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In this article, we identify and characterize p600, a unique 600-kDa
retinoblastoma protein- and calmodulin-binding protein. In the
nucleus, p600 and retinoblastoma protein seem to act as a chro-
matin scaffold. In the cytoplasm, p600 and clathrin form a mesh-
work structure, which could contribute to cytoskeletal organiza-
tion and membrane morphogenesis. Reduced expression of p600
with interference RNA abrogates integrin-mediated ruffled mem-
brane formation and, furthermore, prevents activation of integrin-
mediated survival pathways. Consequently, knockdown of p600
sensitizes cells to apoptosis induced by cell detachment. These
findings provide mechanistic insight into the regulation of
membrane-proximal events in tumorigenesis.

apoptosis � cancer � calmodulin � retinoblastoma protein

Neoplastic transformation of human cells is a multistep
process involving dysregulation of multiple cellular path-

ways, including control of cell cycle and cell death processes (1,
2). Viral oncoproteins, such as human papilloma virus (HPV)
E7, adenovirus E1A, and simian virus 40 large-T antigen, have
evolved to bind critical cellular targets involved in such processes
to efficiently immortalize and transform cells (3). HPVs are
small, nonenveloped viruses that contain double-stranded cir-
cular DNAs. High-risk HPVs, such as HPV-16, immortalize
human and rodent cells in culture, which can subsequently
convert to malignant growth either spontaneously or after
exposure to other carcinogens (4). Among the virus-encoded
factors, the E6 and E7 proteins are consistently expressed in
HPV-associated cervical cancers. E6 forms a complex with the
cellular tumor suppressor protein p53, leading to degradation of
p53 by ubiquitin-dependent proteolysis. Similarly, E7 leads to
degradation of the retinoblastoma-susceptibility gene product
(retinoblastoma protein or RB), as well as its family members,
including p107 and p130. Although dysregulation of RB family
members could be an important role of HPV-16 E7, it is not
sufficient for transforming activity. In addition to the RB-
binding domain, the N-terminal domain of HPV-16 E7 has been
shown to be essential for transformation (5). Thus, HPV-16 E7
could contribute to transformation by targeting RB-dependent
and -independent pathways.

To gain insight into the molecular mechanisms of tumor
suppression, we have purified RB complexes and identified p600
as an interacting protein for RB. Although RB localizes pre-
dominantly in the nucleus, p600 localizes to both nuclear and
cytoplasmic compartments. In the cytoplasm, p600 is accumu-
lated at the lamellipodia of the protrusion sites. Reduction of
p600 expression suppresses formation of ruffled membranes,
which play a crucial role in cell migration. As a consequence,
reduction of p600 expression causes deficiencies in activating
integrin-mediated survival pathways, sensitizing cells to apopto-
sis induced by cell detachment from the extracellular matrix. In
this article, we discuss possible roles of p600 in both normal and
cancer cells.

Materials and Methods
Purification of e-RB-Containing Complexes. The FLAG epitope tag
was fused to the N terminus of RB (e-RB), and the fusion protein

was stably expressed in HeLa cells by retroviral transduction.
e-RB was purified from nuclear extracts by immunoprecipitation
with anti-FLAG agarose, as described (6).

Calmodulin Binding Assays. Samples were fractionated by SDS�
PAGE and blotted onto a nitrocellulose membrane. After
blocking in 1% skim milk and TBST (20 mM Tris�HCl buffer, pH
8.0�100 mM NaCl�0.1% Tween 20), the membrane was incu-
bated with 100 ng�ml biotinylated calmodulin in TBST with 0.1
mM CaCl2 or 10 mM EGTA at 22°C for 30 min. After washing
with the same buffers, biotinylated calmodulin was detected with
streptavidin–horseradish peroxidase (Amersham Pharmacia
Biosciences).

Knockdown Experiments. For p600 knockdown, the human fore-
skin fibroblasts (hTERT-BJ1) (7) were transduced with the
pSUPER.retro vector (8) containing the short hairpin RNA
(shRNA) p600-6 cassette, and stably transduced subpopulations
were selected with medium containing 4 �g�ml puromycin. The
target 19-nt sequence of shRNA p600-6 is 5�-AATGATGAG-
CAGTCATCTA-3�. The empty pSUPER.retro was used as the
control.

Apoptosis Analyses. The p600 knockdown and control fibroblasts
were plated at 60% confluency. The medium was replaced 12 h
after the plating, with no further replacements. For measuring
apoptosis during cell growth, cells were used 3 days after plating.
For serum starvation, cells at the confluent state were incubated
further in serum-free medium for 3 days. For apoptotic analyses,
live cells were costained with annexin V and Hoechst 33258 dye.
The percentage of apoptotic cells was quantified by using fluores-
cence microscopic examination to determine the fraction of cells
displaying annexin V positivity and nuclear fragmentation.

Microscopic Analyses. For immunofluorescent microscopy, cells
were fixed with 4% paraformaldehyde for 10 min at 37°C. Cells
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were incubated with the primary antibodies, followed with
appropriate secondary antibodies conjugated with Alexa Fluor
647 (Molecular Probes). Rabbit polyclonal anti-p600 antibodies
were raised against p600 fragments containing residues 2656–
3017 and 3362–3761, expressed in Escherichia coli. Sources for
the other antibodies are as follows: inositol 1,4,5-trisphosphate
receptor (IP3R) 1, IP3R2, and IP3R3 were from the Mikoshiba
Laboratory (Department of Basic Medical Sciences, Institute of
Medical Science, University of Tokyo, Tokyo) (9, 10); �-tubulin
DM1A was from Sigma–Aldrich; RB G3-245, focal adhesion
kinase (FAK), and clathrin heavy chain were from BD Pharm-
ingen; phospho-FAKY397 was from Abcam (Cambridge, MA);
and calmodulin was from Upstate Biotechnology (Lake Placid,
NY). For staining of F-actin and DNA, cells were poststained
with Alexa Fluor 647-conjugated phalloidin and PicoGreen
(Molecular Probes), respectively. Stained cells were examined
with a Nikon TE2000U inverted microscope�PerkinElmer ul-
traview spinning disk confocal unit. Confocal images were
deconvoluted with AUTOVISUALIZE-3D (Autoquant Imaging,
Troy, NY).

For scanning electron microscopy, cells were fixed with 2%
glutaraldehyde in PBS for 1 h at room temperature. After
extensive washing with PBS, cells were postfixed with 1%
osmium tetroxide in PBS for 1 h. Subsequently, cells were
dehydrated, dried, coated, and examined with a Zeiss LEO
1450VP scanning electron microscope.

Results
Cloning and Domain Mapping of p600. We have purified RB from
HeLa cells that stably express (e-RB). Silver staining of the
purified complex revealed that various proteins copurified spe-
cifically with e-RB (Fig. 1A). Mass spectrometric analyses of the
purified complex revealed that among these associated factors

were known RB-interacting proteins, including E2F-1, E2F-2,
E2F-3, E2F-4, and DP-1. We have identified p600 as an RB-
associated protein (Fig. 1 A). The peptide sequences of the
600-kDa band that were determined by mass spectrometry were
used to identify EST clones to screen a cDNA library to isolate
several overlapping clones. This screening permitted identifica-
tion of an ORF encoding a 5,183-residue protein with an
estimated molecular mass of 573,536 Da (GenBank accession no.
AF348492). Potential p600 homologues were found in multicel-
lular organisms, including Drosophila CALO�pushover and Ara-
bidopsis BIG, but not in yeast. Although BIG mutations cause
defects in polar-dependent transport of auxin (11), pushover
mutations cause defects in regulating synaptic transmission at
the neuromuscular junction (12). In these organisms, p600-
related proteins may be involved in regulation of vesicle traf-
ficking, although interactions of these proteins with RB have not
been described.

We also identified calmodulin in the RB complex by mass
spectrometry (Fig. 1 A). To determine which components in the
complex bind directly to calmodulin, we performed far-Western
blotting. Purified RB complex was transferred to a nitrocellulose
membrane and probed with biotinylated calmodulin in the
presence (Fig. 1B, lanes 1 and 2) or absence (Fig. 1B, lanes 3 and
4) of Ca2�. The 600-kDa band was detected by Western blotting
with horseradish peroxidase-conjugated streptavidin only when
incubated in the presence of Ca2�, indicating that p600 binds
directly to Ca2�-bound calmodulin. These data are consistent
with the report of the isolation of Drosophila CALO�pushover
in a screen for calmodulin-binding proteins (13).

Nuclear and Cytoplasmic Localization of p600. To examine subcel-
lular localization of p600, we performed immunostaining of
human foreskin fibroblasts (hTERT-BJ1). Immunofluorescent
microscopic images reveal that p600 localizes in continuous mesh
patterns from the nucleus to the cytoplasm by perforating the
nuclear envelope (Fig. 2A). The meshwork structure of p600 was
observed by distinct fixation methods, including cold methanol
fixation, as well as by staining with several different antibodies
that recognize different domains of p600 (data not shown). Thus,
the meshwork structure of p600 could reflect its localization
in vivo. RB exists predominantly in the nucleus and localizes in
the nucleus at close proximity with p600 (Fig. 2B). Nevertheless,
RB seems to form patterns distinct from those of p600 rather
than be strictly colocalized with it. Thus, p600 could be a
structural component that regulates RB rather than a subunit of
RB. DNA seems to be organized along the trenches formed by
the p600�RB meshes, suggesting that p600 and RB act as a
chromatin scaffold (Fig. 2B).

In the cytoplasm, p600 seems to concentrate at the leading
edge of membrane structures in human fibroblasts known to be
important for actin-based cell motility (Fig. 2 A, see arrow). In
the course of this study, we also discovered that p600 and clathrin
form an integrated structure near the leading edge. Clathrin is
known to play a role in transporting membrane domains between
intracellular membrane-bound compartments, including the
trans-Golgi network and endosomes, by forming clathrin-coated
membrane vesicles (14). Immunofluorescent staining shows that
p600 and clathrin form similar mesh patterns that are spatially
arranged at close proximity (Fig. 3A). Assembly of clathrin is
believed to determine the curvature of the underlying membrane
in vesicle formation, leading us to postulate that the p600–
clathrin meshes may contribute to membrane morphogenesis
near the leading edge. The image (Fig. 3A) suggests that p600
and clathrin do not associate in a fixed relationship to one
another but rather associate to form diverse polygonal structures
with distinct angles in different areas of the meshes. This
f lexibility of association between p600 and clathrin in the
meshwork enables the structure to determine a variety of cell

Fig. 1. Cloning and mapping p600. (A) Silver staining of the purified RB
complex. e-RB was purified from e-RB-expressing HeLa cells by immunopre-
cipitation with anti-FLAG antibody (lane 2). As a control, mock purification
was performed with nontransduced HeLa cells (lane 1). (B) p600 is a calmod-
ulin-binding protein. The purified RB complex (lanes 2 and 4) and nontrans-
duced control (lanes 1 and 3) were incubated with biotinylated calmodulin in
buffer containing CaCl2 (lanes 1 and 2) or EGTA (lanes 3 and 4).
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membrane shapes. These results suggest that p600 and clathrin
play a structural role in membrane morphology.

Increases in Ca2� have a complex temporal and spatial
arrangement (e.g., oscillations and waves) and have been impli-
cated in regulating various aspects of cell adhesion, spreading,
and motility (15, 16). Given that p600 is a calmodulin-binding
protein, we hypothesized that p600 may play a role in Ca2�

signaling. In support of this model, calmodulin was found in close
proximity to p600 in the ruffles (Fig. 3B). Moreover, IP3R was
accumulated near the leading edge of ruffles and was spatially
organized in close proximity to p600 (Fig. 3C). Because IP3R is
a Ca2�-release channel that triggers an increase in intracellular
Ca2� concentration (17), our data suggest that p600 may act as
a sensor of Ca2�, which is released through IP3R.

Extension of the leading edge is thought to be driven by
polymerization of actin filaments at their fast-growing ‘‘barbed’’
ends, pushing the cell’s boundary membrane outward (18). Our
data, however, suggest that formation of the p600–clathrin
meshwork precedes actin polymerization. It is intriguing that the
patterns of actin and microtubules somewhat resemble the
patterns of p600 and seem to develop underneath the p600
meshwork (Figs. 2 A and 3D). Near the leading edge, F-actin and
microtubules seem to be deposited along with the p600 meshes
(Fig. 3D). These results suggest that p600 meshes assist actin and
microtubule structure development by serving as molds. p600
may function to activate specific Rho effectors that promote
polymerization of actin (e.g., the neuronal Wiskott–Aldrich
syndrome protein; N-WASP) or microtubules (e.g., mDia) at the

specific sites of the p600 meshwork (19, 20). Such pinpoint
activation of Rho effectors may determine position and direction
of actin and microtubule polymerization. It is significant that
newly developed surface extensions are extremely abundant in
p600 (see the arrow in Fig. 3D) and clathrin (data not shown)
localizations, even though F-actin and microtubules are not

Fig. 2. Immunolocalization of p600 and RB. (A) Localization of p600, F-actin,
and microtubules (MT). In the cytoplasm, p600 is accumulated near the
leading edge of protrusion sites (see arrow). (B) Localization of p600, RB, and
DNA. The colors detecting stained materials are shown above the images.
(Scale bars, 5 �m.)

Fig. 3. Immunolocalization of p600 in the cytoplasm. (A) Localization of
p600 and clathrin. (B) Localization of p600 and calmodulin. (C) Localization of
p600 and IP3R. (D) Localization of p600, F-actin, and microtubules (MT). The
newly developed surface extension is shown by the arrow. The colors detect-
ing stained materials are shown above the images. (Scale bars, 5 �m.)
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detectable (Fig. 3D). Taken together, our results suggest that the
p600–clathrin mesh structure determines membrane morphol-
ogy before development of actin and microtubule cytoskeletons.

p600 Is Required for Membrane Ruffle Formation. To determine
whether a functional relationship exists between p600 and the
membrane structures to which it localizes, we performed knock-
down of p600 levels by expressing shRNAs that target p600 and
examined cells for serum-induced membrane ruffling. The
shRNA expression cassettes were introduced into BJ1 cells by
retroviral infection, and stably transduced subpopulations were
selected on the basis of their resistance to puromycin. The p600
level was reduced to �20% of normal levels in the shRNA-
expressing cells (see Fig. 6A). Because its localization suggests a
role for p600 in membrane morphogenesis (Fig. 4), we investi-
gated how p600 knockdown affects ruffle formation, an actin
polymerization-dependent process closely linked to cell-crawling
activity. When control cells were spread on a fibronectin-coated
matrix, the cells formed a number of ruffled membranes near the
leading edge (Fig. 4A Upper). The stereographic image reveals
that p600 accumulates near the outlines of the ruffles, especially
at the top of ruffles (Fig. 4B). It is significant that knockdown of
p600 caused serious defects in ruffle formation (Fig. 4A Lower),
suggesting that p600 is an essential structural component for
membrane morphogenesis. We have found by cell adhesion

assays (21) that the p600 knockdown cells retain normal adhe-
sion capability on fibronectin-coated matrix (data not shown).
These results suggest that knockdown of p600 causes deficiency
in integrin- and growth factor-induced signaling pathways rather
than integrin–matrix interactions.

Knockdown of p600 Sensitizes Cells to Apoptosis. Although we
routinely plate BJ1 cells at 30% confluency, the p600 knockdown
cells could not propagate well under these conditions because of
elevated cell death, suggesting a requirement for cell survival
signals. When the knockdown cells were plated at higher density
(e.g., 60% confluency), apoptosis was partially suppressed, and
the cells propagated at a rate comparable to that of the control
cells. Even under these conditions, however, the p600 knock-
down cells underwent apoptosis at a higher frequency during
proliferation than the control cells (Fig. 5A). When the conflu-
ent cells were grown in serum-free medium, more than one-third
of the knockdown cells died by apoptosis.

Scanning electron microscopic images show that the growing
control cells are well spread and develop various kinds of surface
extensions to explore their surroundings (Fig. 5B). In contrast,
the p600 knockdown cells poorly develop surface extensions and
have a significantly smaller contact area with the matrix. Mor-
phological differences became more obvious when cells reached
confluence. Although the control cells formed a flattened
monolayer, the p600 knockdown cells develop lamellipodia
poorly and maintain contact loosely with neighboring cells. As
judged from the incorporation of bromodeoxyuridine, a signif-
icant fraction of p600 knockdown cells entered the S phase under
these conditions, whereas most control cells remained quiescent
(data not shown). Thus, knockdown of p600 causes defects in the
entry into quiescence when cells reach confluence. After serum
starvation, the knockdown cells form many tiny filopodia on the
surface and seem to contact the matrix loosely (Fig. 5B). These
results suggest that p600 is involved in cell–cell and cell–matrix
interactions through dynamic amoeboid movements of the an-
terior lamellipodia.

Failure of FAK Activation by p600 Knockdown. The apoptosis phe-
notype suggests a role for p600 in activating integrin-mediated
survival pathways. To examine this possibility, we determined
the level of active FAK, an important regulator of cellular
survival in response to extracellular signals, in the p600 knock-
down cells. When integrins bind to appropriate ligands in the
extracellular matrix, integrins near the leading edge form a
cluster that leads to the recruitment and assembly of the focal
adhesion complex. A key step in the assembly of this complex is
activation of FAK by phosphorylation at Y397, enabling it to act
as a docking site for the SH2 domain-containing proteins, such
as the p85 regulatory subunit of phosphatidylinositol 3-kinase.

Western blot analyses reveal that the protein level of FAK was
comparable or modestly increased in the knockdown cells (Fig.
6A). Likewise, talin, another component of the focal adhesion
complex, also showed a modest increase in expression in the
knockdown cells. It is notable that the level of FAK phosphor-
ylated at Y397 was reduced in the p600 knockdown cells,
especially in the confluent state, indicating the involvement of
p600 in the FAK-signaling pathways.

Failure of FAK activation in the p600 knockdown cells was
confirmed further by immunofluorescent microscopy. The con-
trol cells show that, although FAK is distributed broadly, it is
preferentially phosphorylated at the lamellipodia (Fig. 6B). In
the p600 knockdown cells, FAK was only weakly phosphorylated
in the poorly developed lamellipodia. These results suggest that
p600 has a role in activation of FAK in response to cell–matrix
interactions.

Fig. 4. Knockdown (KD) of p600 causes deficiencies in ruffle formation. (A)
Scanning electron microscopic images of the control (Upper) and the p600
knockdown (Lower) cells 20 min after plating on fibronectin-coated plates.
(Scale bar, 20 �m.) (B) Immunolocalization of p600 (green) and fibrous actin
(red). The image is represented as a stereographic view. (Scale bar, 10 �m.)
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Discussion
We have demonstrated that p600 plays a role in regulating
integrin-mediated signaling and detachment-induced apoptosis.
Diverse roles for p600 in both nuclear and cytoplasmic com-
partments could enable coordinate regulation of chromatin
events and cytoskeleton development. In the nucleus, p600

seems to interact with RB and forms meshwork structures that
closely localize to the nuclear matrix components, including
lamin A and B23 (unpublished observations). This relationship
between RB, p600, and nuclear architecture requires further
investigation.

In the cytoplasm, p600 plays an essential role in integrin- and
growth factor-induced membrane morphogenesis. Near the
leading edge, p600 and clathrin form meshwork structures, which
apparently link to the membrane morphogenesis. Bovine pap-
illoma virus (BPV)-1 E6 has been shown to bind to the activating
protein-1 clathrin adapter protein in Golgi membrane (22).
Through a similar mechanism, BPV-1 E6 may modulate the
p600–clathrin meshes to facilitate cell detachment from the
matrix. The rise in Ca2� represents a common activation pathway
that results from triggering cells with various stimuli. Our data
suggest that p600 could contribute to signal transduction mech-
anisms by serving as a sensor of Ca2�, which is released through
the IP3R. In support of this view, IP3R has been shown to play
a crucial role in membrane protrusion in nerve growth (22). We
speculate that formation of the p600-clathrin meshes near the
leading edge may be regulated by Ca2� signaling.

Although we have isolated p600 as an RB-binding protein, the
cellular localizations suggest that cytoplasmic functions of p600
are probably RB-independent. The RB-independent functions
of p600 are supported by the molecular actions of HPV-16 E7.
Through mutational analyses, two regions of HPV-16 E7 were
identified as being essential for transformation: the CR2 domain,
which targets the RB family proteins, and the N-terminal domain
(5). Independent studies show that the N-terminal domain of
HPV-16 E7 binds to p600 (23). Thus, this domain could target
RB-independent functions of p600. The RB-independent role of
p600 is further emphasized by the evidence that BPV-1 E7 binds
to p600. BPV-1 and HPV-16 E7 share sequence similarity at the
C-terminal region and within the extreme N-terminal sequences,
but BPV-1 E7 lacks an RB-binding domain. It is significant that
the conserved N-terminal domain of BPV-1 E7 binds to p600.
Moreover, the BPV-1 E7 construct, which is incapable of nuclear
entry, still retains transforming activity (24). Taken together,
these results suggest that the cytoplasmic p600 is a common
target for HPV-16 E7 and BPV-1 E7.

Although transforming factors often promote degradation of
cellular factors, ectopic expression of BPV or HPV E7 does not

Fig. 5. Knockdown (KD) of p600 sensitizes cells to apoptosis. (A) Stimulation of apoptosis by p600 knockdown. Percentage of apoptotic cells induced during
cell proliferation and serum starvation are shown in the control (black) and p600 knockdown (white) bars. Error bars are SDs. (B) Morphological changes induced
by p600 knockdown. Scanning electron microscopic images of growing (Left), confluent (Center), and serum-starved (Right) states of the control (Upper) and
p600 knockdown fibroblasts (Lower) are shown. Note that most apoptotic cells were removed during sample preparation because apoptosis was induced mostly
after detachment from the extracellular matrix. (Scale bar, 20 �m.)

Fig. 6. Involvement of p600 in integrin-FAK signaling. (A) Analysis of FAK
phosphorylation by Western blotting. Cell lysates prepared from growing
(lanes 1 and 2) and confluent (lanes 3 and 4) control (lanes 1 and 3) and p600
knockdown (KD) cells (lanes 2 and 4) were analyzed by Western blotting with
the indicated antibodies. (B) Analysis of FAK phosphorylation by immunoflu-
orescent microscopy. The control (Left) and p600 knockdown (Right) cells
were costained with FAK (green) and phospho-FAKY397 (red) antibodies. (Scale
bars, 10 �m.)
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affect p600 protein levels (23, 24). Thus, E7 binding to p600 may
modulate its functions to promote transformation. p600 has been
shown to be essential for anchorage-independent growth. Inhi-
bition of p600 expression drastically suppresses E7-mediated
transforming activity, determined by the ability to form colonies
in soft agar (23, 24). Moreover, inhibition of p600 expression also
prevents anchorage-independent growth of the HPV-16-positive
CaSki cervical cancer line, without affecting growth in mono-
layer culture (23). Thus, E7 may bind to cytoplasmic p600 to
protect apoptosis in the anchorage-independent growth.

Although it remains unclear whether p600 directly regulates
apoptosis, an intriguing possibility is the action of p600 by
ubiquitination. The sequence of p600 predicts the presence of
the UBR box (residues 1660–1727), a recognition component of
the ubiquitin-dependent N-end rule pathway. The N-end rule
relates the in vivo half-life of a protein with the identity of its
N-terminal residue, which is exposed after a proteolytic cleavage
event (25). Although this pathway has not been well character-
ized in higher eukaryotes, DIAP1, a central anti-apoptotic factor
in Drosophila, has been recently identified as a physiological
substrate for the N-end rule pathway after caspase cleavage (26).
Identifying physiological substrates for the N-end rule pathway
would advance our understanding of the molecular actions of
p600.

In summary, we have used a protein purification approach to
identify an RB-interacting protein that seems to have significant
RB-independent function in cell survival and growth factor-
dependent membrane morphogenesis. That these functions are
targeted by the viral oncoprotein HPV-16 E7 independently of
RB binding strongly suggests a connection between events that
occur at the leading edge of the plasma membrane and cellular
transformation. Furthermore, these functions create a poten-
tially new target for small molecule intervention in HPV-driven
cervical carcinoma. Future studies into the mechanistic founda-
tion for p600 function in primary and transformed cells may lend
insight into processes that are required to suppress a broad range
of malignancies, including those that are independent of viral
infection.
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