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Neuromuscular abundance of RB1CC1 contributes to the
non-proliferating enlarged cell phenotype through both
RB1 maintenance and TSC1 degradation
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Abstract. RBI-inducible coiled-coil 1 (RB1CC1) is a novel
tumor suppressor implicated in the regulation of RB1 expr-
ession. It is abundant in post-mitotic neuromuscular cells,
which are matured and enlarged, but scarce in smaller leuko-
cytes, indicating an association between RB1CC1 status and
cell size. To clarify whether RB1CCl1 is involved in cell size
control, we investigated the contribution of RB1CC1 to the
TSC-mTOR pathway, which plays an important role in the
control through translational regulation. RNAi-mediated
knockdown of RBICCI reduced the activation of mTOR and
S6K as well as the size of HEK293 and C2C12 cells. Such
knockdown also suppressed RB1 expression and the
population of Gl-phase cells. Exogenous expression of
RBICCI maintained S6K activity and cell size, and
decreased TSCl/hamartin contents under nutritionally
starved conditions, which usually inhibit the mTOR-S6K
pathway. Furthermore, RB1CC1 interfered with and degraded
TSC1 through the ubiquitin-proteasomal pathway. A
lentiviral RNAi for RBICCI reduced the size of mouse leg
muscles. These findings suggest that RB1CC1 is required to
maintain both RB1 expression and mTOR activity. The
activity of mTOR was supported by RB1CC1 through TSC1
degradation. RB1CC1 preserved cell size without cell cycle
progression especially in neuromuscular tissues, and the
abundance contributed to the non-proliferating enlarged cell
phenotype.

Introduction

Cell proliferation, growth, differentiation and death are
essential to tissue organization, and should be coordinately
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regulated. Although the individual components of the process
have been studied, coordinate association of their components
is largely unknown. We identified a novel factor, RBI-
inducible coiled-coil 1 (RBICCI1: the symbol approved by
Human Genome Organization Gene Nomenclature Committee)
that is implicated in the regulation of RB1 expression (1).
RB1CCI1 was also designated as FIP200 (focal adhesion kinase
family interacting protein of 200 kD) (2), but is referred to here
as RB1CC1 conforming to HUGO. Introducing RBICC1 into
human leukemic cells accelerated RB/ expression and reduced
cell cycle progression (1,3). Both molecules are synchronously
expressed (1), and specific knockdown of RBICC1 represses
expression of RBI in several cell lines (4). Thus, RBICC1 can
regulate cellular proliferative activity through the RB1 path-
way. Finally, 10-20% of primary breast cancers are associated
with a dysfunction in RBICCI, which has the features of a
classical tumor-suppressor (5,6).

Both RBICC1 and RB1 are preferentially expressed in
embryonic musculoskeletal cells, and contribute to their
maturation (7,8). The expression of RB1CCI1 in both cell nuclei
and cytoplasms, and the intracellular localization could change
according to the developing status. By altering the intracellular
sub-localization, RBICC1 contributes to the mammalian
developmental process (8). We also demonstrated that RBICC1
is a novel mediator of muscular differentiation (4). The syn-
chronous expression of RB/ICCI and RBI predicted myosin
heavy chain expression during C2C12 myoblast differentiation
and human embryonic development. RNAi-mediated knock-
down of RBICCI leads to a reduction in RB1, and C2C12
myoblasts fail to differentiate (4). These experimental data
indicated that RB1CC1 plays a critical role in the repression
of proliferation and induction of differentiation in rhabdomyo-
genic cells. However, leukocyte differentiation is independent
of an increase in RBICCI1 and in fact, leukocytes do not
become as enlarged as skeletal muscle cells during post-
mitotic maturation. These facts suggest that RBICC1 expr-
ession is involved in the regulation of cell size in conjunction
with cell cycle arrest. To evaluate this notion, we observed
the expressional status of RB1CCI1 in post-mitotic embryonic
spinal cord neurons and muscle cells using an immuno-
histochemical preparation and found a positive correlation



426

between cell size and the expressional status in these tissues.
Based on these findings, we searched for a cascade between
RBICCI1 and the TSC-mTOR pathway, which is the best
understood molecular pathway with respect to cell size control
(9). Mutations and depleted TSC function cause mTOR-S6K
activation, upregulation of translation and enlargement of
cell size in several animal species (10-16). TSC1 and TSC2
are not simply involved in cell size regulation, they are also
tumor suppressors that respectively encode hamartin and
tuberin, and mutations in these genes cause tuberous sclerosis
(TSC), a hamartoma syndrome (9). Both genes have coiled-coil
regions and form heterodimers (17), and are supposed to play
a role through translational control in cell cycle progression,
survival and apoptotic processes in addition to cell size
regulation (9,18).

We present evidence that RB1CC1 plays an important role
in cell cycle arrest and on cell enlargement through the TSC-
mTOR pathway not only in vitro, but also in neuromuscular
cells in vivo.

Materials and methods

Antibodies and reagents. Rabbit antiserum against RB1CC1
was generated from a GST-fusion protein containing a.a.
residues 25-271 within the N-terminus of RBI1ICCI1 as the
epitope, and another anti-RB1CCI1 antiserum was a gift from
J.L. Guan (Cornell University, NY 14853). We purchased all
antibodies from Cell Signaling except for the following: anti-
TSC2 (C-20), -S6K (C-18), and -Myc (9E10, Santa Cruz
Biotechnology); anti-HA (12CAS, Roche); anti-Flag (M2)
and -Tubulin a (DM 1A, Sigma); anti-RB1 (G3-245, BD
Pharmingen) and anti-GFP (Clontech). Cycloheximide and
lactacystin were from Calbiochem.

Cell culture. HEK293, 293T and C2C12 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS). Horse serum (2%) induced the
muscular differentiation of C2C12 cells as described (4). Cells
were nutritionally starved by culture in medium containing
25 mM HEPES and 10% dialyzed FBS (Invitrogen). TSC1-/-
cells were derived from murine renal carcinoma (11). Cells
stably expressing TSC1 were generated from TSC1-/- cells
by retroviral gene transfer with human 7SC/ cDNA (GenBank
accession no. NM_000368). Cloned and expanded cells were
selected in the presence of blasticidin. Against C2C12,
TSC1-null and -rescued cells, additional genetic RBICCI
modifications were used in the lentiviral gene transfer system
(Invitrogen).

Plasmid DNA and gene transfer. External and internal deletion
mutants for RBICCI (GenBank accession no. NM_014781)
were generated by a combination of PCR-based manipulations
with appropriate external primers at the positions described
below and restriction enzyme digestion. The nucleotides of all
constructs were confirmed by DNA sequencing. The RBICCI
mutants dL.Z, dCC, dN and FCC contained aa 1-1363, 1-823,
1-555 and 864-1594, respectively. Transfection proceeded
using Lipofectamine 2000 (Invitrogen) or FuGENEG6 (Roche)
according to the supplier's recommendations.

Plasmid vectors of RNAi for RBICCI were prepared as
described (4). The scramble RNAi sequence for RBICCI was
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5'-CAACTACCAAGAGCTTGCCTA-3'. Lentiviral RNAi
vectors were similarly generated and the selection marker
was additionally modified from EM7-Zeocin to CMV-GFP.
Virus-transferring RNAi were prepared according to the
manufacturer's instructions (Invitrogen).

Human 7SC/ cDNA was cloned into the pCX-bsr vector,
and a combination of pCX-bsr and pCL-Ampho was applied
to retroviral gene transduction (19).

Western blotting and immunoprecipitation. Cells were lysed
for Western blotting as described by Sarbassov et al (20).
Before immunoprecipitation, cells were lysed in 1X TNE
buffer (20 mM Tris-HCI containing 150 mM NaCl, 5 mM
EDTA, 1% NP-40 and 1 mM Na;VO, and a mixture of protease
inhibitors). After clearing lysed material by centrifugation at
15,000 x g for 10 min, the supernatant was rotary-incubated
with anti-HA (Roche), -Myc, or -Flag (Sigma) immobilized
beads for 3 h at 4°C. The beads were washed five times with
1X TNE buffer and boiled in SDS sample buffer. Proteins
resolved by SDS-PAGE were transferred to polyvinylidene
difluoride (PVDF) membranes and immunoblotted with the
indicated antibodies.

Cell size and cell cycle analysis. To analyze cell size and the
cell cycle, the distribution of FSC and DNA contents were
evaluated in individual GFP-positive cells using a Becton
Dickinson FACScalibur. Flow cytometry data were analyzed
with CellQuest software as described (21).

Lentiviral RBICCI knockdown in vivo. Lentivirus containing
RBICCI-RNAIi was injected into the hind leg muscles of
C57BL6 mice. We injected scramble- and RBICCI-RNAi
into the left and right legs, respectively and histologically
evaluated the muscles 4 weeks later.

Histology and immunohistochemistry. To evaluate RB1CC1
in developing neuromuscular tissues, human embryos at 4-8
gestational weeks were processed for histological and immuno-
histochemical preparation as described (4,7,8). The effect of
RB1CC1 knockdown in murine skeletal muscle was evaluated
by comparing average cross-sectional areas (CSA) between
knockdown and control muscle fibers after immunostaining
for GFP. The size of CSA in muscle fibers expressing GFP
was evaluated using NIH Image 1.63 software. Average
nuclear numbers per cross-sectioned muscle fiber were also
compared. To calculate the exact number of nuclei in each
muscle fiber, the muscular basement membrane was visualized
by periodic acid/Schiff's (PAS) stain after GFP immuno-
staining.

Results

RBICCI is more abundant in enlarged neuromuscular cells.
Immunoreactivity to RB1ICC1 was more prominent in large
non-proliferative neuromuscular cells than in circulating post-
mitotic small leukocytes in adult animals (data not shown) or
in embryonic spinal cord neurons, and concomitantly increased
with the cell enlargement induced by maturation (Fig. 1A-C).
Similarly, RBICC1 immunoreactivity became intense in
skeletal muscle cells that enlarged after myotube formation
(Fig. 1D). Together with the previous finding that RBICCl1
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Figure 1. RBICCI abundance in enlarged neuromuscular cells. (A) More matured and enlarged (arrows) than proliferating or migrating neurons express
abundant RB/CC1 mRNA. In situ hybridization for RB/CC/ in human embryonic spinal cord neuron. (B) Proliferating neuroblasts contain less RBICC1. (C)
Enlarged neurocytes contain increased RB1ICCI1. (D) RBICC1 was detected in large and fused myocytes rather than in smaller myoblasts, during embryonic
muscular development in humans. Immunohistochemical staining with anti-RB1CC1 antiserum.

is critical for musculoskeletal differentiation, these results
suggested that RBICCI is involved in cell enlargement that
is associated with differentiation in neuromuscular tissues.

RBI1CCI-specific knockdown reduces mTOR-S6K activity
and modulates cell size. We examined whether RBICCI is
involved in cell size regulation through the mTOR pathway
as well as cell proliferation through RB1. Fig. 2A shows that
RBI1CC1 knockdown in HEK293 cells mediated by 2 types
of respective independent RNAi reduced the active forms of
mTOR, S6K and 4EBP1, monitored as the phosphorylation of
Ser2448, Thr389 and Thr37/46, respectively. Transfection with
empty or scramble vectors did not affect HEK293. RB1CC1
knockdown by RNAI also decreased cell size (Fig. 2B). The
effect of RNAI on the phosphorylation of proteins in the TOR
pathway was dose-dependent (data not shown). RB1CC1
knockdown also repressed RB1 protein expression and the
population of cells in GO-G1-phase (Fig. 2A and B). These
results indicated that RB1CCl1 regulates both cell size and
the cell cycle through TSC-mTOR and the RB1 pathway,
respectively.

The biological effect of RB1CC1 knockdown upon cell size
reduction was prominent in differentiated C2C12 myocytes
synchronized almost at the G1-phase, and was insignificant
in exponentially proliferating cells, although the protein level
was influenced similarly in both differentiated and proliferating
cells. The cell size reduction of differentiated cells was
associated with the decrease in phosphorylated and total

forms of S6 protein, a downstream target of S6K (Fig. 3).
RB1CCI knockdown diminished the G1 fraction that is rich
in differentiated cells (Fig. 3A). The reduced amount of RB1
protein caused by RBICCI RNAIi was also in parallel with
the decreased G1 fraction in C2C12 myocytes (Fig. 3B),
suggesting that significantly reduced RB1 expression fails
the suppression of cell cycle especially in differentiated cells.

Exogenous RBICC1 expression maintains S6K activities and
cell size even under starvation. To confirm the contribution of
RBICCI1 to the control of cell size through the mTOR path-
way, we compared the effect of excess exogenous RB1CC1
expression in HEK293 cells cultured under starvation in Met-
and Cys-deprived media or in media containing low (2.5 mM)
or no glucose, in comparison with the complete medium
supplemented with 25 mM glucose (Fig. 4A). The activity of
S6K was suppressed in HEK293 cells under these starved
conditions. However, exogenous RB1CC1 dose-dependently
activated S6K (Fig. 4A) and recovered cell size from that
reduced by low glucose (Fig. 4B). The abundance of RB1CC1
was parallel with reduced TSC1/hamartin expression and
increased RB1 expression (Fig. 4A). These results further
support the notion that RBICCI regulates cell size and the
cell cycle through both the TSC-mTOR and RB1 pathways,
respectively.

RBICCI degrades TSCI through ubiquitin-proteasomal
pathways. To analyze the molecular cascade between RB1CC1
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Figure 2. RB1CC1-specific knockdown reduces both mTOR activity and RB1 expression, decreases cell size and diminishes the population of G1-phase cells.
(A) RBICCI-RNAI reduced active forms of mTOR, S6K and 4EBP1, indicating phosphorylated Ser2448, Thr389 and Thr37/46, respectively. Knockdown
also decreased RB1 expression. Two RNAI vectors (RNAi-1 and RNAi-2) similarly repressed for mTOR pathway, whereas empty or scrambled vectors had
no effect. RNAi-3 had little effects for RB1 and mTOR pathways, probably depending to the insignificant knockdown for RB1CC1. Plasmid DNA (4 pg) was
transferred using Lipofectamine 2000 into HEK293 cells. (B) Histograms of FSC-H indicate left-shift reflecting decreasing cell size; those of FL2-A suggest
decreased number of G1-phase in RB1CCI1-RNAi-treated HEK293 cells. Red and blue lines respectively indicate RNAi-1 and RNAi-2 against RBICCI.

s 2 . RB1CC1
8 o8
8 f it RBI -
2 s : S6
B - (240/244)
c 5 & S6 -
o = 2
g 3 ; '
3 h s Tubulin  C—— ——
b HE ol
(| o m  am w0 0w ° o a'aomau':o ®0 100 @ 5y
size cycle Proliferation  Differentiation

Figure 3. RB1CCI knockdown similarly affected C2C12 myocyte size and cell cycle. (A) Decreased cell size and number of G1-phase cells in differentiated
C2C12 myocytes are prominent, but not significantly different in proliferating cells. Red lines indicate lentiviral RNAi-treated cells. (B) S6 activity
(Ser240/244) is reduced in RNAi-treated, proliferating and differentiated cells. Decreased numbers of Gl-phase in differentiated cells might depend on
decreased RB1 protein content. Proliferation or differentiation was induced in medium containing 10% FBS or 2% horse serum, respectively. C2C12 cells
under each condition were cultured in parallel and analyzed by both flow cytometry and Western blotting.

and the TSC-mTOR pathway, we evaluated interactions RBI1CCI activated S6K, but an excess of TSC1-2 interfered
between RB1CC1 and TSC. We stepwise introduced TSC1-2  with this activation (Fig. 5A, lanes 1-4). On the contrary,
into HEK293 cells in the presence of an excess of RBICC1. stepwise RBICCI overexpression did not activate S6K up to
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Figure 4. Exogenous RBI/CCI maintained S6K activity, repressed TSCI1 content, and protected cell size from reducing under starvation. (A) Exogenous
RBI1CC1 was added to the media containing 25 mM (++), 2.5 mM (+), or no (-) glucose with complete amino acids (++), or Met- and Cys-deprived medium
(+). Plasmid DNA (0, 0.5, 1, 3 or 5 ug) encoding RBICC1 was transfected with complementary empty vectors using Lipofectamine 2000 to HEK293 cells
under the above nutritionally starved conditions. With 2.5 mM or no glucose, or under partial amino-starvation, phosphorylated S6K (Thr389) was restored in
response to abundant RB1CC1. Abundance of RBICC1 correlated reciprocally with TSC1/hamartin level, and positively with RB1 expression in HEK293
cells. (B) Under 2.5 mM glucose, cell size was restored by RBICC1, whereas cell cycle was not significantly affected. Black and blue lines represent control-
and RB1CC-transduced cells with 2.5 mM glucose, respectively.
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Figure 5. RBICCI1 functions directly upstream of TSC. (A) In the elevated RB1CCI status of cells transfected with 2 pg of encoding plasmid vector, activated
Thr389-S6K (lane 1) was reduced by TSC introduced with 0, 1, 3 and 5 pg of TSC1-2 vectors (lanes 1-4). In contrast, RB1CC1 induction did not activate
S6K in the presence of abundant TSC caused by transfection with 2 yg TSC1-2 plasmid DNA. Exogenous amount of RBICC1 was increased stepwise using
0, 1,3 and 5 pg of vectors (lanes 6-9). Central lane (lane 5), control HEK293 status. (B) Interaction between RBICC1 and TSC. HEK293T cells were
cotransfected with vectors encoding Flag-RB1CC1 (+) or control (-) and plasmids encoding Myc-TSC1 and HA-TSC2. Aliquots of lysate or anti-Flag
immunoprecipitated lysates (IP: Flag) were analyzed by Western blotting. Anti-Myc immunoprecipitates (IP: Myc) were also similarly analyzed. Cells were
transfected with each 2 ug of DNA vector using FuGene. (C) Endogenous TSC1 and RBICC1 were immunocytochemically colocalized in the cytoplasm,
especially in ER of HEK293MSR cells, whereas RB1CC1 was also expressed in the nuclei. Indicated antibodies were probed using Alexa-Fluor 488 (green)
or 555 (red), reacted with cells, and analyzed by confocal laser-scanning microscopy.

quite a high level under an excess of TSC (Fig. 5A, lanes 6-9). Immunoprecipitation and immunoblotting showed that
These results indicated that RB1CC1 functions upstream of RBI1CC1 interacted with TSC1 and 2 (Fig. 5B). Yeast two-
TSC. hybrid assays also confirmed binding between RB1CC1 and
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Figure 6. RBICC1 induced TSC1 degradation through ubiquitin-proteasomal pathway. (A) HEK293 cells transfected with indicated plasmids, Myc-TSCI,
HA-ubiquitin and Flag-RB1CCI1. Lysates from cells were immunoprecipitated with anti-HA (ubiquitin), immunoblotted against anti-Myc (TSC1), showing in
the second lowest panel, and vice versa, representing in the lowest panel. RB1CC1 overexpression increased and RNAi decreased poly-ubiquitination species
of TSC1. (B) Wild-type RBICC1 enhanced TSC1 ubiquitination among various RB1CC1 mutants, dLZ, dCC, dN, and FCC, whose N-terminus were tagged
with Flag. Schematic diagram of RBICC1 wild-type and mutants were also indicated on the left side. (C) Excess RB1CCI induced more rapidly TSC1
turnover than control condition. Endogenous TSC1 contents evaluated after exposure to 10 pg/ml cycloheximide after transfection with RBICC1 with or
without lactacystin (10 M), a proteasomal inhibitor. Quantified values of signals are plotted relative to O h values. Lactacystin blocked TSC1 degradation
under both control and excess RB1CC1 conditions. Each plasmid vector was transfected with 6 g DNA using Lipofectamine 2000. (D) RBI1CC1 essentially
required TSC1 for cell size control. RBICCI1 was knocked down using lentiviral RNAi delivery in TSC1-null and -rescued cells. Control of cell size by

RBI1CC1 depended upon TSC1, but knockdown induced the decrease of Gl-phase cells or abnormal entry into S-phase in both types of cells. Red lines
indicate lentiviral RNAi-treated cells.
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Figure 7. Muscle atrophy treated by RBICC1-RNAi. (A) GFP (arrowheads) is expressed in murine muscle fibers treated by lentiviral RBICCI-RNAi. (B)
RBICC1 was less abundant in GFP-positive fibers (arrowheads). Serial sections were immunostained with antibodies against GFP and RB1CC1, respectively.
(C) Scramble-, RNAi-1- and RNAi-2-treated muscle fibers in representative sections of gastrocnemius muscles immunostained with anti-GFP antibodies and
followed to PAS staining. (D) Myofiber CSA was reduced due to RBICC! knockdown. CSA size was evaluated by NIH Image software. (E) Number of
myonuclei per fiber section was not significantly affected by RNAi. Data are shown as means + SE of over 100 fibers from three mice per exposure to RNAi.
“Difference was statistically significant (p<0.01; Student's t-test). Scale bar, 100 ym.
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TSC1 (data not shown) and partial fractions of endogenous
TSC1 and RB1CC1 were immunocytochemically colocalized
(Fig. 5C). Together with the findings that excess RBICC1
status was reciprocally correlated with TSC1 protein content
(Fig. 4A), we postulated that RB1CC1 degrades TSC1 through
the ubiquitin-proteasomal pathway. To test this hypothesis,
Myc-TSC1, HA-ubiquitin, and Flag-RBICC1 were exogen-
ously introduced into HEK293 cells, immunoprecipitated with
anti-HA antibody, and blotted against anti-Myc antibody.
Fig. 6A shows that RBICCI1 overexpression accelerated
TSC1 ubiquitination and that the RNAi reduced it. Anti-Myc
immunoprecipitation combined with anti-HA blotting produced
similar results (Fig. 6A, the lowest panel). Wild-type RB1CC1
enhanced, whereas the RB1CC1 mutants, dLZ, dCC, dN, and
FCC did not enhance TSC1 ubiquitination (Fig. 6B).

To examine whether RB1CCI1 affects TSC1 stability, the
protein contents of TSC1 were evaluated after exposure to
cycloheximide with or without lactacystin (control) and an
excess of RB1ICCI. Fig. 6C shows that TSC1 degraded more
rapidly when RB1CC1 was abundant. Lactacystin, a protea-
somal inhibitor, blocked TSC1 degradation with or without
an excess of RBICC1. RNAI protected against TSC1 decay,
but scramble RNAi and the RB1CC1 mutant degraded TSC1
in a manner similar to that of the control. These results
indicated that RBICC1 degrades TSCI through the ubiquitin-
proteasomal pathway.

To evaluate whether RBICCI1 essentially requires TSC1
for cell size control, RB1CC1 was knocked down in TSCI1-
null murine renal carcinoma and TSC1-rescued cells. The
cell size control mediated by RB1ICC1 was dependent on
TSC1, but RB1CC1 knockdown caused the decrease of G1-
phase population or irregular entry into S-phase in both cell
lines (Fig. 6D).

RBICCI regulates cell cycle progression through the RB1, but
not the TSC-mTOR pathway. Exogenous RB1CCI1 positively
regulated RB1 expression (Figs. 2-4). RB1CC1 knockdown
also decreased G1-phase cells and caused cell cycle progression
in HEK293 and C2C12 cells (Figs. 2 and 3). To determine
whether the TSC-mTOR pathway is involved in cell cycle
control mediated by RB1CC1, we transduced the RNAi for
RBICCI into TSC1-null and -rescued cells. The cell cycle
alteration caused by RBICCI1 knockdown, such as reduced
G1 fraction or abnormal entry into S-phase, was independent
of TSC1 status, whereas cell size regulation was dependent
(Fig. 6D). These findings indicated that RB1CC1 independently
affects the cell cycle and cell size, and that TSC1 is essentially
required for RB1CC1-mediated cell size control.

RBICCI knockdown decreased the size of mouse hind leg
muscles. To analyze whether RB1CC1 maintains the cell or
tissue size in vivo, we injected lentiviral RNAi for RBICCI
into mouse hind leg muscles, and evaluated the size of RNAi-
transduced myofibers. The RNAi reduced the amount of
RBICCI1 (Fig. 7A and B) and decreased the cross-sectional
areas (CSA) of gastrocnemius muscles expressing GFP
(Fig. 7C and D), so muscular fiber atrophy was finally caused
by RBICC1 knockdown. The myonuclear number per trans-
verse section of a GFP-positive fiber did not significantly
differ between scramble- and RBICCI-RNAIi (Fig. 7E). These
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results indicate that RB1CC1 can regulate cell and tissue size
in muscles in vivo.

Discussion

The present study offers two important findings. The study
uncovered that RB1ICCI1 suppresses G1-S progression of the
cell cycle through RB1 expression. We also discovered that
RB1CCI1 is abundantly expressed in post-mitotic mature
neuromuscular cells throughout life and positively affects the
mTOR pathway to contribute to the enlarged cell size. These
findings indicate that RB1CC1 plays an important role in the
maintenance of cell size without promoting cell cycle prog-
ression and contributes to the orchestrated mechanism of tissue
organization, especially in neuromuscular organs.

Many tumor suppressors and oncogenes are involved in
the TSC-mTOR pathway (9,14,17). The tumor suppressors,
PTEN, LKB1 and TSC, negatively regulate mTOR and its
targets, S6K and 4EBP1, and then reduce the translation,
resulting in smaller cells (9,22,23). On the contrary, onco-
genes such as Akt positively affect the mTOR pathway, and
encourage translation as well as cell growth (15,16,24). These
molecules play parallel roles in both cell size control and
proliferation. RBICC1 increased cell size through mTOR-S6K
activation, but suppressed cell cycle progression by up-
regulating RB1. The biphasic effects of RBICC1 upon cell
size and cell cycle were particularly prominent in terms of
differentiation status rather than proliferation in C2C12 myo-
genic cells. In addition, an RB1CC1 deficiency resulted in the
atrophy of muscular fibers in vivo. RB1CC1 is as abundant in
post-mitotic large cells as in mature neuromuscular cells, but is
less so in post-mitotic leukocytes, which do not grow. Although
it remains unknown why neuromuscular cells can be enlarged,
our data imply that a neuromuscular abundance of RB1CC1
contributes to this phenotype through both the TSC-mTOR
and RB1 pathways.

The cell size control mediated by RB1CC1 depended on
TSC1 status. RBICC1 affected the cell cycle regardless of
TSCI1 status, but did not affect the size of TSCI1-null cells,
suggesting that RBICC1 works independently on cell cycle
and size, and that TSCI is essential for the control of cell size
mediated by RBICC1. We also found that RB1CC1 positively
regulated the mTOR pathway via TSC1 degradation through
the ubiquitin-proteasomal pathway. The molecular mechanism
through which RB1CCI1 controls cell size seemed to be the
accelerated degradation of TSC1. Akt might play a role in
TSC degradation through TSC2 phosphorylation of the target
site (24). Pam might also degrade TSC1-2 through ternary
binding and by genetic linkage as a negative regulator of TSC
in Drosophila (25). Our data indicate that a novel molecular
mechanism regulates mTOR through the ubiquitination and
degradation of TSC1 induced by RB1CCl.

A group who recently named RB1CC1 as FIP200,
independently reported that RBICCI1 associates with TSC1
and plays a positive role in cell size control (26). They
speculated that interaction between RB1CC1 and TSCI
prompts a competitively dissociative role for the complex
between TSC1 and TSC2, which results in a positive mTOR
function. However, they also noted that the TSC1-binding
sites for RB1CCl differ from those for TSC2 and that RB1CC1
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might play another negative role for TSC1 rather than that of
competitive binding against TSC2. They did not find that
abundant RB1CC1 accelerated TSC1 ubiquitination. We found
that the RB1CC1 mutants (dLZ, dCC) containing aa 638-859
could bind to TSC1, as previously reported (26), but did not
significantly prompt TSC1 ubiquitination. This indicated that
wild-type RB1CC1 does not competitively dissociate TSC
through binding with TSCI, but that it actively accelerates
TSCI1 ubiquitination. RB1CC1 presumably recruits TSC1 to
any E3 ubiquitin ligases, because it contains neither an F-box
nor a RING-H2 finger domain. Furthermore, RBICC1 can
degrade various molecules in a multi-directional manner
(27). RBICCI stabilizes p53 by protecting against self-
ubiquitination, and on the contrary, also decreases cyclin D1
protein by promoting proteasome-dependent degradation. All
of these findings together with that of the multi-directionality
of RBICCI1 for molecular ubiquitination support the notion
that RB1CCI1 is a recruiter for protein ubiquitination rather
than a direct ubiquitin ligase.

In summary, RBICC1 was required for crosstalk between
the mTOR and RB1 pathways, and it preserved the enlarged
cell phenotype without cell cycle progression especially in
neuromuscular tissues. A neuromuscular abundance of
RBICCI contributed to the maintenance of enlarged cells
through TSC1 degradation, causing activation of the mTOR
pathway. In addition, RBICCI suppresses cell cycle prog-
ression through RB1 up-regulation. Thus, RB1CCl1 plays
important roles in cell proliferation, growth, differentiation and
death and provides novel insight into the coordinate molecular
mechanisms of tissue organization. A dysfunction of RB1CC1
causes dysregulation of these mechanisms, resulting in various
pathological conditions such as cancer and neuromuscular
diseases.
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