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c-Myc (Myc) oncoprotein induction of genomic instability
(GI) contributes to its initial transforming function and subse-
quent tumor cell evolution. We describe here a pathway by
which Myc, via its target protein glycoprotein Ib� (GpIb�),
mediates GI. Proteomic profiling revealed that the serine/thre-
onine kinase Aurora B is down-regulated by GpIb� in p53-defi-
cient primary human fibroblasts. The phenotypes of Aurora B
deficiency are strikingly reminiscent of Myc or GpIb� overex-
pression and include double-stranded DNA breaks, altered
nuclear size and morphology, chromatin bridges, cleavage fur-
row regression, and tetraploidy. During mitosis, GpIb� and
Aurora B redistribute to the cleavage furrow along with other
cleavage furrow proteins. GpIb� overexpression at levels com-
parable with those seen in some tumor cells causes the dispersal
of these proteins but not Aurora B, resulting in furrow regres-
sion and cytokinesis failure. Aurora B normalization redirects
the mislocalized furrow proteins to their proper location, cor-
rects the cleavage furrow abnormalities, and restores genomic
stability. Aurora B thus appears necessary for a previously
unrecognized function in guiding and positioning a number of
key proteins, including GpIb� to the cleavage furrow. These
findings underscore the importance of maintaining a delicate
balance among cleavage furrow-associated proteins during
mitosis. Suppression of Aurora B via GpIb� provides a unifying
and mechanistic explanation for several types of Myc-medi-
ated GI.

As an oncogenic transcription factor, c-Myc (hereafter Myc)
regulates as much as 10–20% of the protein-encoding genome
and influences numerous additional cellular phenotypes per-
taining to proliferation, cell cycle regulation, apoptosis, differ-
entiation, genomic stability, and metabolism (1–7). Although
in some cases these phenotypes are genetically separable, col-
lectively they contribute to the fully transformed phenotype (8).
Apart from its function as an oncoprotein,Myc promotion of

genomic instability (GI)2 is critical for cancer pathogenesis by

driving other keymutational events needed for tumor initiation
(5, 6, 9). Ongoing mutations may further contribute to invasive
and metastatic behaviors, angiogenesis, and development of
resistance to chemotherapeutic drugs thus driving tumor evo-
lution (6).
Myc-mediated GI can involve the amplification of specific

genomic loci, the induction of double-stranded DNA breaks
(DSBs), palindrome formation, oxidative damage to DNA
bases, the promotion of cryptic replication origin firings, and
the promotion of tetraploidy (5, 6, 10–15). The promotion of
tetraploidy is particularly insidious because it can lead to cen-
trosome duplication and chromosomal mis-segregation. The
resultant aneuploidy is common to most cancers and may be
critical for their initial generation (16–23).
Numerous direct, downstream targets of Myc have been

identified that recapitulate one or more of its phenotypes (24–
31). Among these targets is MT-MC1, which is unique among
Myc targets in that its enforced expression can recapitulate
multiple Myc-like phenotypes including transformation, the
promotion of proliferation and apoptosis, the inhibition of dif-
ferentiation, and the induction of several forms of GI (32–34).
To understand the basis for the multiple Myc-like pheno-

types of MT-MC1, we previously conducted genome-wide
transcriptional profiling ofMT-MC1-overexpressing cells (32).
Surprisingly, only 47 genes were deregulated, and all of those
examinedwere alsoMyc targets. Shared promoter features sug-
gested a commonmeans of regulation.We proposed that these
genes might represent a particularly important subset of Myc
targets with critical roles in the promotion of Myc-like
functions.
Among the more intriguing of the above Myc and MT-MC1

target genes is GPIBA, which encodes GpIb�, a subunit of the
von Willebrand factor receptor that typically resides on the
surface of platelets and megakaryocytes and that plays an addi-
tional role in regulatingmegakaryocyte ploidy (35, 36). GpIb� is
also expressed in nonhematopoietic normal and tumor cells,
particularly those with high endogenous levels of Myc; other
von Willebrand factor receptor subunits, however, are gener-
ally not co-expressed (37). In their absence and unable to form
a functional vonWillebrand factor receptor, GpIb� localizes to
the endoplasmic reticulum (ER), where it drives numerous
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Myc-like phenotypes, including GI, altered proliferative and
apoptotic properties, and frank transformation (38).
The ability of both Myc and MT-MC1 to induce tetraploidy

in several immortalized, untransformed cell lines requires the
induction of GpIb� and its trafficking to the ER (37, 39). The
importance of GpIb� to this pathway is further underscored by
the finding that its solitary enforced overexpression is sufficient
to promote not only tetraploidy but several other forms of GI,
including DSBs, chromosomal bridges, and numerical and
structural nuclear abnormalities (37, 39).
Unlike the case in established cells, GpIb� overexpression in

primary cells, at levels comparable with those found in some
tumor cells, only promotes GI (37). This leads to a marked
up-regulation of the p53 tumor suppressor and p53 target genes
and causes a form of proliferative arrest indistinguishable from
oncogene-induced senescence (OIS) (40, 41). Disabling p53
allows the cells to escape OIS and continue proliferating in the
face of ongoing DNA damage (37).
Aurora B is one of three mammalian Aurora serine/threo-

nine kinases that play important and distinct roles in mitosis
and that are overexpressed in various human cancers (42–46).
Aurora B is particularly critical during the latter stages of mito-
sis, when it supervises mitotic spindle assembly, chromosome
segregation, and cleavage furrow formation and abscission, all
of which are highly coordinated and interdependent processes
(47–55). Abnormalities in any of these can activate Aurora B
and delay abscission until all of the irregularities are resolved
(53–55). Conversely, inhibition ofAurora B can lead to cleavage
furrow regression in cells with lagging or bridged chromosomes
(53). The resultant failure of cytokinesis can lead to tetraploidy
and aneuploidy (16, 17, 21, 51).
Given that GI is the only recognizable GpIb�-mediated phe-

notype in p53-compromised primary cells, they should be ide-
ally suited for identifying GI-associated pathways. As reported
here, we subjected genomically unstableGpIb�-overexpressing
immortalized human foreskin fibroblasts (HFFs) to proteomic
profiling and observed Aurora B to be markedly down-regu-
lated. All of the previously reported forms of GpIb�-mediated
GI could be reversed to varying degrees by normalizing Aurora
B expression. Taken together, these findings define a pathway
by which Myc and its downstream targets, MT-MC1 and
GpIb�, regulate GI by perturbing Aurora B. Aurora B is there-
fore a critical but indirect Myc target.

EXPERIMENTAL PROCEDURES

Cell Lines and Vectors—HFFs were obtained from The
American Type Culture Collection (Manassas, VA) and cul-
tured as described previously (37). Low passage number cells
were immortalized by transduction with the pBABE retroviral
vector encoding the catalytic subunit of telomerase (human
telomerase reverse transcriptase) (Addgene, Inc., Cambridge,
MA) and selected in hygromycin. Subsequent sequential trans-
ductions were performedwith a pLXSN-EYFP retroviral vector
encoding a full-length Myc epitope-tagged human GpIb� (37–
38) and a pRetroSUPER-puro vector encoding a small hairpin
RNA directed against human p53 (37). Selections were per-
formed by cell sorting for EYFP-positive cells and by selection
in puromycin (33, 37), respectively. Control transductions were

performed with the empty pLXSN vector or the pRetroSUPER
vector encoding a scrambled small hairpin sequence (39). All of
the retroviral packaging was performed in the Phoenix A
amphotropic cell line as described previously (33). For the sake
of simplicity, the four HFF cell lines, all green fluorescent pro-
tein-positive and puromycin-resistant, are denoted hereafter as
vector, shp53, GpIb�, and GpIb��shp53.
Human Aurora B was expressed as a full-length, V5 epitope-

tagged protein in the pLenti6-TOPO-V5 vector (Invitrogen)
after amplifying an Aurora B cDNA by PCR. Automated DNA
sequencing was performed to confirm the identity and
sequence of the Aurora B insert. Packaging of this vector, or the
empty parental control vector, together with the necessary
packaging plasmids was performed in �80% confluent 293-FT
cells according to the directions of the supplier (Invitrogen)
using Superfect reagent (Qiagen). Following a 48–72-h incuba-
tion period, the supernatants were filtered through 0.45-�m
nitrocellulose filters (Millipore, Inc., Bedford, NY) and applied
to HFF cells plated the previous day. Following a 48-h incuba-
tion in the presence of 8 �g/ml Sequebrene (Sigma-Aldrich),
fresh medium containing 2 �g/ml blasticidin (Invitrogen) was
added. Surviving blasticidin-resistant clones were then pooled
and used for all further studies.
Antibody Microarrays—shp53 cells and shp53�GpIb� cells

were grown to �80–90% confluency in T175 tissue culture
flasks. The monolayers were washed three times with phos-
phate-buffered saline (PBS), trypsinized, and pelleted by low
speed centrifugation followed by three additional washes in
PBS. The cell pellets were then lysed and fluorescently labeled
according to protocols supplied by the Kinexus Bioinformatics
Corp. Antibody microarray profiling and bioinformatics pro-
cessing was performed with over 650 antibodies against a vari-
ety of human proteins and phosphoproteins as described on the
company website. From among the differentially expressed
proteins, we selected 18 and confirmed differences in expres-
sion of �1.5-fold in 15 by quantitative Western blotting
(supplemental Fig. S2).
Immunoblotting and Immunostaining—Total cell lysates

were prepared and processed by SDS-PAGE and immunoblot-
ting using described previously methods and antibodies (33).
Additional antibodies consisted of an anti-Aurora B murine
monoclonal antibody (mAb) (BD Transduction Laboratories,
San Jose, CA) that was used at a dilution of 1:500 for immuno-
blotting and at 1:200 for immunostaining of coverslips and a
Ser(p)1981-ATM mAb (Rockland Immunochemicals, Gilberts-
ville, PA) that was used at a 1:200 dilution for immunostaining.
For immunostaining, the cells were grown on glass coverslips

and then fixed in 4% paraformaldehyde at room temperature
and washed in PBS. 0.1% Triton X-100 in PBS was used to per-
meabilize the cells, and 1.5% bovine serum albumin/PBS was
used as a blocking solution. Primary antibodies included a rab-
bit mAb against myosin heavy chain (Sigma-Aldrich) (1:500), a
rat mAb against GpIb� (Emfret Analytics, Eibelstadt, Ger-
many) (1:100), and murine mAbs against actin (Cytoskeleton,
Inc., Denver, CO) (1:100), filamin (a gift fromDr. F. Nakamura,
Brigham and Women’s Hospital, Boston, MA) (1:500), RhoA
(Santa Cruz Biotechnology, Santa Cruz, CA) (1: 100), andCD44
(BD Pharmingen, Franklin Lakes, NJ) (1:1000). All of the pri-
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mary antibodies were diluted in the blocking solution and incu-
batedwith cells for 30min at room temperature. The secondary
antibodies, consisting of fluorescently labeled goat anti-rabbit,
mouse, and rat IgG (Invitrogen), were also diluted in the block-
ing solution (1:500) and applied for 30 min. After additional
PBS washing, the cells were finally stained with 4,6-diamidino-
2-phenylindole (DAPI) at 1 �g/ml (Sigma) for 5 min.
Microscopy—For fixed cell imaging, stained coverslips were

mounted and examined under an Olympus BX60 epifluores-
cence microscope with 100� oil immersion objectives. A
Hamamatsu Argus-20 CCD camera was used to capture the
images. Confocal microscopy was performed using either an
Olympus Fluoview 1000 microscope or a Nikon Eclipse E800
microscope equipped with a Bio-Rad Radiance 2000 system.
For live cell microscopy, 2 � 105 cells were seeded on 35-mm
glass-bottomed Petri dishes (MatTek Corporation, Ashland,
MA) and subjected to live cell imagingwith orwithout transient
transfection with the indicated plasmids. The cells were video
recorded while being maintained at 37 °C with a moisturized
warm air microscope chamber (Life Imaging Services, Reinach,
Switzerland). Differential interference contrast microscopy
and epifluorescence microscopy were performed on Nikon
Eclipse TE2000-U invertedmicroscope with CoolsnapHQdig-
ital camera (Roper Scientific Photometrics, Tuczon, AZ). The
images were taken and analyzed using MetaMorph software
(Molecular Devices, Sunnyvale, CA). Cleavage furrow regres-
sion was determined visually from differential interference
contrastmicroscopy images recorded at sequential time points.
Flow Cytometry—HFFs were analyzed for DNA content by

flow cytometry of propidium iodide-stained nuclei as described
previously (33, 39). Nonidet P-40 detergent-treated nuclei were
isolated from either log phase cells or following a 16-h incuba-
tion with the 20 ng/ml colcemid. The data were analyzed using
single histogram statistics as described previously (33).

RESULTS

Characterization of HFF Cell Lines and Suppression of
Aurora B by GpIb�—In preliminary experiments, we found
that human telomerase reverse transcriptase-immortalized
HFFs possessed properties similar to those of previously de-
scribed cell lines (37). These properties included the up-regu-
lation of p53 and the p53 target p21WAF1/CIP1 in GpIb� cells
(supplemental Fig. S1A) and a loss of this capacity in
shp53�GpIb� cells (supplemental Fig. S1B). The levels of
ectopic GpIb� expression in these latter two cell lines were also
comparable with or less than those previously seen in some
tumor cell lines (37 and data not shown). In contrast to nonim-
mortalized cells, however, GpIb� cells proliferated continu-
ously and did not assume a senescent-like phenotype
(supplemental Fig. S1C and data not shown).
The high levels of GI in sh53�GpIb� cells might be due to

qualitative and/or qualitative differences in proteins normally
involved in maintaining genomic integrity. To test this, we
employed an antibody microarray to compare the proteomic
profiles of shp53 and shp53�GpIb� cells. This approach (Kin-
exus, Inc.) involved the use of fluorescently tagged total cell
lysates, which were used to probe duplicate arrays containing
antibodies to �650 proteins. From the group of differentially

expressed proteins (� or �1.5-fold differences), we confirmed
15 of these by quantitative immunoblotting (supplemental
Fig. S2). The range of expression differences varied from 3.1-
fold down-regulation by GpIb� to 5.5-fold up-regulation.
Among the proteins in the former groupwasAurora B (2.6-fold
down-regulation) (supplemental Fig. S2). Immunoblotting of
the four HFF cell lines reconfirmed this differential expression
(Fig. 1A).
Aurora B depletion can produce a variety of mitotic defects,

culminating in the development of chromosomal instability
and aneuploidy (49, 53, 55, 56).We therefore askedwhether the
GpIb�-associated reduction of Aurora B might account for the
high levels of GI. Using lentiviral-mediated transduction, we
expressed V5 epitope-tagged Aurora B in shp53�GpIb� cells
and detected the ectopically expressed protein with antibodies
against either the V5 epitope or Aurora B itself (Fig. 1B). In the
latter case, this showed that the restored Aurora B levels were
generally equal to or only modestly elevated relative to endog-
enous GpIb� in vector cells. Finally, we employed immuno-
staining to demonstrate that, irrespective of the levels ofAurora
B in the different cell lines, its subcellular localization was con-
sistent, with the majority of the protein localizing to the nuclei
of nonmitotic cells (Fig. 1C).
Restoration of Aurora B Suppresses DSBs Induced by GpIb�—

DSBs are frequently used as a surrogate marker of replicative
senescence or OIS (57–60). Indeed, the DSBs seen in nonim-
mortalizedGpIb� cells are associated with a proliferative arrest
and other senescence phenotypes such as a flattened morphol-
ogy and the activation of p16INK4a and senescence-associated
�-galactosidase (37). However, upon abrogating p53 and
reversing OIS, DSBs persist (37). We proposed that DSBs were
an OIS-associated but otherwise independent property of
GpIb� overexpression and hypothesized that this damage leads
to other forms of GI in the face of OIS suppression and a
resumption of proliferation (37). Similarly, the proliferating
immortalized GpIb� cells described here also demonstrated
high levels of DSBs, as indicated by intense �-H2AX staining
(Fig. 2, A and B, and data not shown). As confirmation that
�-H2AX stainingwas identifying actualDSBs, the above studies
were repeated using a mAb directed against phosphorylated
ATM (ataxia telangiectasia mutated) protein with similar over-
all results (Fig. 2, C and D). From these studies, we conclude
that the restoration of Aurora B almost completely reverses the
high incidence of DSBs induced by GpIb� overexpression.
Restoration of Aurora BCorrects theNuclear and PloidyAbnor-

malities Associated with GpIb� Overexpression—shp53�GpIb�
cells often contain micronuclei and multiple nuclei, many of
which are dysmorphic and/or of unequal size (37, 38 and
supplemental Fig. S3). Moreover, although these cells are
referred to as being diploid, they are in fact pseudo-diploid and
harbor numerous and complex nonclonal chromosomal gains,
losses, and translocations (supplemental Fig. S3).
We compared the frequency of various nuclear aberrations

prior to and after the restoration of Aurora B. As shown in Fig.
3 and supplemental Fig. S3, shp53�GpIb� cells contained a
high proportion of these abnormalities, all of which were
reduced to nearly background levels following Aurora B
re-expression.
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shp53�GpIb� cells are also highly prone to the development
of tetraploidy—or, more correct pseudo-tetraploidy—when
exposed to mitotic spindle poisons (37, 39). We therefore
examined the frequency with which the shp53�GpIb� cells
described here developed pseudo-tetraploidy under similar
circumstances prior to or following the re-expression of
Aurora B. As shown in Fig. 4 and as previously reported for
nonimmortalized HFFs (37), the individual overexpression
of GpIb� or the knockdown of p53 led to only a minimal
accumulation of pseudo-tetraploid cells following microtu-
bule inhibition with colcemid, whereas shp53�GpIb� cells
repeatedly accumulated a significant pseudo-tetraploid pop-
ulation. In contrast, shp53� GpIb� cells in which Aurora B
levels had been normalized showed a nearly total reversal of
this tendency. From these studies, we conclude that Aurora
B also blocks the induction of tetraploidy by GpIb� in the
appropriately permissive environment. These findings are
also consistent with our previous reports that GpIb� is a key

downstream mediator of Myc and MT-MC1 promotion of
tetraploidy (39).
Cleavage Furrow Defects and Cytokinesis Failure Are Cor-

rected by Restoration of Aurora B—In interphase HFFs, endog-
enous GpIb� diffusely distributes throughout the cytoplasm in
a pattern that is consistent with its previously demonstrated
association with the ER (37). During the latter stages of mitosis,
however, endogenous GpIb� also transiently accumulates at
the cleavage furrow along with other furrow-associated pro-
teins such as actin, filamin A, and RhoA.3 Aurora B also local-
izes to the cleavage furrow and is essential for abscission, the
late stage assembly of the plasma membrane barrier separating
daughter cells (61). More recently, Aurora B has been shown to
be required for the “no cut pathway,” which blocks cytokinesis
in response to lagging chromosomes and chromatin bridges

3 Q. Wu, F. L. Xu, Y. Li, E. V. Prochownik, and W. S. Saunders, submitted for
publication.

FIGURE 1. Detection of Aurora B. A, endogenous Aurora B levels. Lysates from the four indicated human telomerase reverse transcriptase-immortalized HFF
cell lines (see supplemental Fig. 1) were immunoblotted for Aurora B expression. Note the down-regulation of Aurora B in both GpIb� overexpressing cell lines,
thus confirming the results depicted in supplemental Fig. 2. B, shp53�GpIb� cells were transduced with a lentiviral vector encoding V5 epitope-tagged Aurora
B or the control empty vector. The resultant blasticidin-resistant clones were pooled and used for immunoblotting. The top panel shows the results obtained
with an anti V5 mAb, and the middle panel shows repeat immunoblotting with the anti-Aurora B mAb used in A. Note that transduction with the Aurora
B-encoding lentiviral vector restored Aurora B to a level equal to or only modestly exceeding that of the endogenous protein in vector control cells (compare
first and last lanes). C, immunolocalization of Aurora B. The indicated cell lines were grown on glass coverslips and then fixed and immunostained for Aurora B
using the antibodies described under “Experimental Procedures.” Note the common and generally nuclear localization of Aurora B in all cell lines and the
weaker signal in those lines expressing GpIb�.
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(53, 62). We therefore examined the localization of the above
cleavage furrow proteins in shp53�GpIb� cells following the
restoration of Aurora B. As shown in Fig. 5 (A–D) and
supplemental Fig. S5 and as we have previously shown,3 endog-
enous GpIb�, actin, filamin A, and RhoA were absent from or
asymmetrically localized to the cleavage furrow in the majority
of shp53�GpIb� cells. In contrast, the remaining Aurora B
present in these cells localized normally to the cleavage furrow
(Fig. 5C).When Aurora B levels were normalized by exogenous
expression, actin, filamin A, and RhoA localization was mostly
restored to the cleavage furrow, and Aurora B remained con-
fined to the cleavage furrow (Fig. 5,C andD). Therefore, Aurora
B was necessary to maintain the proper organization of the
contractile structures at the cleavage furrow.
Coincident with the correction of cleavage furrow-associ-

ated protein localization by Aurora B repletion, we observed a
reversal of the prominent cytokinesis failure that accompanies
GpIb� deregulation and mislocalization (Fig. 5E). These find-
ings are consistent with our previous results obtained in HeLa

cells, where high levels of endogenous GpIb� are associated
with the cytoplasmic dispersion of cleavage furrowproteins and
a high incidence of cleavage furrow regression, all of which are
normalized by reducing GpIb� levels.3 The current studies
show that GpIb� deregulation, and by extension Myc activa-
tion, induced failure of cell division by reducing Aurora B
expression.
Aurora B Restoration Corrects Abnormal Chromatin Bridges—

GpIb� overexpression causes chromatin bridge formation in
HFFs andother cell types (37). AuroraB canprevent tetraploidy
or the inheritance of broken chromosomes by delaying abscis-
sion in cells with chromatin in the cleavage furrow (53). A close
inspection of DAPI-stained nuclei from shp53�GpIb� cells
that were concurrently immunostained for Aurora B showed
the frequent presence of highly concentrated bands of Aurora B
located along chromatin bridges (Fig. 6A). The re-establish-
ment of normal levels of Aurora B was associated with a greatly
reduced incidence of chromatin bridges (Fig. 6B). Taken
together, our observations are consistent with the idea that
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Aurora B not only localizes to the
cleavage furrow in association with
other furrow proteins to prevent
premature abscission but also
serves an additional role in chroma-
tin bridge recognition and/or repair
(53).

DISCUSSION

The studies described here ulti-
mately address the means by which
Myc and its downstream targets
promote widespread and seemingly
disparate forms of GI ranging from
the damage of individualDNAbases
to whole chromosome gains/losses
and tetraploidy (5, 6, 62). Among
the variousMyc targets that we pre-
viously identified are MT-MC1 and
GpIb�, both of which can promote
several forms of GI and other Myc
phenotypes (32, 34, 37, 39). Indeed,
our previous finding that Myc and
MT-MC1 can each independently
up-regulate GpIb� (32), together
with the fact thatGpIb� is necessary
for both Myc and MT-MC1-medi-
ated GI (39), suggest that the
proper regulation of GpIb� is cen-
tral to maintaining genomic integ-
rity. With this in mind, we used
a proteomic-based approach with
human telomerase reverse tran-
scriptase-immortalized HFFs, and,
as described here, identified Aurora
B as one of the most strongly down-
regulated proteins in response to
GpIb� deregulation.

Aurora B is a serine/threonine
kinase that promotes chromosome
condensation and adhesion and
mitotic spindle assembly (55). The
single Aurora kinase of yeast, which
is most closely related to mamma-
lian Aurora B, is involved in the so-
called no cut checkpoint that senses
and regulates abscission timing in
response to midspindle chromo-
some defects or retention of chro-
matin in the cleavage plane (62–64).
In HeLa cells, chromatin bridges
increase Aurora B activity and delay
abscission, whereas the inactivation
of Aurora B promotes cleavage fur-
row regression (53). Aurora B was
proposed to be a component of a
pathway that recognizes DNA dam-
age in the form of unsegregated
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FIGURE 3. Reduced incidence of abnormal nuclei following restoration of Aurora B. A, representative
microscopic fields of HFF cell lines. Note examples of cells with micronuclei (arrows, first and second panels), �2
nuclei (third panel), and dysmorphic and/or abnormally sized nuclei (fourth and fifth panels). Also note the
presence of chromatin bridges (sixth panel) (see supplemental Fig. S3 and Fig. 2a for additional examples.
B, quantification of nuclear defects from A. The nuclei from at least 200 cells from three different coverslips were
examined. The bars indicated S.E.

FIGURE 4. Inhibition of pseudo-tetraploidy/aneuploidy induction by restoration of Aurora B. Flow cyto-
metric profiles of propidium iodide-stained nuclei from each of the indicated cell lines were obtained on either
log phase populations or following a 16-h exposure to colcemid as described previously (39). Propidium iodide
staining was performed on isolated nuclei to eliminate the contributions of cells with multiple nuclei. Typical
results are shown from a total of three to five individual experiments performed with each cell line.
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chromatin or chromatin bridges, to delay abscission until the
resolution of these abnormalities, and to prevent the genera-
tion of tetraploidy as a result of failed cytokinesis stemming
from cleavage furrow regression (48, 65–67). Defects in this
mechanism are believed to underlie the chromosomal segrega-
tion abnormalities of many transformed cells (17, 22). Indeed,
the roles for Aurora B thus far described permit us to under-
stand in general terms how either its over- or under-expression
could lead to GI (68). In the former case, prolonged abscission
delay or overt abscission failure would be expected to greatly
increase the likelihood of developing tetraploidy or bi-nucle-
ation. In the latter case, cells with misaligned chromosomes or
chromatin bridges would divide prematurely, leading to asym-
metric chromosome partitioning and/or broken or translo-
cated chromosomes.

The forms of GI arising as a con-
sequence of GpIb� overexpression
are quite varied and in some cases
indistinguishable from those de-
tected in cells with misregulated
Myc or MT-MC1. These include
DSBs, chromatin bridges, failed
cytokinesis, tetraploidy, multinu-
cleation, and aberrantly sized and
shaped nuclei. Such a causal rela-
tionship between Myc, MT-MC1,
and GpIb� and the promotion of
tetraploidy and other forms of GI in
a variety of cell types has been pre-
viously shown (39). The direct
karyotypic comparisons of shp53
and shp53�GpIb� cells have pro-
vided further evidence for complex
forms of chromosomal instability in
the latter (supplemental Fig. S4). It
is likely that the chromosomal
profiles of these interphase cells
represent the cumulative conse-
quences of the widespread and
ongoing GpIb�-mediated GI and
cytokinesis failure described here
and elsewhere (37, 39).
Based upon our current results

and those of others, we can propose
a model by which GpIb� and, by
extension, Myc and MT-MC1, pro-
mote most, if not all, of the
described previously forms of GI
(Fig. 7). In thismodel, bothMyc and
MT-MC1 up-regulate GpIb� as
previously reported (32), leading to
the accumulation of DSBs. This
occurs through the GpIb�-medi-
ated suppression of Aurora B, which
normally inhibits DSB formation.
However,GpIb�-independentmech-
anisms may also contribute. The
resultant DNA damage leads to p53

up-regulation and eventual p53-dependent OIS as previously
demonstrated (37). Absent p53, however, OIS is circumvented,
and damaged cells continue to cycle and further accumulate
DSBs. These DSBs in turn lead to an increase in nonhomolo-
gous end joining and chromatin bridging (69, 70). Acting as a
sensor of this type of damage, Aurora B normally activates the
no cut pathway so as to immobilize the advancing cleavage
furrow until the chromatin bridges are repaired (53). However,
because Aurora B is down-regulated, the cleavage furrow
regresses, leading to tetraploidy and centrosomal amplification.
The dispersal of certain cleavage furrow proteins such as

actin, filamin, and RhoA in p53�GpIb� cells appears to be less
a direct consequence of GpIb� deregulation than of a relative
paucity of Aurora B activity at the cleavage furrow. This pro-
vides the best explanation as towhy restoringAurora B corrects
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FIGURE 5. Normalization of mislocalized cleavage furrow proteins and cytokinesis failure following
restoration of Aurora B. A, localization of endogenous GpIb�, actin, filamin, RhoA, and Aurora B at the
cleavage furrow in mitotic shp53 cells. Typical examples are depicted. Each of the indicated endogenous
proteins was detected by immunostaining with appropriate monoclonal antibodies as described previ-
ously.3 The patterns of staining are indistinguishable from those seen in vector cells (not shown).
B, mislocalization of GpIb�, actin, filamin, and RhoA in shp53�GpIb� cells but retention of Aurora B at the
cleavage furrow. C, normalization of all proteins at the cleavage furrow of shp53�GpIb��Aurora B cells.
D, quantification of mitotic cells with mislocalization of the above cleavage furrow-associated proteins. At
least 100 mitotic cells from each group were evaluated following immunostaining. The percentage of cells
with mislocalized proteins was determined on mitotic cells with obvious cleavage furrows. The error bars
represent S.D. The p values are based on a two-tailed Student’s t test in a comparison with
shp53�GpIb��vector cells. Note that the localization of endogenous Aurora B did not appreciably
change among the different cell lines. E, cytokinesis failure is corrected by Aurora B restoration. The
percentage of cells undergoing cytokinesis failure in each of the indicated cell lines was determined by
live cell differential interference contrast microscopy as described previously.3 A total of 91 shp53 cells, 53
shp53�Gp1b��vector cells, and 76 shp53�Gp1b��Aurora B cells were scored.
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the localization defect even in the face of persistently high levels
ofGpIb� (Fig. 5). ThatAuroraB remains at the cortex and is not
itself disrupted by GpIb� overexpression further argues that
these two proteins, although communicating with one another,
may do so indirectly and are components of functionally dis-
tinct cortical complexes.
In addition to serving as a subunit of the von Willebrand

factor receptor, GpIb� also plays an apparently unrelated and
little explored role in regulating megakaryocyte endoredu-
plication, a process by which these cells acquire highly
polyploidy nuclei via multiple rounds of DNA replication
without cell division (35). The current work suggests that the
prevention of abscission by promoting cleavage furrow
regression could represent a mechanism by which GpIb�
allowed megakaryocytes to attain their high ploidy state.
Consistent with this idea, recent work has demonstrated that
megakaryocyte endoreduplication is in fact associated with a
high incidence of cleavage furrow regression (71). Our cur-
rent findings suggest that cleavage furrow regression in
megakaryocytes may be a consequence of changes in GpIb�

activity and/or localization, although such a direct link has
yet to be made.
The link between DNA breaks, Aurora B inhibition, and

cytokinesis failure suggested that chromatin bridges could be
an underlying consequence of GpIb� deregulation. However,
careful analysis revealed no correlation between bridges and
cytokinesis proteinmislocalization in shp53�GpIb� cells (data
not shown). The Aurora B-mediated no cut pathway identifies
misplaced chromatin in the cleavage furrow as the contractile
furrow condenses. Therefore, there is an early period of persis-
tent cleavage furrow structure even in cells with lagging chro-
matin. Furthermore, when Aurora B is inhibited, cleavage fur-
row regression and protein mislocalization may perhaps
continue even after a bridge has broken. These changing rela-
tionships may obscure a correlation between cleavage furrow
disruption and chromatin bridges until the appropriate green
fluorescent protein-tagged probes for live cell imaging are
developed to test this model.
The means by which GpIb� communicates with Aurora B is

currently unknown and is beyond the scope of the current
work. However, it presumably involves signaling from the
ER, where virtually all GpIb� is sequestered (38), to the
nucleus, which is the primary domain of Aurora B. The crit-
ical nature of the ER association for GpIb� is underscored by
the fact that a mutant of GpIb�, lacking its signal peptide and
unable to localize to the ER, is defective at promoting GI as
well as all other previously identified functions (38). ER-to-
nuclear signaling has been well documented by such exam-
ples as the unfolded protein response, which involves tran-
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FIGURE 6. Chromatin bridges in shp53�GpIb� cells are reduced by resto-
ration of Aurora B. A, representative images of chromatin bridges associated
with co-localization of Aurora B. shp53�GpIb� cells were immunostained to
localize endogenous Aurora B and then counterstained with DAPI. B, quanti-
fication of mitotic nuclei with chromatin bridges. Each of the indicated cell
lines was stained with DAPI, and the percentage of cells with chromatin
bridges as a percentage of all mitotic nuclei was determined. Note the nor-
malization of GpIb�-induced bridging defects following the restoration of
Aurora B.

FIGURE 7. Model for GI mediated by the Myc3MT-MC13GpIb� path-
way. MT-MC1 is a direct target of Myc and GpIb� is up-regulated both by
Myc and MT-MC1 (32, 34). The induction of DSBs by Myc occurs through
both reactive oxygen species-dependent (dotted arrow) and -independ-
ent pathways, which, in the latter case, involve GpIb� (6, 11, 65 and Fig. 2).
Concurrently, GpIb� down-regulates Aurora B, which, as described in the
current work, also suppresses DSBs (Fig. 2). Aberrant repair of DSBs via
nonhomologous end joining can lead to chromatin bridges (13, 69, 70, 74,
75), resulting in delayed cleavage furor formation and abscission. The
delay would normally persist until chromatin bridges had been resolved
or until lagging chromosomes had further migrated away from the cleav-
age plane. Aurora B deficiency, possibly in combination with an over-
whelming number of chromatin bridges, would prevent a timely resolu-
tion of these defects, leading to eventual cleavage furrow regression,
cytokinesis failure, and the development of either true tetraploidy or
multinucleation (Figs. 4 and 5).
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scriptional reprogramming in response to the accumulation
of misfolded or unfolded proteins (54, 72, 73). The identifi-
cation of other proteins that are clearly deregulated as a
result of GpIb� overexpression (supplemental Fig. S2) pro-
vides a number of potential candidates for this task that will
require further investigation.
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