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Glycoprotein Ib « (Gplba), a trans-membrane glycoprotein,
is expressed on the surface of megakaryocytes and platelets,
where, in association with glycoprotein Ib 8, glycoprotein V,
and glycoprotein IX, it normally forms the von Willebrand fac-
tor receptor (VWFR). A fully functional vWEFR is necessary for
platelet attachment, aggregation, and activation and has also
been shown to regulate megakaryocyte ploidy. We have recently
shown that the gene encoding Gplbe is a transcriptional target
for the c-Myc oncoprotein and is more widely expressed than
previously thought, with particularly high levels occurring in
transformed cells. Indeed, Gplba can substitute for c-Myc in
promoting growth, transformation, and genomic instability.
In the current work, we have demonstrated that, despite the
promiscuous expression of Gplbea, other vWFR subunits
remain largely restricted to megakaryocytes. We have char-
acterized a panel of Gplba mutants and shown that some
regions of the protein essential for vVWFR activity are not nec-
essary for c-Myc-like functions. Specifically, the six C-termi-
nal amino acids of the cytoplasmic domain, which mediate
vWER signaling, are entirely dispensible for the c-Myc-like
functions of GplIbea. Instead, these require a more membrane-
proximal filamin-binding domain. Also important is the
Gplba signal peptide, which, in the absence of other vVWFR
subunits, directs GpIba to the endoplasmic reticulum rather
than the membrane. Together, these results provide strong
evidence that the domains of GpIba mediating c-Myc-like
functions are modular, genetically distinct, and independent
of those involved in vWEFR signaling.

Glycoprotein Ib a (Gplba)? is a Type I trans-membrane gly-
coprotein that is expressed on the surface of megakaryocytes
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and platelets, where it associates with three other trans-mem-
brane proteins, glycoprotein IbB (Gplbg), glycoprotein V
(GpV), and glycoprotein IX (GpIX), to form the von Willebrand
factor receptor (vWFR) (1-3). Gplba is initially synthesized as a
627-amino acid precursor, with a 610-amino acid membrane-
bound mature form resulting from cleavage of the N-terminal
signal peptide. vWF is exposed on damaged vascular endothe-
lium, which allows for the attachment, aggregation, and activa-
tion of vWFR-bearing platelets during the initial stages of
hemostasis.

In addition to its role in hemostasis, GpIlba also regulates
bone marrow megakaryocyte ploidy and proliferation (4-6).
These functions, as well as those associated with platelet aggre-
gation and activation, require the extreme C terminus of the
Gplba cytoplasmic domain, which interacts with signaling pro-
teins, such as 14-3-3¢, c¢-Src, and phosphatidylinositol 3-kinase
(4-38). In addition, a more membrane-proximal cytoplasmic
domain communicates indirectly with the actin cytoskeleton
via its association with filamin. This so-called filamin-binding
domain serves to stabilize the entire vWFR and facilitate its
transport to the cell surface (9, 10).

Recently, we showed that Gplba is more widely expressed
than previously appreciated and participates in aspects of
c-Myc oncoprotein function that are unrelated to and inde-
pendent of its role in platelet physiology. Specifically, we
showed that the GPIBA gene is a direct downstream target for
c-Myc and that Gplba is both necessary and sufficient to pro-
mote the genomic instability (GI) that typically accompanies
c-Myc deregulation (11-16). Consistent with this finding, can-
cer cell lines that overexpress c-Myc tend to have extremely
high levels of Gplba, whereas untransformed cells or primary
cells tend to have extremely low or undetectable levels (15).
Gplba overexpression also transforms established cells in vitro,
promotes tumorigenesis in vivo, reduces growth factor require-
ments, and enhances survival in the face of growth factor
deprivation (15). Moreover, enforced expression of Gplba in
primary cells leads to the induction of tetraploidy and double-
stranded DNA breaks (DSBs) and to p53-dependent premature
senescence reminiscent of that seen in response to many trans-
forming oncogenes (15, 17-19). Taken together, these unantic-
ipated oncoprotein-like aspects of Gplba indicate that it plays

genomic instability; DSB, double-stranded DNA break; mAb, monoclonal
antibody; PBS, phosphate-buffered saline; qRT, quantitative reverse tran-
scription; LRR, leucine-rich region; DCB, dihydrocytochalasin B.
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an integral role in mediating a number of distinct c-Myc
phenotypes.

These unexpected properties of Gplba raise a number of
important questions. For example, which regions of the mole-
cule are necessary for these multiple behaviors, and are they
genetically separable? How do these regions relate to those that
execute the traditional vIWFR-dependent functions of Gplba?
Finally, if Gplba is expressed more widely than previously real-
ized, are GpIbB, GpV, and GpIX also similarly expressed, and, if
s0, is their association with Gplba required for its oncoprotein-
like properties?

In the current work, we have investigated these and other
questions pertaining to the means by which Gplba exerts its
oncoprotein-like functions. Our findings provide evidence that
cells other than megakaryocytes do not coordinately express all
vWER subunits, that Gplba need not be expressed at the cell
surface in order for it to carry out its c-Myc-like functions, that
certain of these functions are genetically separable, and that
these regions may be quite different from those that mediate
vWER functions. Our results also imply that, in nonmegakaryo-
cytic cells, Gplba plays roles that are distinct from those related
to hemostatasis.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—Ratla fibroblasts,
amphotropic Phoenix retroviral packaging cells, human fore-
skin fibroblasts, and BJ/TTR cells (14, 15) were grown in Dul-
becco’s modified Eagle’s minimal essential medium containing
10% fetal calf serum and supplemented with 2 mM glutamine,
100 units/ml penicillin G, and 100 mg/ml streptomycin. HL60
promyelocytic cells, HeLa, MCF7 breast cancer cells, and
CaLul lung cancer cells were grown as described previously
(20, 21). The Mo7e megakaryocyte line was cultured in Iscove’s
modified Dulbecco’s modified Eagle’s minimal essential
medium containing 10% fetal calf serum, the above cited
amounts of penicillin G and streptomycin, and 10 ng/ml
recombinant granulocyte-macrophage colony-stimulating fac-
tor or 50 ng/ml recombinant thrombopoietin, respectively. All
cell culture reagents were obtained from MediaTech (Herndon,
VA) or R&D Systems (Minneapolis, MN). Normal human pros-
tate epithelium and keratinocytes were purchased from Cam-
brex (East Rutherford, NJ) and grown in the cell type-specific
media recommended by the supplier. Soft agar clonogenicity
assays of Ratla cells were performed as described previously
(11,12).

Ratla proliferation assays were performed as described pre-
viously (13). Cells were trypsinized and seeded into 6-well
plates a density of 2 X 10* cells/well. The following day, fresh
medium containing 1% serum was added. At regular intervals
thereafter and until cultures become confluent, viable cell
counts were performed on triplicate samples using trypan blue
exclusion.

Apoptosis assays were performed as described previously
(13). Briefly, cells were seeded into 6-well plates and allowed to
achieve ~50% confluence. Monolayers were then washed three
times in serum-free medium and maintained in serum-free
medium for the remainder of the experiment. Viable cell counts
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using trypan blue exclusion were then performed at regular
intervals in triplicate.

Immunoblotting and Subcellular Fractionation—Immuno-
blotting following SDS-PAGE was performed essentially as
described using polyvinylidene difluoride membranes (Milli-
pore, Billerica, MA) (13). Antibodies consisted of a monoclonal
antibody (mAb) directed against the c-Myc epitope tag present
on the C termini of all Gplba constructs (clone 9E10; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), a mAb directed
against B-tubulin (clone D10; Santa Cruz Biotechnology), and a
rabbit polyclonal antibody directed against calnexin (SPA-860;
StressGen Biotechnologies, San Diego CA). A murine mAb
against human Gplba antibody (WM23) was a generous gift
from Dr. Michael Berndt). Membranes were blocked for at least
1 h in PBS, 0.15% Tween (PBS-T) containing 5% nonfat dry
milk, followed by the addition of primary antibodies at the dilu-
tions recommended by the supplier. Primary antibody incuba-
tions were performed overnight at 4 °C with constant agitation,
followed by extensive washing in PBS-T. The membranes were
then incubated with 1:20,000 dilutions of horseradish peroxi-
dase-labeled goat anti-mouse IgG (sc-2005; Santa Cruz Bio-
technology) or donkey anti-rabbit IgG (sc-2313; Santa Cruz
Biotechnology) for 2 h at room temperature in PBS-T-milk fol-
lowed by repeated washing. Membranes were developed using
an enhanced chemiluminescence kit (SuperSignal West Femto
Maximum Sensitivity Substrate; Pierce). Isolation of the endo-
plasmic reticulum (ER) was performed with a Sigma endoplas-
mic reticulum isolation kit (catalog number ER0100-1KT)
according to the directions of the supplier.

Fluorescence and Confocal Microscopy—Cells were tryp-
sinized and seeded into 12-well plates containing 18-mm glass
coverslips (VWR, Inc., West Chester, PA). 1-2 days later, cov-
erslips were washed three times with PBS and fixed at room
temperature for 10 min with freshly prepared 4% paraform-
aldehyde-PBS. After washing an additional 2—-3 times with
PBS, coverslips were either used immediately or stored in
PBS for no longer than 24 h. Immunostaining was performed
with the above described anti-c-Myc epitope tag mAb, with
the above described WM23 anti-Gplba mAb, with another
Gplba mAb (LJ-Ibal mAb; gift of Dr. Zaverio Ruggieri), or
with an anti-y-H2AX mAb (JBW301; Upstate, Temacula,
CA). Secondary antibodies consisted of AlexaFluor 594-con-
jugated goat anti-mouse and rabbit IgGs (1:1500 dilution)
(Invitrogen). To show the lack of localization of GpIlb« to the
surface, Ratla cells expressing various forms of the protein
were stained with the L]-IBal mouse anti-Gplba mAb. Sec-
ondary staining was with AlexaFluor 610-labeled goat anti-
mouse IgG. The cells were also stained with a rabbit poly-
clonal antibody directed against the transforming growth
factor-B2 receptor (Santa Cruz Biotechnology) and second-
arily stained with AlexaFluor 488 goat anti-rabbit IgG. Final
nuclear staining was with 4',6-diamidino-2-phenylindole.

Fluorescence microscopy was performed with an Olympus
Provis fluorescence microscope (Olympus, Inc., Center Valley,
PA), as described previously (13, 22). Confocal images were
taken with an Olympus Fluoview 1000 confocal microscope,
and Adobe Photoshop CS2 (version 9.0) was employed for
image analysis.
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Quantitative Real Time PCR (qRT-PCR)—Total RNA was
isolated as described previously (14, 23) and was treated with
Turbo DNase (Ambion, Inc., Austin, TX) according to the
directions of the supplier. qRT-PCR was used to quantify the
expression of mRNAs encoding each subunit of the human
VWER. We used the Primer 3 program (available on the World
Wide Web) to select optimal primers for the coding regions of
the human mRNAs for Gplba (GenBank™ accession number
NM_000173), GpIbB (NM_000407), GpV (L11238), and GpIX
(NM_000174). Specific primers and their predicted products
are listed in Table S1. Primers were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA). For each qRT-PCR
reaction, we used 50 ng of total input RNA in a SYBR Green-
based assay (Quantitect; Qiagen, Inc., Chatsworth, CA) accord-
ing to the directions of the supplier. Reactions were performed
in triplicate on a Roche LightCycler 2 (Roche Applied Science)
using the conditions recommended by the supplier. All analyses
used LightCycler Relative Quantification Software 4. S.E. values
on all samples were <2%. Ct values for each reaction were
normalized to those for glyceraldehyde-3-phosphate dehydro-
genase reactions that were included in parallel for each set of
qRT-PCR runs (13). The specificity of all primer sets was con-
firmed by electrophoresis of select amplified DNAs on 4%
NuSieve-GTG low melt agarose gels (Cambrex Biosciences,
Inc., Rockland, ME) in order to demonstrate the presence of a
single amplified fragment of the predicted size (not shown).

Generation and Expression of Gplba Deletion Mutants—
Most Gplba deletion mutants were generated using a
QuikChange mutagenesis kit (Stratagene). Oligonucleotides
were synthesized by IDT, Inc. and were purified by polyacryl-
amide gel electrophoresis. Sequences of mutagenic primers are
shown in Table S2. The starting template in all cases consisted
of the pLXSN-EYFP vector containing the wild-type Gplba
coding region tagged at its C terminus with a c-Myc epitope (14,
15, 24). All deletions were sequenced in their entirety for veri-
fication. Plasmid DNAs were transfected into Phoenix A cells
using Superfect reagent (Qiagen) (24). Viral supernatants were
harvested 48 —72 h later and used to infect recipient cells in the
presence of 8 ug/ml Sequabrene (Sigma). Stable transfectants
were then isolated by cell sorting (24), pooled, and expanded for
all further studies.

RESULTS

Widespread Expression of Endogenous Gplba Occurs in the
Absence of Other vWER Subunits—We previously reported that
Gplba is expressed to varying degrees by many established and
primary cells (14, 15). Elevated levels are seen in c-Myc-over-
expressing cancer cell lines, particularly those with rearranged
or amplified CMYC genes, such as Burkitt’s lymphoma and
HL60 promyelocytic leukemia (16, 17). However, the status of
other vWFR subunits was not determined in those studies. To
investigate this in more detail, we quantified transcript levels
for Gplba and each of the other three vIWER subunits in several
nontransformed and transformed human cell lines and primary
cell strains using qRT-PCR. As positive controls, we utilized the
human megakaryoblastic cell line Mo7e, which expresses a
functional vWFR (25), and a telomerase-immortalized line of
fibroblasts (BJ/TTR cells) (14, 26) transduced with a Gplba
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FIGURE 1. Quantification of Gplba, Gplb, GpV, and GplX transcripts in
established human cell lines and primary cells. Total RNAs from each of the
indicated cell types were examined by gRT-PCR, as described under “Experi-
mental Procedures.” All transcript levels were normalized to those of glycer-
aldehyde-3-phosphate dehydrogenase from the homologous RNA source.
Mo7e megakaryocytes served as a positive control for all VWFR transcripts
(27). Primary human cells examined included normal diploid fibroblasts
(NHDF), keratinocytes (Keratin.), and normal prostate epithelium (Prostate).
Established lines included telomerase-immortalized BJ/TTR fibroblasts,
BJ/TTR-Gplba fibroblasts (16, 17), HL60 promyelocytic leukemia cells, and
MCF7 breast cancer cells (22, 23). In all cases, S.E. values of the triplicate sam-
ples were <2%.

retroviral expression vector (BJ/TTR-Gplba cells) (14). The
latter cells express high levels of Gplbea, as determined by
immunoblotting (16). As seen in Fig. 1, transcripts for Gplba,
GplIbp, GpV, and GpIX were readily detected in Mo7e cells. In
contrast B]/TTR-Gplba cells, although expressing Gplba tran-
scripts at levels 3-fold higher than those expressed by Mo7e
cells, expressed barely detectable levels of GpIbB, GpV, and
GplIX transcripts. All other cell types tested expressed Gplba
transcripts at levels 20—50% of those measured in Mo7e cells
but in most cases failed to express significant levels of Gplbp3,
GpV, or GpIX transcripts. The only exception to this was seen
in HL60 myeloid leukemia cells, which expressed low levels of
all four transcripts. Although normal human diploid fibroblasts
also expressed low levels of GpV and even lower levels of
Gplbp, they did not express significant levels of GpIX. These
studies confirm our own earlier findings and those of others
that Gplba expression occurs in variety of cell types (14, 15,
27-29). They further show that, in most cases, this occurs inde-
pendently of any significant or coordinated up-regulation of the
other three vWER subunit transcripts.

Expression of Gplba Mutants—The paucity of transcripts for
VWER subunits other than Gplba in most cell types (Fig. 1)
suggested that the previously reported effects of Gplba on
transformation, proliferation, and genomic integrity (14, 15)
were independent of its role in hemostasis. At the same time, it
raised the question of how Gplba performs these nontradi-
tional functions and which regions of the molecule are
involved. To address these issues, we generated a series of Myc
epitope-tagged Gplba mutants in the same retroviral backbone
previously used to express the full-length protein (14, 15).
These mutants consisted primarily of deletions in regions of the
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FIGURE 2. Expression of human Gplba mutants. A, schematic diagram depicting all of the mutants listed in Table S3. The top shows the full-length, 627-amino
acid Gplba protein and several of the domains known to be relevant for its function as a subunit of the VWFR. In platelets, the signal peptide is typically cleaved
to yield a mature protein of 611 amino acids. However, the numbering of the protein here includes the signal peptide. Note that the cytoplasmic domain
comprises two previously described functional elements; these comprise a membrane-proximal filamin-binding domain and a 6-amino acid C-terminal tail
involved in VWRF-related signaling. All mutants were generated in the pLXSN-EYFP retroviral vector and were stably expressed as C-terminal c-Myc epitope-
tagged proteinsin Rat1a cells. B,immunoblotting of Rat1a cells stably expressing each of the mutants depicted in A. Comparable amounts of whole cell extracts
were resolved by SDS-PAGE and processed for Western blotting, as described previously (16). The upper portion of the blot was probed with a mAb specific for
the c-Myc epitope tag, and the bottom portion was probed with a mAb specific for B-tubulin. C, the molecular mass of Gplb in transfected Rat1a cells was
compared with that of endogenous Gplba in Mo7e megakaryoyte cells, which express an intact VWFR (27). The blot was probed with the WM23 mAb that is
specific forhuman Gplba. Note that the latter protein possessed an apparent molecular mass significantly higher than that of the former (~130-140 kDa versus

~110-115 kDa) as a result of its more extensive post-translational glycosylation (29-32).

molecule involved in acknowledged vWEFR-related functions
(Fig. 2A and Table S3). For example, we generated mutants to
test the need for Gplbu trafficking to the ER and cell surface
(Del. Sig.), for vWF binding (Del.(25-75) and Del. LRR/
vWF(75-210)), and for two distinct intracellular domains
involved in 14-3-3¢ binding and phosphatidylinositol 3-kinase
regulation (Del.(620 - 627)) and filamin binding (Del. Fil.(540 —
590)) in response to engagement of the receptor by viWF (5-7,
9, 10, 30). Another mutant (Del. Polym.) removed a 13-amino
acid polymorphic region between residues Glu-396 and Thr-
411 that is repeated up to three times in certain Gplba alleles
(31). This region has been proposed to be a site of O-glycosyla-
tion that can affect the susceptibility of platelets to shear-in-
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duced activation (31). Finally, a double point mutation (C384S/
C385S) was generated to determine the consequences of
abrogating the ability of Gplba to be expressed on the cell sur-
face in association with GpIbg (3).

The above Gplba mutants were stably expressed in Ratla
fibroblasts. As seen in Fig. 2B, most Gplba proteins were
expressed at similar levels. However, the wild-type protein,
along with small deletion mutations or point mutations,
migrated substantially faster (apparent molecular mass ~115—
120 kDa) than did endogenous Gplba from the megakaryocytic
cell line Mo7e (apparent molecular mass ~135-140 kDa) (9,
32) (Fig. 2C). Several additional mutants, notably Del. Sig. and
Del. Sig.(567—-627), also migrated faster than predicted and/or
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FIGURE 3. Subcellular localization of mutant Gplba proteins. ER-enriched
and ER-depleted fractions from Ratl1a cells expressing the Gplba proteins
depicted in Fig. 2A were subjected to Western blotting. Equivalent amounts
of lysate from each fraction were electrophoresed. As a control for ER enrich-
ment, the blot was probed with an antibody directed against calnexin and
B-tubulin, which are ER-associated and non-ER-associated, respectively.

were expressed at lower levels than the wild-type protein. Dis-
crepancies in apparent molecular mass values probably reflect
the failure to properly glycosylate the mature protein as a result
of an impaired ability to traverse the ER — Golgi — cell surface
pathway when other vIWER subunits are absent (9, 32, 33) (see
below). This might be expected to activate the ER-associated
degradation pathway, which has been shown to affect the half-
life of an improperly processed or folded protein (32-34) (see
below).

Subcellular Localization of Gplba Mutants—Efficient cell
surface localization of Gplba requires that it be co-expressed
with other subunits of the vVWEFR and covalently linked to
GplIbpvia disulfide bonds (3, 30, 35). Because these subunits are
not coordinately expressed in cells other than megakaryocytes
(Fig. 1), we predicted that most of the free Gplba would be
inefficiently transported to the cell surface and thus remain
confined to the ER. Indeed, initial imunohistochemical local-
ization of ectopically expressed Gplba in Ratlla cells and of
endogenous human Gplba in HeLa cells indicated that the pro-
tein was highly restricted to the cytoplasm (Fig. S1, A-D). These
findings were further confirmed by confocal microscopy, which
showed that Gplba failed to co-localize at the cell surface with
the transforming growth factor-B2 receptor (Fig. S2).

We next performed subcellular fractionation studies of Ratla
cells and examined the association of mutant Gplba proteins
with the ER. As controls for both protein loading and differen-
tial purification, the ER and non-ER cytoplasmic fractions were
each probed for calnexin, an ER-associated protein, and for
B-tubulin, a non-ER-associated protein. As shown in Fig. 3, all
Gplba proteins except those lacking the signal peptide were
associated with the ER, whereas those proteins failing to local-
ize to the ER were enriched in the ER-depleted cytoplasm. In
four cases, namely those of Del. 25-75, Del. Thromb., Del. Fil.,
and C484/485S, the paucity of protein in the ER-depleted frac-
tion suggested that the mutants were more tightly associated
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with the ER and/or were more rapidly degraded in the cyto-
plasm. We conclude that the proper transport of Gplba to the
ER requires its hydrophobic N-terminal signal peptide and that
its subsequent proper glycosylation and transport to the cell
surface requires the presence of and proper interaction with
other vIWER subunits, as described previously (3, 30, 35).
Transformation by Gplba Mutants—We next asked how the
mutations shown in Fig. 24 differed in their abilities to recapit-
ulate various oncoprotein-like properties (14, 15). We first
examined anchorage-independent growth. Pooled Ratla cells
expressing each of the mutants were plated in soft agar, as
described previously (14, 15), and colonies were enumerated
12-14 days later. The results of these studies (Fig. 44) showed
that the regions of Gplba most important for transformation
included the signal peptide, the leucine-rich/vWF (LRR/vWF)
binding domain, the polymorphic domain, and the filamin-
binding domain. Mutants notable for a lack of effect on trans-
formation included the thrombin binding domain, the C384S/
C385S double point mutation, and progressively larger
mutations affecting the 14-3-3¢ binding site (Del (620-627)
and Del (592-627)). Indeed, even a larger deletion upstream of
this latter site (Del (567-627)), which retained only 34 amino
acids of the cytoplasmic domain and impinged on the filamin
binding domain, still allowed for anchorage-independent
growth at nearly half the efficiency of full-length Gplba.
Together with the results shown in Fig. 3, the collection of
mutants described here allows us to conclude that neither effi-
cient localization to the cell surface, Gplba-GpIbp association,
nor signaling via 14-3-3( are necessary for the transforming
activity of Gplba. In contrast, localization to the ER and the
retention of extracellular segments containing the LRR/vWF
domain, the polymorphic domain, and the filamin binding
domain are highly important for transformation by GplIba.
Growth Promotion and Survival Mediated by Gplbo Mutants—
Overexpression of Gplba significantly reduces the in vitro
growth factor requirements of both fibroblasts and myeloid
cells, whereas suppression of endogenous GpIlba has the oppo-
site effect (15).% Specifically in the former case, Ratla-Gplba
cells proliferate at a high rate in medium containing 1% serum,
whereas Ratla-vector cells are nearly quiescent. The mutants
depicted in Fig. 2A thus provided an opportunity to define the
specific regions of Gplba responsible for this growth-promot-
ing property and to compare and contrast them with transfor-
mation-specific domains. We found a strong but not absolute
correlation among the regions of Gplba needed to impart
anchorage-independent growth in soft agar and those needed
to allow for robust growth in low serum (Fig. 4B). The two
notable differences involved the polymorphic region, which
enhanced transformation but was largely dispensable for
growth promotion, and the filamin binding domain, which was
much more important for transformation than for promoting
growth. From these experiments, we conclude that, whereas
transformation and growth promotion by Gplba require cer-
tain common domains, others, notably the polymorphic
domain and the filamin binding domain, are distinctly different

3Y.J.Liand E. V. Prochownik, unpublished observations.
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FIGURE 4. Identification of Gplba domains responsible forimparting growth in soft agar and for promot-
ing growth and survival. A, clonogenic assays. Rat1a cells expressing each of the mutants depicted in Fig. 2A
were plated in triplicate in soft agar (4 X 10° cells/plate), as described previously, and enumerated 12-14 days
later (25). B, growth of Rat1a cell lines in 1% serum. Each of the above described Rat1a cell lines was plated at
low density in triplicate 6-well plates in standard growth medium containing 10% fetal calf serum. The follow-
ing day, the medium was replaced with fresh medium containing 1% fetal calf serum. Viable cell counts were
then performed periodically thereafter (17, 25, 26). Relative cell numbers at day 14 are shown here. C, survival
of Rat1a cell lines following complete serum deprivation. Each of the indicated cell lines was grown to ~50%
confluence, washed three times in serum-free medium, and then maintained in serum-free medium. Viable cell

counts were then performed after 3 days, as described previously (17).

and genetically separable and independently influence these
properties.

In addition to its effects on proliferation, Gplba overex-
pression also prolongs survival in the absence of growth fac-
tors, whereas Gplba depletion accelerates apoptotic death
(15). Thus, we measured survival in each of the above cell
lines following complete serum deprivation. As seen in Fig.
4C, the regions of Gplba most critical to the survival of these
cells were identical to those required for transformation. In
contrast, proliferation and survival were distinguishable by
virtue of the former being independent of the polymorphic
region, whereas survival required the retention of this
domain.

Three Levels of GI Mediated by Gplba—In addition to its
effects on transformation, proliferation, and survival, the
deregulation of Gplba also leads to at least three distinct types
of profound GI (14, 15). First, in the presence of mitotic spindle
poisons, Gplba overexpression causes the rapid accumulation
of tetraploid and aneuploid cells in a large proportion of the
population. Second, Gplba-overexpressing cells often acquire
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two or more nuclei, which are often
of unequal size and shape and are
frequently associated with chromo-
somal bridging and multiple micro-
nuclei. In primary cells, these prop-
erties are particularly prominent
following depletion of the p53

tumor suppressor (14, 15). Third,
Gplba overexpression leads to high

;' ';U::ds?pe levels of DSBs, the accumulation of
3: De|'25g5 which is largely p53-independent.
4. Del. LRRAYWF The compromise of p53, however,
g' ge:. ;":""'h allows such damaged cells to be res-
7. D:l: 5;03_22“5 cued from eventual senescence (14,
8.  Del.592.626 15). The relationship among these

9. Del. 567 626
10. Del. Sig/567 626

various forms of GI has not been
studied in detail, although the pres-

11.  Del. Fil .
12.  CAB4/A85S ence of aneuploidy does accelerate
13. vector the in vivo tumorigenicity of Ratla-

Gplba cells (15). Therefore, we next

asked whether the above Ratla cell
lines could be used to map the
domains of Gplba responsible for
imparting each of these distinctly
different forms of GI.

We employed two methods to
evaluate chromosomal and nuclear
instability in Ratla cells. First, cells
were exposed to the mitotic spindle
poison colcemid for 16 h, and their
DNA content was then assessed by
propidium iodide staining and flow
cytometry (11, 12, 14, 15). Under
these conditions, control Ratla cells
typically arrest in G,/M with a 4 N
DNA content, whereas Ratla-
Gplba cells undergo an aberrant
round of DNA synthesis without an
intervening mitosis and arrest in G2/M with a tetraploid (8 N) or
pseudotetraploid genome (14, 15). In the second method, cells
were exposed to the actin depolymerizing agent dihydrocy-
tochalasin B (DCB), stained with 4',6-diamidino-2-phenylin-
dole, and examined at the single cell level by fluorescence
microscopy. As a result of cytokinesis failure, control Ratla
cells become binucleate at a high frequency, whereas Ratla-
Gplba cells acquire more than two nuclei, which are often dys-
morphic and show evidence of chromosomal bridging (14). In
order to monitor double-stranded DNA breaks, we used immu-
nostaining with an antibody specific for Ser-139-phosphoryla-
ted histone H2A (y-H2AX), which tends to accumulate focally
at the sites of these lesions (36).

The results of our first method of evaluation are shown in Fig.
5A and Fig. S3. As predicted, control Ratla-vector cells effi-
ciently arrested in G,/M following exposure to colcemid,
whereas Ratla-Gplba cells developed tetraploidy at a high fre-
quency. In contrast, Gplba mutants with deletions of the signal
peptide, the polymorphic region, and the filamin-binding
domain were unable to promote tetraploidy, whereas the
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FIGURE 5. Identification of Gplba domains responsible for promoting Gl. A, logarithmically growing Rat1a
cells expressing the Gplba proteins depicted in Fig. 2A were exposed to colcemid, and their DNA content was
assessed by flow cytometry of propidium iodide-stained nuclei, as described previously (14, 16, 17). Tetraploid/
aneuploid populations are included in the “8 N” population. Note that Rat1a-vector control cells demonstrate
little, if any, evidence of tetraploidy/aneuploidy. Numbers are the average of triplicate determinations, and bars
indicate =1 S.E. See Fig. S3 for examples of actual propidium iodide profiles. B, quantification of nuclear
abnormalities in Rat1a cells following DCB treatment. Rat1a cell lines were exposed to DCB for 24 h and were
then stained with 4',6-diamidino-2-phenylindole. The percentage of cells containing a single nucleus, two
nuclei, or “abnormal nuclei” was then determined. In the last case, this group included cells with >2 nuclei,
nuclei of unequal size and shape, micronuclei, or other abnormalities, such as chromosomal bridging. All
determinations were based on counting at least 200 cells from randomly chosen fields. See Fig. S4 for examples
of the various abnormalities seen in cells expressing full-length Gplba and its active mutants. C, y-H2AX
staining. Logarithmically growing Rat1a cells were fixed in paraformaldehyde and stained for y-H2Ax using an
antibody against Ser-139 of histone H2A, as described previously (17). The percentage of positively staining
cells was then determined based on counting >200 cells/sample from triplicate cultures. See Fig. S5 for exam-
ples of images from cell lines with detectable levels of y-H2AX.

Finally, we examined each of the
Ratla cell groups for evidence of
DSBs, as revealed by the presence of
v-H2Ax foci (36). As seen in Fig. 5C
and Fig. S5, logarithmically growing
control cells showed little evidence
for DSBs, whereas Ratla-Gplba
cells showed high levels of on-going
DNA damage, as described previ-
ously (15). Interestingly, although
the signal peptide and filamin-bind-
ing domain were necessary for the
generation of ongoing DSBs, the
polymorphic region appeared to
be entirely dispensible. From these
studies, we conclude that at least
three distinct domains of GpIlba are
responsible for the different forms
of GI. These include the signal pep-
tide, the polymorphic region, and
the filamin binding domain.
Whereas all three of these regions
are necessary to promote the aneu-
ploidy and large scale nuclear
abnormalities, the polymorphic
region is dispensable for the induc-
tion of DSBs.

DISCUSSION

Our prior observation that
ectopic expression of Gplba pro-
motes transformation, prolifera-
tion, survival, and various forms of
GI (14, 15) raised a number of ques-
tions that we address in the current
work. Among these was whether
these oncoprotein functions require
cell surface localization of Gplba
and/or the participation of other
vWER subunits (35, 37). Our con-
clusion that they do not is supported
by several lines of evidence. First is
the demonstration that many pri-
mary and established cells express

remaining deletions demonstrated at least a partial retention of
this activity.

Nuclear morphologies of individual Ratla cells following
DCB treatment are shown in Fig. 5B and Fig. S4. Control cells
showed the expected binucleation following DCB treatment,
whereas very few such cells were observed in non-DCB-treated
cultures. Moreover, nuclei in the former cells were invariably of
similar size and shape. In marked contrast, DCB-treated Ratla-
Gplba cells often displayed multiple and dysmorphic nuclei
along with micronuclei and a high frequency of chromosomal
bridging. Based on the available mutants, we conclude that the
Gplba domains necessary to generate the above described
nuclear abnormalities are identical to those needed to impart
tetraploidy.
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Gplba (14, 15) but that only megakaryocytes express the full
complement of subunits needed to generate a functional and
properly glycosylated vVIWER. In the few exceptions where tran-
scripts for other subunits were detected (Fig. 1), they were
observed at low levels and in the absence of coordinate expres-
sion of the remaining transcripts. The actual extent of Gplba
expression in other cells remains to be established, although it
has been previously reported by others in breast cancers, nor-
mal endothelium, and dermal dendrocytes (27—29) and by us in
avariety of transformed and nontransformed cell types (14, 15).
Second, we showed that cysteines 384 and 385 of GpIbe, which
are critical for vVWFR formation (3), are entirely dispensable for
its oncoprotein-like functions. Third, virtually none of the
ectopically expressed or endogenous Gplba in cells other than
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strongly support the idea that the
vWER-related and oncoprotein-re-

lated domains of Gplba are func-

tionally distinct and genetically
separable.
The above observations raise
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FIGURE 6. Summary of the regions of Gplba involved in mediating c-Myc-like properties. Functional
domains of the protein that were deleted are shown at the top of the diagram and are taken from Fig. 2A. Boxes
in the lower portion of the figure indicate those regions that, when deleted, resulted in loss of the indicated
function. The heights of the boxes are meant to represent the approximate degree of resulting impairment. For
example, deletion of the filamin binding domain resulted in the loss of all functions except for growth promo-

tion, which was only partially affected.

megakaryocytes localizes to the cell surface (Fig. 3 and Figs. S1
and S2). Rather, most of the wild-type protein accumulates
within the ER (Fig. 3). This observation is consistent with the
notion that efficient and correct transport and localization of
Gplba occurs only in the context of other vWER subunits, as
demonstrated previously (3, 7, 10, 30, 38). Retention by the ER
appears to be essential for all of the oncoprotein-like function of
Gplbg, as evidenced by the lack of any observable activity of the
Del. Sig. mutant, which is otherwise intact. However, these
functions are not merely a nonspecific consequence of per-
turbed ER homeostasis resulting from the accumulation of
Gplba in this compartment, as evidenced by our finding that
some Gplba mutants associate with the ER as well as the wild-
type protein but appear to be biologically inactive (e.g. Del.(25—
75) and Del. Fil.). In addition, Ratla cells treated with brefeldin
A, which causes a generalized accumulation of glycoproteins in
the ER due to inhibition of ER — Golgi transport (39), showed
no evidence for any of the behaviors typically associated with
Gplba ectopic expression (not shown). Thus, although ER
sequestration is necessary for the oncoprotein properties of
Gplba, it is be no means sufficient and appears to be related to
other functions of Gplba that can be mapped to specific
domains.

Another question is whether the regions of Gplba required
for vWER signaling are identical to those controlling its onco-
protein-like properties. Because the C-terminal 6 amino acids
of Gplba play such a critical role in the former set of functions
(6-8, 40, 41), it was surprising to find that they were entirely
dispensable for the latter ones. Indeed, even the deletion of
more than 50 additional amino acids upstream of the C termi-
nus (Del.(567-627)) only marginally affected any of the onco-
protein activities of Gplba. Collectively, our observations
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another important question, name-
ly which regions of Gplba are
required for its oncoprotein-like
properties? Our analyses point to
four critical domains, which also
serve to emphasize the functionally
modular nature of the full-length
protein (Fig. 6). The first is the sig-
nal peptide, which was necessary for
every function. Because this domain
is required for the localization of
Gplba to the ER, our results provide
yet additional evidence that the
intracellular signaling pathways
associated with oncoprotein func-
tions are initiated from this specific
subcellular location. The second
important region was the filamin-
binding domain, which, in the clas-
sical YWER context, probably serves
to indirectly anchor Gplba to the cytoplasmic actin cytoskele-
ton and ensure its stable retention at the cell surface (9, 10).
Filamin binding by Gplba has also been reported to be essential
for proper platelet adhesion, activation, and morphologic
integrity (10). By virtue of their ability to interact with over 30
different membrane receptors and intracellular signaling mol-
ecules, filamins have been proposed to regulate cell shape and
mobility, possibly by integrating and propagating environmen-
tal cues and by organizing the actin cytoskeleton into a dynamic
three-dimensional structure (42, 43).

In addition to the signal peptide and the filamin-binding
region, the LRR/VWF domain and the polymorphic regions
were also required, albeit for distinct and more limited subsets
of activities. For example, the LRR/vWF domain was necessary
for transformation, the promotion of growth, and survival but
was otherwise dispensable for all genome-destabilizing func-
tions. By contrast, the polymorphic region was required for
transformation, survival, the induction of aneuploidy, and the
abnormal nuclear behavior in response to actin depolymeriza-
tion. However, this region was not required for DSB generation,
thus suggesting that this form of GI is not only mediated by a
different mechanism but is neither required for nor a precursor
of the other two types of GIL. In the normal context of the vVIWER,
the polymorphic region, which consists of 1-3 repeats of the
sequence SEPAPSPTTPEPT, serves as a site for O-glycosyla-
tion and has been proposed to regulate the degree to which
platelets can be activated in response to shear stress (31, 32).
The particular “wild-type” clone that was used in these studies
contained one copy of this region. It will be of interest in future
work to determine whether variable numbers of repeats of this
segment influence any of the Gplba functions described here.
Several additional lines of evidence argue for the specificity of

JOURNAL OF BIOLOGICAL CHEMISTRY 1417


http://www.jbc.org/cgi/content/full/M806222200/DC1
http://www.jbc.org/cgi/content/full/M806222200/DC1

Modularity of Gplba Oncoprotein Functions

the oncoprotein-like properties of Gplba (14, 15). First, the
majority of tumor cell lines examined express extremely high
levels of Gplba, which correlate well with c-Myc levels (15).
Second, we have shown that the knockdown of endogenous
Gplba leads to a loss of c-Myc-mediated GI (14), thus implicat-
ing the protein in a process that is believed to lie at the heart of
tumor cell pathogenesis and evolution (44). Finally, recent work
from our laboratory has demonstrated that the stable knock-
down of endogenous Gplba in several human cancer cell lines
is associated with a profound loss of soft agar clonogenicity and
the ability to grow as tumor xenografts (not shown). Taken
together, these results are consistent with the idea that the
oncoprotein-like properties of Gplba reflect true alternate
functions rather than aberrant ones lacking true physiologic
correlates.

In summary, the results presented here address the means by
which Gplba affects transformation, proliferation, survival,
and three distinct forms of GI. These non-vWFR-related prop-
erties map to specific domains with functions previously
defined solely in the context of the vVIWFR. Furthermore, unlike
the transmembrane signaling of the vWER, these oncoprotein
functions require neither the intact vVWFR complex, cell surface
expression of Gplbe, nor signaling by its C-terminal segment.
Rather, association with the ER and subsequent intracellular
signaling through the LRR/vWF binding domain, the polymor-
phic domain, and the filamin-binding domain appear to be
essential for this novel alternate pathway. It will clearly be
important to define further the nature of the specific mecha-
nisms involved in these signaling events.
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