were stored at —70 °C. Ubiquitination reactions
were performed at 30 °C for 4 h in a total volume of 40 ul that
contained 2.5 pl of programmed reticulocyte lysate, 81 ug of
hypotonic extract, 1X Energy-Regenerating System (Boston
Biochem), 20 ug of ubiquitin (Sigma), 3 um ubiquitin aldehyde
(Boston Biochem), and 20 um MG132. All constructs were in
vitro transcribed and translated in the presence of 20 uCi of
[**S]methionine (1175 Ci mmol™*; Amersham Biosciences)
using TNT Quick Coupled Transcription/Translation System
(Promega). Products of the reaction were analyzed by 7% SDS-
PAGE and Phosphorlmager scanning (Molecular Dynamics
Storm Scanner). Densitometric analysis was performed using
the ImageQuant software (Molecular Dynamics, Inc.). Quanti-
tation of the extent of ubiquitination of each construct was
determined by densitometric scanning of the area above the in
vitro translated product (U lanes in Fig. 4B) in samples that
contained the complete ubiquitination reaction and relating
that value to the area above the luciferase control. These nor-
malized values were then related to the picomoles of [**S]me-
thionine-labeled TNT product present in the reaction mix.
Picomoles of TNT product were calculated on the basis of the
total moles of methionine present (hot and cold) in the trans-
lation reaction, the incorporation of [**S]methionine in the
product, its molecular weight, and the number of methionines
it contained. Values obtained from the Luc control were setat 1,
and values of other samples were compared with it for genera-
tion of -fold ubiquitination/picomoles of protein.

In Vivo Degradation Assay—HeLa cells were transfected with
various p190 plasmids using Polyfect, as per the manufacturer’s
instructions. Indicated cDNA constructs were transfected into
cells cultured in duplicate 100-mm dishes. Twenty-four hours
post-transfection, one dish was synchronized as described, and
cells were released from prometaphase arrest for 40 min. The
control dish was maintained as an asynchronous cell popula-
tion. Cells were lysed at 4 °C in radioimmune precipitation
assay buffer (50 mm Tris, pH 7.2, 150 mm NaCl, 0.25% deoxy-
cholate, 1% Nonidet P-40) supplemented with 0.5% aprotinin, 1
mM sodium orthovanadate, 12.5 pg/ml leupeptin, and 1 mm
PMSE. Protein concentration was determined by the BCA pro-
tein assay (Pierce), and 100 pg cell extract was separated by
SDS-PAGE, transferred to nitrocellulose, and subjected to
Western blotting. HA-tagged p190 variants were detected by
anti-HA monoclonal antibodies 12CA5 or HA.11 and HRP-
conjugated anti-mouse secondary antibodies (Amersham Bio-
sciences). MAPK or B-actin were used as loading controls.
Densitometric analysis was performed using the software
AlphaEase (Alpha Innotech Corp.).

RNAi Reconstitution Assay—The RNAI reconstitution assay
was performed in MDA-MB-468 Tet-on AGBD p190 cells, in
MDA-MB-468 Tet-on WT p190 cells, and in HeLa cells. The
RNAI oligos were double-stranded and custom made by Dhar-
macon to silence the expression of human p190-A protein by
targeting a unique sequence at the N terminus of the protein.
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The sequence of the double-stranded oligos was 5'-AAG AUG
CAC AUU GUG GAG CAG-3'. MDA-MB-468 cells were
treated with the p190 siRNA oligos (60 pmol) using the Oligo-
fectamine reagent (Invitrogen) as per the manufacturer’s
instructions. After 24 h, cells were transfected with a second
round of siRNA, and doxycycline was added (1 pg/ml) to
induce the expression of stably transfected AGBD or WT p190.
Twenty-four hours later, cells were harvested for Western blot
analysis or fixed for multinucleation assays, described below.
HeLa cells were treated with the siRNA using Oligofectamine
reagent and, 24 h post-siRNA treatment, transfected with the
pKH3-AGBD plasmid using the Polyfect reagent (Qiagen) as
per the manufacturer’s instructions. After an additional 24 h,
cells were harvested for Western blot analysis or fixed for use in
multinucleation assays.

Multinucleation Assay—MDA-MB-468 and HeLa cells were
fixed by treatment with 4% paraformaldehyde for 20 min,
washed 3 times with PBS, permeabilized with 0.2% Triton
X-100 for 5 min, and blocked with 20% goat serum at room
temperature for 1 h. After blocking, both cell lines were incu-
bated with HA-11 antibody (1:1000 dilution) for 1 h and with
Alexa 594-conjugated anti-mouse antibody (1:1000) for 30 min.
Nuclear DNA was stained with 2 wg/ml DAPI stain in PBS for 3
min. Coverslips were mounted on microscope slides with
VectaShield, and cells were viewed on a Leica microscope fitted
for epifluorescence. The presence of multinucleated cells was
determined by phase and DAPI staining.

Western Blotting—Cell lysates were prepared as described
above and analyzed by SDS-PAGE. Proteins in the gel were
wet-transferred to a nitrocellulose membrane and immuno-
blotted for p190, HA tag, MAPK, or B-actin as previously
described (17). Immune complexes were detected with HRP-
conjugated anti-mouse antibody, diluted to 1/5000.

RESULTS

A Decrease in p190 Levels during Mitosis Is Required for Suc-
cessful Completion of Cytokinesis—W'e previously reported that
p190 protein levels transiently decrease in late mitosis, an event
mediated by ubiquitination and proteasomal degradation (17).
Those results raised the question of whether the cell cycle-
linked down-regulation of p190 is an event required for suc-
cessful completion of cytokinesis.

To test this hypothesis, we used an RNAi reconstitution
approach whereby endogenous p190 protein was silenced by
transfection of a p190-specific siRNA and then rescued by the
expression of an N-terminal deletion mutant (AGBD). We pre-
viously identified this mutant as resistant to mitotic degrada-
tion (17). Furthermore, the AGBD mutant also lacked the
sequences targeted by the siRNA (Fig. 14). We utilized MDA-
MB-468 cells stably transfected with a tetracycline-inducible
(tet-on) construct that, in response to regulated doxycycline
treatment, expressed either AGBD p190 or WT p190 at levels
similar to the endogenous p190 protein (Figs. 1, Band E). West-
ern blotting analysis (Fig. 1B) showed that endogenous p190
protein levels in p190 siRNA-treated cells were reduced to
~30% that of control siRNA-treated cells and that upon treat-
ment with doxycycline, AGBD protein was expressed at levels
similar to those of the endogenous p190 protein. Induction of
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the WT p190 protein in MDA-MB-468 cells after p190 siRNA
treatment resulted in overall sustained levels of p190 that were
similar to the controls. Fig. 1C shows that the AGBD mutant
was expressed and protected from cellular degradation and
RNAI in mitosis, when cyclin A and B1 levels, used as markers
for mitotic progression, were reduced.

After siRNA reconstitution, cells were analyzed by immuno-
fluorescence microscopy for extent of multinucleation. Fig. 1D
demonstrates that cells reconstituted with the non-degradable
AGBD mutant displayed a 2.5-fold increase in multinucleation
over control cells (Luc siRNA, no doxycycline) and cells recon-
stituted with WT p190. When total p190 protein levels were
compared among the various treatment groups, expression lev-
els detected in both WT p190 and AGBD-reconstituted cells
were similar to that of control cells and showed no statistically
significant difference (Fig. 1E).

HelLa cells were also employed to test the requirement for a
decrease in pl90 levels for successful cytokinesis (Fig. 2).
siRNA-mediated silencing of p190 was followed by transient
introduction of the AGBD construct and assessment of
multinucleation. Silencing approached 90% (panel A), and the
amount of AGBD plasmid transfected was titrated to yield lev-
els of AGBD expression equal to endogenous p190 (panels B
and C). Fig. 2D shows that the number of multinucleated cells
among AGBD transfectants was ~11-fold higher than vector
control, an increase from ~3% to >33% in a 48-h period. Taken
together, these data indicate that failure to down-regulate p190
in mitosis leads to an increase in cytokinesis defects, supporting
the conclusion that degradation of p190 is required for success-
ful cell division.

The GAP Activity of p190 Is Necessary and Sufficient to
Induce the Multinucleation Phenotype—To better understand
the mechanism by which improperly sustained p190 levels in
mitosis resulted in multinucleation, we tested whether the GAP
domain alone and its Rho-directed activity were necessary and
sufficient for the effect. To this end, HeLa cells were transiently
transfected with a panel of HA-tagged p190 mutants (depicted
in Fig. 3A) and assessed for multinucleation (Fig. 3, A and C).
Relative levels of expression were determined by Western blot-
ting with a-HA antibodies (Fig. 3B). Fig. 3C shows that upon
transfection of WT p190, ~10% of expressing cells became
multinucleated. Similar levels of mitotic failure were noted in
cells expressing the AGBD deletion mutant, and control levels
were observed in AGAP-expressing cells, as previously re-
ported (17). The isolated GAP domain induced ~16%
multinucleation, a figure eight times greater than induced by
vector alone, confirming that the GAP domain of p190 was
sufficient for disruption of cytokinesis. To further examine the
requirement for GAP activity in this event, two additional
mutants were tested, Y1105F and R1283A. Both point mutants
render pl90 enzymatically inactive. Tyrosine 1105 is phos-
phorylated by Src, and this phosphorylation results in an
increased association with p120RasGAP and activation of the
GAP domain (20-22). Within the GAP domain, an arginine
found at residue 1283, located in a putative G-protein binding
helix pocket, is critical for GAP activity (23, 24). Panels A and C
of Fig. 3 show that cells transfected with either the Y1105F or
R1283A mutants exhibited multinucleation levels similar to
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FIGURE 1. A decrease in p190 levels during mitosis is required for successful completion of cytokinesis in
doxycycline-inducible MDA-MB-468 cells. A, shown is the experimental design for the RNAi reconstitution.
B, shown is a representative Western blot analysis of a reconstitution experiment. Doxycycline (Dox)-inducible
expression of AGBD and WT p190 in MDA-MB-468 cells is shown after 48 h siRNA and 24 h of doxycycline
treatments. 100 ng of whole cell lysate from each sample was analyzed by SDS-PAGE and then immunoblotted
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Control Control

those of vector control transfected cells (<2%). Together, these
results indicate that the GAP activity of p190 is not only suffi-
cient but also required for the multinucleation phenotype
observed in p190-overexpressing cells and that c-Src-mediated
phosphorylation of the protein is also required for this event.
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The N-terminal GBDS1 Region
of p190RhoGAP Is Sufficient for
pl190 Ubiquitination—To deter-
mine the domains of pl190 re-
quired for its mitotic ubiquitina-
tion, a panel of deletion mutants
was prepared and tested for its
ability to be ubiquitinated in an in
vitro ubiquitination assay (Fig.
4A). Fig. 4, B and C, show that
full-length wt p190 protein was
ubiquitinated 5-fold above con-
trol. Only two of the dele-
tion mutants tested, AGAP and
GBDS]1, showed ubiquitination lev-
els similar to full-length p190. The
high levels of ubiquitination ob-
served with the AGAP mutant sug-
gested that the C terminus of p190
is dispensable for its ubiquitination.
Similarly, high ubiquitination levels
of the GBDS1 mutant suggest that
most pl90 ubiquitination occurs
at the N terminus of the protein,
indicating that sequences within
the GBD domain and S1 of the
middle domain are sufficient
for p190 ubiquitination and may
be important in mediating p190
mitotic degradation.

When the different subdomains
found in the AGAP and GBDSI1
mutants were separately tested for
in vitro ubiquitination, a significant
overall decrease in ubiquitination
was observed. For example, testing
of the isolated GBD domain
yielded levels similar to those of
control reactions, whereas the iso-
lated S1 domain was modified
more readily than control reac-
tions but to a significantly lesser
extent than the full-length pro-
tein. Other N-terminal deletion
mutants, AGBD, IVS/S1, and
S2S3GAP, exhibited levels of ubiq-
uitination that were comparable
with those of S1 alone. Together,
these data indicate that the com-
bined GBDS1 domains at the N
terminus of p190 are sufficient and
necessary for directing ubiquitina-
tion in vitro, although other re-

gions can be poorly ubiquitinated in its absence.

The GBDSI Region Is Necessary and Sufficient for Mitotic
Pp190RhoGAP Degradation—Because the N terminus of p190
was necessary and sufficient for ubiquitination (Fig. 4), we next
examined whether the GBD and S1 domains acted in a cooper-
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FIGURE 2. A decrease in p190 levels during mitosis is required for successful completion of cytokinesis in
transiently transfected Hela cells. A, p190siRNA silences p190 expression in Hela cells. Quantification of
multiple experiments (n = 3) is represented in the graph. Inset, 100 ug of whole cell lysate was analyzed by
Western blotting after HelLa cells were treated with 60 pmol of p190 siRNA for 48 h. B, results of titration of
AGBD expression in Hela cells are shown. Hela cells were transfected with increasing amounts of the pKH3
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and then immunoblotted with anti-p190 or anti-B-actin antibodies. C, results of RNAi reconstitution after
transient transfection are shown. Representative experiment combining approaches described in A and B.
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Multinucleation assays were performed after cells were treated as described in A and B. Arrows indicate
multinucleated cells. Quantification of multiple experiments is expressed as the -fold multinucleation versus

control =S.E. (n = 4), where control values were set at 1.

ative fashion to regulate the mitotic degradation of p190 and
whether they were necessary and/or sufficient for degradation.
Therefore, we tested smaller N-terminal deletion mutants to
determine the minimal region of p190 that supported degrada-
tion. Fig. 5 shows that neither the GBD nor S1 alone was sulffi-
cient for degradation. However, the combined GBD and S1
domains (GBDS1) were degraded, indicating that this region is
both sufficient and necessary for mitotic degradation of p190.
N-terminal Lysine Residues Are Required for p190 De-
gradation—Because p190 degradation is a necessary mitotic
event, we attempted to further define a small region within the
molecule or a set of amino acid residues involved in regulating
its mitotic stability. To do so, the N-terminal GBD domain was
deleted by a nested set of one or two 83-amino acid lengths
(leaving % or 5 of the GBD in the context of the WT p190), and
these constructs, designated A83 and A160, were tested in deg-
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radation assays. Fig. 64 shows that
both mutants were protected from
degradation, as no significant
changes in protein levels were
observed, indicating that residues
within the first 83 amino acids of
p190 are critical for regulating its
mitotic stability. Interestingly, multi-
nucleation assays after introducing
increasing amounts of either WT or
A83 p190 by transient transfection
revealed that at lower concentra-
tions, the non-degradable form of
p190 (A83) was more than twice as
efficient in causing the multinu-
cleation phenotype (supplemental
Fig. S1). Yet, at greater concentra-
tions, such differences disappear.
T Furthermore, ubiquitination assays
comparing WT pl90 to both A83
and A160 showed decreased ubig-
uitination levels for both mutants
(supplemental Fig. S2), suggesting
that regions or specific amino acids
important to the ubiquitination and
mitotic degradation of p190 were, in
fact, to be found within the first 83
amino acids of the protein.

After examination of the amino
acid sequence of the N-terminal
GBDSI1 region, the minimal frag-
ment of pl190 that supports both
mitotic ubiquitination and degrada-
tion, we noticed that although
nearly 60 lysines are found in this
fragment, only 4 are located within
the first 83 amino acids (Fig. 6B).
We hypothesized that these four
lysines, Lys-6, -26, -28, and -35,
could be involved in the ubiquitin-
proteasome pathway-dependent de-
gradation of the GBDS1. We, there-
fore, tested whether point mutants, lysine to arginine
substitutions, of these N-terminal residues would have an effect
on mitotic GBDS]1 stability. Single KR substitution mutants of
the aforementioned lysines in the GBDS1 were individually
tested in degradation assays. Results showed that all single KR
mutants were degraded in a similar fashion as wild-type GBDS1
(supplemental Fig. S3). A mutant with substitutions at all four
lysine sites, designated GBDS1 4KR, was then tested in degrada-
tion assays. Although the degradation of endogenous p190 pro-
tein, shown as a control, continues to be observed in the mitotic
cell samples, the GBDS1 4KR mutant is spared from mitotic deg-
radation (Fig. 6B).

To evaluate the relevance of these four N-terminal lysines in
the context of the full-length molecule, a full-length p190 con-
struct containing the four lysine to arginine substitutions (p190
4KR) was generated and transfected into HeLa cells, and its
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FIGURE 3. The GAP activity of p190 is necessary and sufficient to induce the multinucleation phenotype.
A, immunofluorescence microscopy of Hela cells transfected with the indicated constructs of p190 is shown.
Hela cells were transfected with 2 g each of the different p190 constructs depicted. Cells were prepared for
immunofluorescence microscopy analysis 48 h post-transfection. Arrows indicate multinucleated cells. Repre-
sentative images are shown. B, Western blot analysis of the expression of p190 mutants is shown. 50 ug of
whole cell lysate of transfected cells was analyzed by SDS-PAGE and immunoblotting using the anti-HA anti-
body, HA.11, or anti-B-actin antibody. C, shown is multinucleation analysis of transfected cells shown in panel
A. Quantification of multiple experiments was performed by analysis of variance analysis, and statistical signif-
icance was determined by the Dunnett’s test. Values are expressed as the mean % multinucleated cells = S.E.

(n = 4). * represents p < 0.02 comparing transfected mutants to vector.

mitotic stability was compared against wild-type p190 protein
in degradation assays. Fig. 6C shows that whereas wild-type
p190 is degraded in mitosis, the p190 4KR mutant is resistant to
mitotic degradation, confirming the relevance of these four
N-terminal residues to the mitotic degradation of p190. Immu-
nofluorescence microscopy was performed to compare the
expression and localization of p190 4KR to that of the wild-type
p190 (supplemental Fig. S4). Results demonstrate that after low
level overexpression of these proteins, no differences in their
localization patterns were observed, with nearly indistinguish-
able cytosolic localization of the degradation-insensitive 4KR
mutant and wild-type p190.
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Finally, to test whether the degra-
dation-resistant p190 4KR mutant
would yield an increase in the
multinucleation phenotype similar
to the one caused by the degrada-
tion-resistant AGBD mutant used
in earlier assays (Figs. 1 and 2), an
siRNA reconstitution using p190
4KR followed by a multinucleation
assay was performed. The siRNA
oligo used was specific to endoge-
nous human p190, thus allowing the
introduction and expression of rat
p190 constructs (wild-type p190
and p190 4KR) in siRNA-treated
HeLa cells. Results confirmed our
previous findings showing that after
silencing of the endogenous p190
pool, expression of the degradation-
resistant p190 4KR mutant resulted
in a 4-fold increase in observed
multinucleation, whereas expres-
sion of the wild-type p190 caused no
significant difference in multinucle-
ation as compared with the lucifer-
ase siRNA control sample (Fig. 6D)
further establishing the relevance of
these four lysine residues in the reg-
ulation of mitotic p190 degradation.

DISCUSSION

Mitotic progression is inextrica-
bly dependent on the proteasome-
dependent degradation of impor-
tant regulatory molecules such as
A- and B-type cyclins, Securin, and
Plkl, among others (2). Further-
more, progression and completion
of cytokinesis is also largely depen-
dent on RhoA activity, which regu-
lates the positioning as well as the
establishment and contraction of
the actomyosin ring at the cleavage
furrow (3). Work in our laboratory
provides a link between these two
mitotic regulatory mechanisms. We
previously reported that the expression levels of p190RhoGAP,
a negative regulator of RhoA signaling, are cell cycle-regulated
and strikingly decreased in late mitosis (17). In this report, we
demonstrate that a decrease in p190 levels during mitosis is
required for completion of cytokinesis, cell abscission, and
avoidance of mitotic catastrophe. The timing of p190 degrada-
tion correlates with the detection of active Rho in the cleavage
furrow (25, 26), suggesting that a key event that must occur in
late mitosis is a decrease in RhoGAP activity. We confirm that
the unregulated GAP activity of p190 is responsible for the
observed multinucleation phenotype and report that four
N-terminal lysine residues are required for p190 mitotic degra-
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FIGURE 4. The N-terminal GBDS1 region of p190RhoGAP is sufficient and
necessary for its ubiquitination. A, shown are p190 plasmid constructs used
in the in vitro ubiquitination assay. B, in vitro ubiquitination of p190 deletion
mutants is shown. Plasmids were transcribed, translated, and 3°S-labeled in
vitro and subjected to in vitro ubiquitination as described under “Experimen-
tal Procedures.” A luciferase (Luc) construct was used as a negative control for
the ubiquitination reactions. — lanes represent reactions performed in the
absence of exogenous ubiquitin. U lanes represent reactions performed in the
presence of exogenous ubiquitin. C, quantitation of ubiquitination assays is
shown. Analysis of variance analysis and the Dunnett’s test were employed to
determine significant variances of -fold ubiquitination per pmol of p190
mutants and Luc control. Values are expressed as the mean = S.E. (n = 3-5). #
represents p < 0.02, comparing Luc to p190 mutant; * represents p < 0.02,
comparing mutant to WT p190.
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dation. These findings suggest that the RhoGAP p190 is a crit-
ical regulator of cytokinesis.

Existing models ascertain the critical role that RhoA plays in
regulating events in mitosis and cytokinesis. Several reports indi-
cate that RhoA activity increases in late mitosis (25, 27), and it is
widely accepted that this increased activation is necessary for suc-
cessful completion of cytokinesis. How are increased RhoGTP lev-
els attained in cytokinesis? Numerous studies have revealed the
important role that the RhoGEF ECT?2 plays in this activation
event (28 —31). However, arecent report (10) has shown that ECT2
and p190 have counteracting roles in regulating cytokinesis and
demonstrates not only that they associate in mitosis but also colo-
calize at the cleavage furrow, where RhoA is found (32). The pres-
ent study describes an additional molecular event that must occur
to achieve the increased RhoGTP levels needed for cytokinesis.
Here we show that a decrease in p190 levels during mitosis is
required to avoid cytokinesis failure and multinucleation. We
demonstrate that when cells are unable to lower mitotic levels of
p190 protein, as is the case with the non-degradable AGBD, A83,
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FIGURE 5. The GBDS1 region is necessary and sufficient for mitotic deg-
radation of p190. A, shown is degradation of N-terminal p190 fragments in
HelLa cells. HelLa cells were transiently transfected with the pKH3 p190 expres-
sion plasmids indicated in the diagram. At 24 h post-transfection, cells were
either maintained as an asynchronous population (A) or synchronized with
nocodazole (M) and subsequently released for 40 min. 100 n.g of whole cell
lysate was subjected to SDS-PAGE followed by Western blotting with the
anti-HA 12CA5 and anti-B-actin antibodies. B, quantification of p190 protein
levels in asynchronous and mitotic cell populations is shown. Levels of HA-
p190 were quantified by densitometric analysis of Western blots. The ratio of
p190 to MAPK for the Asynchronous lanes of each mutant group was arbi-
trarily setto 1, and the corresponding Mitotic lanes (also corrected foramount
of MAPK) were further normalized to that value. Values represent the normal-
ized mean = S.E. (n = 3-5).*. p < 0.02 relative to asynchronous cells express-
ing the corresponding p190 fragment.

and 4KR mutants (Figs. 1 and 2, and supplemental Fig. S1, and Fig.
6D, respectively), cytokinesis failure increases significantly. This is
true not only in overexpression settings but also when the non-
degradable protein is expressed at similar levels as the endogenous
p190 protein, as is the case for the AGBD and 4KR mutants. Based
on these results, we envision a model where the activities of p190
and ECT?2 negatively and positively, respectively, regulate Rho
activity levels until late in mitosis when increased RhoGTP is
required for directing actomyosin ring positioning, establishment,
and contraction. At that time, p190, the negative regulator of
RhoA, is degraded, and its levels decreased sufficiently to allow full
activation of RhoA to occur.

Current models of contractile ring formation posit that its
organization is regulated by “RhoGTP activity zones” (33-35).
These Rho zones are dynamic due to the cyclical nature of Rho
activation yet spatially confined to a narrow region of the
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plasma membrane that serves as a signal for recruitment/orga-
nization of a contractile ring (36). In a recent study (26), our
group showed that p190 participates in the establishment and
stability of such Rho zones. Elevated levels of p190 during cyto-
kinesis were shown to result in multiple cycles of abnormal
contractile ring organization and site selection. When furrows
were able to form, they were unstable, giving way to cytokinesis
failure. Moreover, through FRET analysis, it was determined
that the Rho activity zone in these cells is reduced significantly,
giving rise to the aforementioned phenotypes. Altogether, one
can conclude that a decrease in endogenous p190 levels during
cytokinesis is required not only to increase RhoGTP levels but
also to properly focus and stabilize the Rho activity zone, which
will signal the organization and activation of the contractile
ring.

A previous study by Su et al. (17) showed that the C terminus
of p190 was required for mediating the multinucleation pheno-
type after p190 overexpression. Although that analysis defined
a region containing the GAP domain as important for p190-
induced multinucleation, it did not define p190 RhoGAP activ-
ity as critical to the event. In addition to the GAP domain, other
important protein interaction domains are also located at the C
terminus, such as the polyproline domain and numerous phos-
phorylation sites (18) that could potentially play a role in medi-
ating the multinucleation phenotype. By using finer site-di-
rected and deletion mutagenesis, we report that it is, in fact, the
Rho GAP activity that is responsible for the multinucleation
phenotype (Fig. 3). Mutation of Tyr-1105 and of Arg-1283 in
p190 (the GAP activating, c-Src-dependent phosphorylation
site and a GAP domain point mutant, respectively) prevents the
multinucleation phenotype, whereas overexpression of the
GAP domain alone elicits a strong phenotype stronger than
that of the full-length protein (Fig. 3). This result further sup-
ports the idea that the down-regulation of p190 is necessary for
increased RhoGTP levels and appropriate Rho zone focusing. It
also suggests a role for c-Src tyrosine kinase through tyrosine
1105 phosphorylation in this process. c-Src involvement in reg-
ulating mitosis has been documented for more than two
decades. The tyrosine kinase activity of c-Src increases in M
phase (37, 38) specifically during metaphase progression and
cytokinesis, and this increase can be blocked by treatment with
Src family kinase inhibitors (39-41). Thus, regulation of
p190RhoGAP in mitosis may be a new mechanism of mitotic
regulation by c-Src and Src family kinases.

p190RhoGAP Degradation and Mitosis

The increased levels of DNA content observed in multinu-
cleated cells could be achieved by two potential mechanisms,
namely, endoreplication or cytokinesis failure. Endoreplication
is an alternate cell cycle where a cell genome is replicated with-
out undergoing mitosis or cytokinesis (42). Because endorepli-
cation lacks all vestiges of mitosis such as chromosome conden-
sation/segregation and mitotic spindle formation, we believe
that the observed multinucleation phenotype after p190 over-
expression is mediated by cytokinesis failure and not endodu-
plication. In unpublished results obtained by means of confocal
microscopy, we clearly and consistently observe chromosome
condensation, congression, and segregation as well as mitotic
spindle formation in p190-overexpressing cells. Additionally, a
recent report (26) shows by means of time-lapse microscopy
that the multinucleation phenotype arises from the inability of
daughter cells to complete furrow contraction and separate
from one another rather than from a previous endoduplication
event.

Structure-function analysis of regions of the molecule regu-
lating p190 degradation directed our interest to the GBDS1
N-terminal fragment of the protein, as it was heavily ubiquiti-
nated in vitro and required for mitotic degradation (Figs. 4 and
5). Results indicated that only the combined GBDS1 and not
either of the individual domains (GBD or S1) was sufficient for
ubiquitination and degradation. Furthermore, deletion of the
first 83 amino acids of p190 resulted in protection of the frag-
ment from mitotic degradation (Fig. 6A4) as well as a decrease in
ubiquitination (supplemental Fig. S2). Together, these results
suggested that a degradation motif or sequence might exist in
the first 83 amino acids, yet none was found. However, in con-
trast to the rest of the GBDS1, which is laden with lysine resi-
dues, only four isolated lysines are found within the first 83
residues of the p190 sequence. Alanine substitution of all these
lysines at once, in the context of both the GBDSI1 fragment and
the full-length protein, stabilized p190 during mitosis (Fig. 6, B
and C), whereas the mutation of single lysines did not affect the
degradation of p190. This finding was not at all unexpected
given that in numerous other instances, mutations of single
lysines have been shown to bear little to no effect on the stabi-
lization or modification of proteins that are ubiquitin targets
(43-46). Thus, we define these four residues as the minimal
region of p190 regulating its degradation. From these data, we
envision a mechanism where there are sequences spread
between the GBD and S1 regions that are critical for mediating

FIGURE 6. N-terminal lysine residues direct the degradation of p190 in HeLa cells. A, N-terminal deletion mutants of p190 (A83 and A160) are insensitive
to mitotic degradation. HelLa cells were transiently transfected with the indicated pkH3 p190 expression plasmids and subjected to degradation assays,
SDS-PAGE analysis, and Western blotting, as described in Fig. 5A. HA-tagged p190 variants were immunoblotted with the HA.11 antibody. A representative gel
imageis shown. Levels of A83 and A160 were quantified by densitometric analysis of Western blots. The ratio of mutant to -actin for the Asynchronous (A) lanes
of each mutant group was arbitrarily set to 1, and the corresponding Mitotic lanes (M; also corrected for amount of B-actin) were further normalized to that
value. Values represent the normalized mean = S.E. (n = 3-5). %, p < 0.02 relative to asynchronous cells expressing the corresponding N-terminal mutant. B, the
GBDS1 4KR mutant is insensitive to mitotic degradation. A diagram of the rationale for the generation of the GBDS1 4KR mutant is shown. Hela cells were
transiently transfected with the indicated pkH3 GBDS1 expression plasmids and subjected to a degradation assay and analysis as described in panel A. A
representative gel image is shown. Quantification represents the normalized mean = S.E. (n = 3-5). %, p < 0.02 relative to asynchronous cells expressing the
corresponding N-terminal mutant. G, the full-length p190 4KR mutant is insensitive to mitotic degradation. HelLa cells were transiently transfected with the
indicated pkH3 p190 expression plasmids and subjected to degradation assays and analysis as described in panel A. A representative gel image is shown.
Quantification represents the normalized mean = S.E. (n = 3-5). *, p < 0.02 relative to asynchronous cells expressing the corresponding N-terminal mutant.
D, persistent expression of the p190 4KR mutant in Hela cells resulted in increased multinucleation. Multinucleation assays were performed after RNAi
reconstitution, where cells were treated with human-specific p190 siRNA for 24 h, transfected with either wtp190 or p190 4KR rat cDNA, and allowed to
incubate for 24 more hours. Samples were then prepared forimmunofluorescence microscopy. A representative gel image is shown as an inset. Quantification
of multiple experiments is expressed as the -fold multinucleation versus Mock-treated =+ S.E. (n = 3), where Mock treatment values were set at 1. * represents
p < 0.02 when comparing to Mock or WT p190 reconstitution.
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p190 degradation. For example, a sequence in S1 could function
as a recognition site for the ubiquitination machinery, whereas
lysines in the GBD domain, potentially Lys-6, -26, -28, and -35,
could act as ubiquitin-accepting residues. It is also possible that
in the native conformation of the protein, intramolecular inter-
actions between these two regions are necessary to expose
ubiquitin accepting or recognition sites elsewhere in the pro-
tein. Moreover, it is also possible that sequences along the GBD
or S1 may be further modified or involved in protein-protein
interactions that, in combination, are required for degradation
so that individual domains are found to be stable.

Our results propose that the degradation of p190 in mitosis is
a carefully regulated and important event. In a process in which
energy efficiency and conservation are paramount, the system-
atic degradation of p190 in late mitosis is indicative of its critical
role as a negative regulator of RhoA activation and, therefore, of
cytokinesis.
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