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Formins assemble non-branched actin filaments and modu-
late microtubule dynamics during cell migration and cell divi-
sion. At the end of mitosis formins contribute to the generation
of actin filaments that form the contractile ring. Rho small GTP-
binding proteins activate mammalian diaphanous-related
(mDia) formins by directly binding and disrupting an intramo-
lecular autoinhibitory mechanism. Although the Rho-regulated
activation mechanism is well characterized, little is known
about how formins are switched off. Here we reveal a novel
mechanism of formin regulation during cytokinesis based on
the following observations; 1) mDia2 is degraded at the end of
mitosis, 2) mDia2 is targeted for disposal by post-translational
ubiquitin modification, 3) forced expression of activated mDia2
yields binucleate cells due to failed cytokinesis, and 4) the cyto-
kinesis block is dependent upon mDia2-mediated actin assem-
bly as versions of mDia2 incapable of nucleating actin but that
still stabilize microtubules have no effect on cytokinesis. We
propose that the tight control of mDia2 expression and ubiq-
uitin-mediated degradation is essential for the completion of
cell division. Because of the many roles for formins in cell mor-
phology, we discuss the relevance of mDia protein turnover in
other processes where ubiquitin-mediated proteolysis is an
essential component.

Formin proteins play a role in diverse processes such as cell
migration (1, 2), vesicle trafficking (3, 4), tumor suppression (5,
6), and microtubule stabilization (7, 8). Formins also play an
essential and conserved role in cytokinesis (9—11). Proper cell
division is essential in all animals to maintain the integrity of
their genome. Failure to complete cytokinesis can result in
genomic instability and ultimately lead to disease such as can-
cer (12).

The members of the mDia? family of formins are autoregu-
lated Rho effectors that remodel the cytoskeleton by nucleating
and elongating non-branched actin filaments (13). The amino
terminus of mDia contains a GTPase binding domain (GBD)
that directs interaction with specific Rho small GTP-binding
proteins. The adjacent Dia inhibitory domain (DID) mediates
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mDia autoregulation through its interaction with the carboxyl-
terminal diaphanous autoregulatory domain (DAD) (14, 15).
Between the DID and DAD domains lie the conserved formin
homology 1 (FH1) and FH2 domains. The FH1 domain is a
proline-rich region that mediates binding to other proteins
such as profilin, Src, and Dia-interacting protein (16-19). In
contrast, the FH2 domain binds monomeric actin to generate
filamentous actin (F-actin) and can also bind microtubules
directly to induce their stabilization (8, 20).

Although the mechanism of mDia activation is well charac-
terized, little is known about its inactivation. Previous reports
have suggested that formins can cycle between active, partially
active, and inactive states (21, 22) due to GTP hydrolysis upon
Rho binding to GTPase-activating proteins. Another formin
inactivation mechanism is through mDia interactions with Dia-
interacting protein (23). In the context of cortical actin assem-
bly, Dia-interacting protein negatively regulates mDia2 actin
polymerization but has no effect on mDial actin polymeriza-
tion despite its ability to interact with both proteins directly
(17). Because of the fundamental role for formins in cell divi-
sion, we sought to identify how mDia2 is inactivated in mitosis.

During cell division, the expression level and activity of many
proteins (e.g. cyclins and Aurora and Polo kinases) are tightly
regulated (24). A unifying regulatory mechanism among these
proteins is ubiquitin-mediated proteolysis. In this study we find
that mDia2 protein levels are constant from S phase into mito-
sis and dramatically decrease at the end of mitosis due to ubiq-
uitin-mediated degradation. Failure to inhibit mDia2 actin
assembly results in multinucleation, which supports an essen-
tial role for the tight regulation of mDia2 during cell division.

EXPERIMENTAL PROCEDURES

Cells and Plasmids—HEK293T and HeLa cells were grown
in Dulbecco’s modified Eagle’s medium containing 10% (v/v)
fetal bovine serum. Cells were transfected with Lipo-
fectamine 2000 (Invitrogen) following the manufacturer’s
protocol. Myc-mDia2, Myc-EGFP-mDia2-GBD, Myc-mDia2-
ADAD, Myc-EGFP-mDia2-AFH1, Myc-EGFP-mDia2-DAD, and
Myc-EGFP-mDia2-DAD-M1041A were previously described
(15, 16). EGFP-mDia2-AGBD/ADAD (AA 521-1040) and
EGFP-mDia2-AGBD/ADAD-I704A were gifts from Gregg
Gundersen. HA-ubiquitin was a gift from Richard Cerione.
Myc-mDia2 K118R, K118R/K119R, and K493R/K494R mu-
tants were constructed using site-directed mutagenesis (Strat-
agene) following the manufacturer’s protocol.

Antibodies and Reagents—The following antibodies were
used in this study; anti-HA (clone 12CA5) and anti-Myc (clone
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9E10) were generated at the Van Andel Research Institute
Monoclonal Antibody core facility, anti-cyclin E, anti-Myc, and
anti-GFP were from Santa Cruz Biotechnology, and anti-GFP
as well as Hoechst 33342 and Texas Red phalloidin were from
Molecular Probes. Anti-B-catenin was from BD Transduction
Laboratories, anti-ubiquitin (clone P4G7) was from Covance,
anti-ubiquitin (clone FK1) was from BioMol, anti-B-tubulin
(clone E7) was from the Developmental Studies Hybridoma
Bank, anti-EF1a was from Upstate Biotechnologies, rabbit anti-
mDia2 (1358) was raised against the mDia2 FH2 domain (gen-
erated as recombinant protein in Escherichia coli) as described
previously (3, 17), and anti-rabbit conjugated to fluorescein iso-
thiocyanate, anti-mouse conjugated to TRITC, and anti-rabbit
and anti-mouse conjugated to horseradish peroxidase were
from Jackson ImmunoResearch. MG132 proteasome inhibitor
was from Calbiochem. Cell lysis and immunoprecipitation were
performed as previously described (17). Immunoblots were
performed using 4-20% Tris-glycine gels (Invitrogen) trans-
ferred to a 0.45-um polyvinylidene difluoride membrane
(Invitrogen).

Cell Cycle Arrest and Release—G,/S phase cell cycle arrest
was performed by incubating HeLa and HEK293T cells in
growth medium containing 2 mm thymidine (Sigma) for 16 h.
Cells were briefly washed in 1 X phosphate-buffered saline and
incubated in growth medium for 10 h followed by another thy-
midine incubation for 16 h. Cells were released into growth
medium after washing with phosphate-buffered saline. Cells
were collected for flow cytometry analysis or lysed at specific
time points for immunoblotting. Mitotic cell cycle arrest was
performed by incubating HEK293T cells in growth medium
containing 100 ng/ml nocodazole (Sigma) for 18 h. Cells were
briefly washed and allowed to progress through the cell cycle by
incubating in growth medium.

Flow Cytometry—HeLa and HEK293T cells were briefly
washed in 1X phosphate-buffered saline. Cells were stained
with a propidium iodide (Sigma) solution containing Nonidet
P-40 and RNase. DNA content was acquired using a FACSCalibur
flow cytometer (BD Biosciences). The percentages of cells in
Go/G;, S, or G,/M phase were determined using ModFit LT
software.

Microscopy and Microinjection—HeLa cells were plated onto
glass coverslips as previously described (25). Cells were micro-
injected with plasmid DNA at a concentration of 50 ug/ml as
previously described (15). Cells were fixed with 3.7% formalde-
hyde and permeabilized with 0.3%Triton X-100.

RESULTS

mDia2 Localization and Expression Are Cell Cycle-
dependent—Previously, mDia2 was shown to localize to the
cleavage furrow and midbody in dividing NIH 3T3 cells (26).
We show a similar cell cycle-dependent localization of mDia2
in human cells. HeLa cells were grown on coverslips and stained

for endogenous mDia2 as well as for F-actin or 3-tubulin (Fig.
1A). We observed that mDia2 co-localized with the actin-rich
cleavage furrow and with the microtubule-rich central spindle
during cytokinesis. Because mDia2 localization is tightly linked
to the cell cycle, we then asked whether mDia2 protein expres-
sion is also cell cycle-dependent. HeLa cells were arrested at the
G,/S phase transition using a double thymidine block and
allowed to progress through the remainder of the cell cycle.
Immunoblots revealed that mDia2 protein expression was
increased in S phase and mitotic cells compared with cells pre-
dominantly in G,/G, phase (Fig. 1B). As cells completed mitosis
and re-entered the G,/G,; phase, mDia2 protein expression
decreased to levels similar to those found in asynchronously
growing cells. Consistent with these results, we observed
increased endogenous mDia2 fluorescence in cells undergoing
mitosis (Fig. 1A, lower panel). Flow cytometry was performed in
parallel to measure DNA content and quantify the percentage
of cells in each cell cycle phase (Fig. 1C).

Proteasome Inhibition Blocks mDiaZ2 Degradation at the End
of Mitosis—The ordered proteolysis of numerous cell cycle pro-
teins is required for cell division to occur properly (24). We
asked if the decrease in mDia2 levels was the result of protea-
somal degradation during the cell cycle. HeLa cells were
arrested using a double thymidine block and released into
growth medium with and without the proteasome inhibitor
MG132. Cells treated with MG132 maintained elevated mDia2
levels relative to untreated cells that completed mitosis (Fig.
2A). The corresponding flow cytometry analysis confirmed the
G, /S phase arrest, with subsequent completion of cell division
upon thymidine washout (Fig. 2B).

We then wanted to address whether proteolytic degradation
of mDia2 primarily occurs in late mitosis, when formins con-
tribute to contractile ring formation or if mDia2 is degraded
earlier in the cell cycle. HeLa cells were arrested in G,/S phase
and released into growth medium containing nocodazole. This
procedure allows cells to progress through S phase but causes
arrest in early mitosis as a result of blocked microtubule assem-
bly. Cells were then washed in normal growth medium to
remove the nocodazole for the completion of cell division.
Immunoblotting revealed that mDia2 protein levels remain
constant from G,/S phase into mitosis (¢ = 0—-6 h) (Fig. 2C).
After nocodazole washout, mDia2 expression diminished to
levels observed in asynchronously growing cells. However, cells
treated with MG132 after nocodazole washout did not show
diminished mDia2 expression, suggesting that mDia2 was pro-
teolytically degraded in late mitosis. Flow cytometry confirmed
the mitotic arrest in nocodazole-treated cells, with subsequent
completion of mitosis upon nocodazole washout (Fig. 2D).

mDia2 Is Post-translationally Modified by Ubiquitin—Cell
cycle-dependent protein degradation is often a result of polyu-
biquitination, which targets proteins for degradation in the

FIGURE 1. mDia2 localization and expression is cell cycle-dependent. A, Hela cells were stained with rabbit anti-mDia2 (fluorescein isothiocyanate (FITC))
and phalloidin (Texas Red) or mDia2 (fluorescein isothiocyanate) and tubulin (TRITC) along with DNA (Hoechst, blue). Overlay shows the merged image of all
three channels. Arrows in the top panels denote the actin-rich cleavage furrow containing mDia2. B, Hela cell lysates were collected at time points indicated
after double thymidine G,/S arrest and release. A represents lysate from asynchronous population of cells. Immunoblots (/B) were probed with anti-mDia2
(1358) and anti-EF 1« as a loading control. C, cells from B were labeled as described under “Experimental Procedures” to determine DNA content and analyzed
on a flow cytometer. Plots show cell numbers relative to DNA content. The percentages of cells in G,, S, or M phase are shown for each time point.
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FIGURE 2. Proteasome inhibition prevents mDia2 degradation. A, Hela cells were arrested with a double thymidine block and released into growth media.
MG132 proteasome inhibitor (20 um) was added to a population of cells upon thymidine release and incubated for 10 h (lane 6). Lysates were collected at the
time points indicated and immunoblotted for mDia2. EF 1« was probed as a loading control. A represents cell lysate from an asynchronous population. B, cells
from A were labeled as described under “Experimental Procedures” to determine DNA content and analyzed on a flow cytometer. Plots show cell numbers
relative to DNA content. The percentages of cells in G,, S, or M phase are shown for each time point. C, HeLa cells were thymidine arrested asin A (t = 0 h) but
released into growth media containing 100 ng/ml nocodazole for 6 h (t = 0-6 h). Cells were then rinsed and released into normal growth media. MG132 (20
um) was added to a population of cells 1 h after the nocodazole release and incubated for 5 h (lane 10). Immunoblotting of lysates were performed as in A.

D, flow cytometry profiles showing DNA content of cells examined in C.

proteasome (27). We hypothesized that polyubiquitination of
mDia2 may signal for its degradation during mitosis. HEK293T
cells were transiently transfected with epitope-tagged ubiquitin
and mDia2. After mDia2 immunoprecipitation and immuno-
blotting against ubiquitin, we found that ubiquitin covalently
modified mDia2 (Fig. 34). This was also confirmed by perform-
ing the reverse immunoprecipitation to pull down ubiquitin
and probing for mDia2 (Fig. 34). We often observed a “ladder-
ing” of mDia2 at increased molecular sizes on immunoblots,
characteristic of polyubiquitination. Although mDia2 ubiquiti-
nation was shown to occur in cells, we wanted to verify that it
was not simply an artifact of overexpressed proteins. To test
this, endogenous mDia2 was immunoprecipitated in HeLa cells
and blotted for endogenous ubiquitin. B-Catenin, well known
for its modification by ubiquitin, was immunoblotted as a pos-
itive control. Our results confirmed that endogenous mDia2
was ubiquitinated, which supports our data using transiently
expressed mDia2 (Fig. 3B).

Different types of ubiquitin modification often dictate differ-
ent cellular outcomes (28). Mono-ubiquitination (that is, the
attachment of a single ubiquitin to a lysine of a substrate pro-
tein) is usually associated with endocytosis and intracellular
trafficking. On the other hand, polyubiquitination (that is,
attaching several linked ubiquitin proteins to a lysine of the
substrate) usually results in proteasomal targeting and degra-
dation. We tested the hypothesis that mDia2 is polyubiquiti-
nated, consistent with our finding that mDia2 is proteolytically
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degraded at the end of mitosis. We took advantage of an anti-
body that will recognize only polyubiquitin chains and not
mono- or free ubiquitin. Myc-mDia2 was transfected in
HEK293T cells and immunoprecipitated. Subsequent immu-
noblotting using the anti-polyubiquitin antibody revealed that
mbDia2 is modified by a polyubiquitin chain (Fig. 3C). Endoge-
nous fB-catenin was immunoprecipitated from HeLa cells and
blotted with mDia2 as a positive control.

mDia?2 Ubiquitination Is Cell Cycle-dependent—It is possible
that mDia2 ubiquitination may be required for multiple cellular
functions. Therefore, we asked whether mDia2 ubiquitination
was regulated differently during cell division, as opposed to a
constitutive process not dependent on the cell cycle. HEK293T
cells expressing Myc-mDia2 and HA-ubiquitin were arrested in
G, /S phase using a double thymidine block and allowed to pro-
gress through the cell cycle. Cells were collected at various time
points and subjected to immunoprecipitation and immuno-
blotting to examine the extent of mDia2 ubiquitination. Flow
cytometry was also performed to confirm progression through
the cell cycle. We found that ubiquitination of mDia2 increased
as cells progressed from S phase (¢ = 0 h, 93% of cells in S) into
mitosis (¢ = 4-10 h) (Fig. 44 and B). To further examine the
timing of ubiquitination, HEK293T cells expressing epitope-
tagged mDia2 and ubiquitin were arrested in mitosis after
nocodazole treatment. Cells were collected at various times
after nocodazole washout and subjected to immunoprecipita-
tion and immunoblotting. In support of our hypothesis, the
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FIGURE 3. mDia2 is polyubiquitinated. A, HEK293T cells were transfected
with Myc-mDia2, HA-ubiquitin, or co-transfected with both plasmids. Lysates
were immunoprecipitated (IP) for either Myc or HA. Immunoblots (/B) of
lysates and immunoprecipitations were probed with anti-Myc or anti-HA to
examine the extent of ubiquitination. B, HeLa cells were incubated with 10 um
MG132 for 18 h. Lysates were immunoprecipitated using anti-3-catenin or
anti-mDia2. Immunoblots were probed with anti-ubiquitin, anti--catenin, or
anti-mDia2 (1358) to examine endogenous ubiquitination. C, HEK293T cells
were co-transfected with Myc-mDia2 and HA-ubiquitin. Lysates were immu-
noprecipitated with anti-Myc. HeLa cells were incubated with 20 um MG132
for 4 h. Lysates were immunoprecipitated with anti-f-catenin. Immunopre-
cipitations were immunoblotted with anti-Myc and an antibody specific to
polyubiquitin chains.

levels of ubiquitinated mDia2 increased at the end of mitosis
(Fig. 4, C and D), which is consistent with the timing of mDia2
degradation observed earlier (see Fig. 2). These data do not rule
out the possibility that mDia2 ubiquitination occurs at other
times, but it demonstrates that mDia2 modification by ubiq-
uitin is regulated at the end of mitosis.

mDia2 Is Ubiquitinated on Multiple Lysine Residues—Next,
we wanted to identify the region(s) of mDia2 attached to ubiq-
uitin, which may reveal additional functions of ubiquitination

JULY 24, 2009-VOLUME 284+NUMBER 30

beyond proteasomal degradation and help determine the func-
tional consequence of stabilized mDia2. Mass spectrometry has
been used to examine ubiquitinated substrates in MCF-7
human breast cancer cells, and that study revealed numerous
proteins that were covalently modified by ubiquitin, one of
which was mDia2 (29). These data not only substantiate our
finding that mDia?2 is ubiquitinated in cells at endogenous lev-
els, but it also identified a specific lysine residue attached to
ubiquitin. That lysine (Lys-118) is located in the mDia2 GBD.
Interestingly, mDial was also found to contain a ubiquitinated
lysine adjacent to the FH1 domain (corresponding to Lys-493 of
mDia2). Clustal W protein sequence alignment showed conser-
vation of the corresponding lysines across the mouse and
human sequences of mDial and mDia2 (Fig. 54). We then
asked if replacing the lysines with arginines would be sufficient
to prevent ubiquitination. mDia2 Lys-118, Lys-118/119, and
Lys-118/119/493/494 were replaced with arginines to generate
a single, double, and quadruple mutant, respectively, because
E3 ligases are known to be promiscuous in their attachment of
ubiquitin to substrate proteins. The altered versions of mDia2
were expressed in HEK293T cells with HA-ubiquitin to exam-
ine the levels of ubiquitination. Interestingly, mDia2 ubiquiti-
nation was not abolished in any of the Arg-substituted variants,
suggesting that there are additional lysine residues that can act
as acceptors for ubiquitin attachment (Fig. 5, B and C).

To better define where ubiquitin is attached, we expressed
versions of mDia2 lacking certain domains or expressed spe-
cific mDia2 domains individually in HEK293T cells (Fig. 5B).
Immunoblots showed that the mDia2 GBD was sufficient but
not required for ubiquitination, as the AGBD/ADAD version of
mDia2 could still be ubiquitinated. In addition, we found that
the FH1 domain was not required for ubiquitination (Fig. 5D).
These data confirm that ubiquitin can be attached to many
different residues on mDia2 and is not specific to one domain or
region of the protein.

Deregulated mDia2 Expression Induces Cytokinesis Failure
Due to Excessive Actin Accumulation—No definitive mecha-
nism of inactivating the mDia formins has been revealed. It is
interesting to speculate that ubiquitination and proteolytic
degradation of the mDias may be a general regulatory mecha-
nism to ensure their inactivation, particularly during cell divi-
sion. In this case the failure to degrade mDia efficiently would
result in excessive actin accumulation.

To test the biological significance of such a scenario, we
microinjected HeLa cells with a AGBD/ADAD version of
mDia2 (amino acids 521-1040), which lacks key autoregula-
tory domains. Plasmid DNA was microinjected into syn-
chronized cells during late S phase. Cells were fixed 16 h later
and stained with phalloidin and Hoechst. We found that 40%
of the cells expressing deregulated mDia2 were predomi-
nantly binucleate or to a lesser extent, multinucleate, which
are hallmarks of failed cytokinesis (Fig. 6A4). We also showed
that a version of mDia2 that can stabilize microtubules but is
deficient in actin nucleation (EGFP-mDia2-AGBD/ADAD-
1704A (8)) does not result in multinucleation (Fig. 6A). This
important distinction shows that failed cytokinesis is due to
deregulated actin polymerization and not decreased microtu-

JOURNAL OF BIOLOGICAL CHEMISTRY 20065



mDia2 Ubiquitination and Degradation during Cell Division

A C

A 0 4 6 8 10 Release (Hours)

HA-Ubiquitin
+ Myc-mDia2
A A 0 60 90120150 Release

— — wum e | |B: Myc .
— g ———Y (Minutes)

| HA-Ubiquitin
+ Myc-EGFP

IP: Myc

T IB: HA

IP: Myc

— == — — | IB: MycC

Lysate | IB: Cyclin E IB: Myc

T a——— | 1B: EF1q

Lysate IB: Myc

Cell Counts

0
G1:0 ¢
S:0|
M: 100|

90 120

G1:17 | ¢ G1: 19
S:0| S:0
M:83| ° M: 81

DNA Content

FIGURE 4. mDia2 ubiquitination increases at the end of mitosis. A, HEK293T cells were co-transfected with Myc-mDia2 and HA-ubiquitin. Cells were arrested
at G,/S phase with a double thymidine block. Cells were released into growth media, and lysates were collected at time points indicated and subjected to Myc
immunoprecipitation (/P). Immunoblots (/B) were probed with Myc and HA to examine the extent of mDia2 ubiquitination. EF1a was blotted as a loading
control, and cyclin E was blotted to verify progression through the cell cycle. B, cells from A were labeled as described under “Experimental Procedures” to
determine DNA content and analyzed on a flow cytometer. Plots show cell numbers relative to DNA content. The percentages of cells in G,, S, or M phase are
shown for each time point. C, HEK293T cells were co-transfected with Myc-mDia2 and HA-ubiquitin (second through seventh lanes) in addition to Myc-GFP and
HA-ubiquitin as a negative control (first lane). Cells were incubated with 100 ng/ml nocodazole for 24 h to arrest cells in mitosis. Cells were rinsed, and lysates
were collected at the indicated times after nocodazole washout. Immunoblots were probed with anti-Myc and anti-HA. D, flow cytometry profiles showing
DNA content of cells from C.

Cell Counts

>

bule dynamics, as mDia2 was recently shown to control both  cells. Expression of this domain disrupts the formin autoregu-
properties independently (8). latory mechanism in cells and results in increased actin polym-

To further address whether mDia2 hyperactivation would erization (15, 30). DAD expression promoted multinucleation
impede the completion of cytokinesis, plasmid DNA encoding in ~40% of cells (Fig. 6, A and B). An altered version of DAD
the DAD domain was microinjected into synchronized HeLa (M1041A) that prevents binding to DID (31, 32) and does not
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mouse mDial, human mDia1, mouse mDia2, and human mDia2 (accession numbers 008808, NP_005210,
NP_062644, NP_001035982, respectively). Bold lysines represent ubiquitinated residues identified in Denis et
al. (29). B, schematic profile of mDia2 mutants examined for ubiquitination. WT, wild type. C, lysine-to-arginine
mutant versions of Myc-mDia2 were co-transfected with HA-ubiquitin in HEK293T cells. Lysates were Myc-

immunoprecipitated (/P), and immunoblots (/B) were probed with anti-Myc a

were co-transfected with HA-ubiquitin in HEK293T cells. Lysates were immunoprecipitated, and immunoblots
were probed with anti-GFP, anti-Myc, or anti-HA to examine the extent of ubiquitination.

affect formin autoregulation (15) resulted in significantly fewer
multinucleate cells (Fig. 6, A and C).

DISCUSSION

The later stages of cell division are part of a highly regulated
process requiring the contribution of many proteins at specific
times (33). Inappropriate regulation of cytokinesis results in
genetic defects (aneuploidy) that can support the progression
to malignancy. Here, we report the cell cycle-dependent local-
ization and expression of mDia2; we found that mDia2 was
ubiquitinated and degraded at the end of mitosis. We propose
that mDia2 degradation is a potential mechanism to inactivate
the formin, thus ensuring its appropriate activity within the cell
cycle. A consequence of deregulated actin polymerization dur-
ing mitosis is cytokinesis failure, as activated mDia2 results in
the multinucleation of cells.

JULY 24, 2009-VOLUME 284+NUMBER 30

dinated mDia2 protein expression
during cell division. Why are the
protein levels not sustained once
cell division is complete if the
formin could simply become auto-
regulated again? Interestingly, the
yeast formin cdc12p contains con-
served DID and DAD domains, but
its activity does not appear to be mediated by autoregulation
during cytokinesis (10). This suggests that additional regu-
latory mechanisms mediate the specific timing of actin
assembly for this formin.

Traditionally, it has been assumed that formins are activated
by certain Rho GTPases and eventually become inactivated
upon release of Rho or other proteins that might keep formins
in an activated conformation. One way to guarantee that mDia2
(or similar formins, such as cdc12p) would no longer be acti-
vated would be to dispose of the protein entirely. Ubiquitin-
mediated proteolysis is a well characterized mechanism for
degrading cellular proteins via the proteasome. Protein ubig-
uitination has also been shown to play a crucial role in the
completion of cytokinesis (38). Our discovery that mDia2 is
ubiquitinated and degraded at the end of mitosis suggests a new
layer of formin regulation.

nd anti-HA. D, mDia2 mutants
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FIGURE 6. Deregulated mDia2 results in cytokinesis failure. A, bar graph
showing the percent of multinucleate cells after injection with plasmids that
encode EGFP-mDia2-AGBD/ADAD (amino acids 521-1040), EGFP-mDia2-
AGBD/ADAD-1704A, EGFP-mDia2-DAD, or EGFP-mDia2-DAD-M1041A. Error
bars represent the S.D. from three independent experiments (p < 0.01 (*¥)
and p < 0.05 (*) using Student’s t test for significance, n = 30). B, Hela cells
were microinjected with plasmid DNA encoding EGFP-mDia2-DAD, which
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In addition, we found that mDia2-mediated actin assembly
will result in failed cytokinesis if not properly controlled.
Deregulated versions of mDia2 also stabilize microtubules, thus
making it difficult to determine whether failed cytokinesis is
due to deregulated actin assembly or due to effects on microtu-
bule stabilization. Stable microtubules play an important role in
central spindle assembly (39), and the localization of mDia2 to
the midbody during cytokinesis suggests that it could contrib-
ute to this process. Because mDia2-mediated actin assembly is
independent of its microtubule stabilization properties, we
took advantage of this distinction and used a mutant version of
mDia2 (I704A) that is unable to nucleate actin but can still
stabilize microtubules. We determined that failed cytokinesis is
specifically the result of deregulated actin assembly.

Our findings are consistent with a similar model showing
that deregulated actin polymerization by WASp (Wiskott-Al-
drich syndrome protein) can lead to defective cytokinesis (40).
This study showed that activating mutations in WASp, which
are known to cause X-linked neutropenia, can lead to the
hyperactivation and mislocalization of actin polymerization.
The authors of this study concluded that failed cytokinesis was
likely due to disruption of contractile ring formation and poten-
tial physical inhibition of mitosis by interfering with required
signaling proteins.

It is well known that intracellular trafficking of membrane to
the central spindle is crucial for cleavage furrow invagination
and subsequent separation (41, 42). Our laboratory has demon-
strated that constitutively active RhoB and deregulated mDia2,
an effector for RhoB, slows vesicle trafficking (3). mDia2 local-
izes to endosomes and contributes to their motility by mediat-
ing actin dynamics. Therefore, deregulated mDia2 may also
hinder the normal trafficking of membrane and other compo-
nents required for cell abscission. Defective abscission results
in multinucleate cells, which is what we observed in the context
of deregulated mDia2. Thus, mDia2 degradation may be
required for both normal actin dynamics related to contractile
ring assembly and for intracellular trafficking dynamics. This is
an interesting possibility considering that protein ubiquitina-
tion contributes to the normal turnover of many proteins
involved in endosome trafficking (43).

The anaphase-promoting complex (APC) is an E3 ligase
important for the inactivation of cytokinesis machinery by trig-
gering its degradation (44). In budding yeast, genetic deletion of
the APC activator Cdh1 results in cells that do not disassemble
the contractile actin ring properly because specific proteins
remain stabilized after cell contraction (45). Furthermore, a sta-
ble version of the protein IQGAP, which cross-links F-actin,
can partially induce the phenotype observed in Cdh1-deficient
cells. It was concluded that protein degradation of multiple
contractile ring components must be responsible for efficient
ring disassembly. Our findings suggest that mDia2 ubiquitina-
tion and degradation may contribute to the disassembly of the
contractile ring, especially considering that mDia2 is a required

interferes with mDia autoregulation. Cells were stained for F-actin (Texas Red)
and nuclei (Hoechst, blue). C, Hela cells were microinjected with a mutant
version of the plasmid described in B that is unable to bind to DID and inter-
fere with autoregulation (DAD-M1041A). Cells were stained as in B.
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component for proper actin ring assembly (26), and mDia2 was
previously shown to bundle actin filaments directly (46).

A logical question is whether mDia2 can act as a substrate for
APC-mediated ubiquitination. mDia2 sequence analysis shows
that it contains over 10 putative destruction box motifs (RXXL
or KEN) (47). We show that mDia2 deletion mutants and lysine
point mutants did not prevent ubiquitination, suggesting that
there are multiple residues that can attach to ubiquitin. The
large number of putative APC binding sites that span mDia2 is
consistent with these results. We are currently testing the
hypothesis that APC is responsible for promoting mDia2 ubiq-
uitination and degradation during cell division. A stabilized
mutant version of mDia2 will be important to fully characterize
the functional consequence of mDia2 ubiquitination.

Taken together, our data provide new insights for mDia2
function during cell division. Given the importance of
proper cell division for genomic stability, it will be important
to study the role of mDia2 ubiquitination and degradation
further as well as examine other formins that might share
similar properties.
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