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RB1-inducible coiled-coil 1 (RB1CC1) functions in various
processes, such as cell growth, differentiation, senescence, apo-
ptosis, and autophagy. The conditional transgenic mice with
cartilage-specific RB1CC1 excess that were used in the present
study were made for the first time by the Cre-loxP system. Car-
tilage-specific RB1CC1 excess caused dwarfism in mice without
causing obvious abnormalities in endochondral ossification and
subsequent skeletal development from embryo to adult. In vitro
and in vivo analysis revealed that the dwarf phenotype in carti-
laginous RB1CC1 excess was induced by reductions in the total
amount of cartilage and the number of cartilaginous cells, fol-
lowing suppressions of type II collagen synthesis and Erk1/2
signals. In addition, we have demonstrated that two kinds of
SNPs (T-547C and C-468T) in the human RBI1CC1 promoter
have significant influence on the self-transcriptional level.
Accordingly, human genotypic variants of RB1CCI1 that either
stimulate or inhibit RBICCI transcription in vivo may cause
body size variations.

Human diseases associated with COL2A1 (collagen type II
al) mutations, such as spondyloepiphyseal dysplasia congenita,
achondrogenesis, Czech dysplasia, and hypochondrogenesis,
are known. The abnormal pro-a1(II) chains produced in these
diseases cannot be converted into normal type II collagen, the
framework to anchor the chondroid matrix, resulting in dwarf-
ism (1-3). SOX9 regulates type II collagen expression (4), and
the mutation causes human campomelic dysplasia (5, 6).
c-Krox is also known to regulate type II collagen (7), but it is
unclear whether the aberrations cause body size abnormalities.
Further studies are warranted to investigate mechanisms regu-
lating type II collagen expression and inducing body size abnor-
malities, such as dwarfism.

RB1-inducible coiled-coil 1 (RB1CC1; the symbol referred to
here and approved by the Human Genome Organization
(HUGO) Gene Nomenclature Committee; also known as
FIP200, focal adhesion kinase family-interacting protein of 200
kDa) was identified as a novel molecule that dephosphorylated

* This work was supported by KAKENHI (Grant-in-Aid for Scientific Research)
from the Ministry of Education, Culture, Sports, Science, and Technology,
Japan and the Japanese Society of Laboratory Medicine Fund for the Pro-
motion of Scientific Research.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-3.

" Both authors contributed equally to this work.

2 To whom correspondence should be addressed: Tsukinowa-cho, Seta, Otsu,
Shiga 520-2192, Japan. Fax: 81-77-548-2603; E-mail: chano@belle.shiga-
med.ac.jp.

DECEMBER 23,2011 +VOLUME 286+NUMBER 51

RB1 (8, 9), and increased RB1 expression (8, 10, 11). RB1ICC1
forms a complex with hSNF5 (11), p53 (9, 11), PIASy (a protein
inhibitor of activated STAT protein y) (12), and/or the other
transcriptional regulators in cell nuclei and enhances the pro-
moter activities of RB1, p16, and p21 (9-13). A nuclear expres-
sion of RBICC]1 is important for tumor suppression through
globally transcriptional activation of the RB1 pathway (11), and
genetic rearrangement of RBICCI is involved in breast cancer
tumorigenesis (14, 15). RB1CC1 is located not only in the
nucleus but also in the cytoplasm (9, 10, 16, 17), where it plays
an essential role in autophagic progression (16-23), cellular
enlargement (24 —26), and apoptosis (27, 28). In addition, qual-
itative or quantitative alterations of RB1ICC1 are correlated
with various diseases, such as cancer (11, 14, 15, 29 -31), neu-
ronal degeneration (32, 33), inflammatory skin disorder (28),
and severe anemia (34).

RB1CC1 is presumably involved in the musculoskeletal
development (35). During the endochondral ossification,
RB1CC1 expression was low in proliferating chondrocytes and
increased concomitantly with the increase of size and calcifica-
tion (35). However, the effects of molecular anomalies of
RBICC1 on the musculoskeletal system have not yet been
reported. To identify the effect of RB1CC1 disorder i vivo on
the musculoskeletal development, we analyzed Col2-RB1CC1
transgenic mice, which carry highly expressed RB1CC1 in car-
tilaginous tissues. The present study demonstrated that Col2-
RB1CCI transgenic mice had a dwarf phenotype characterized
by reduced production of type II collagen.

EXPERIMENTAL PROCEDURES

Construction of Transgene—The CAG-floxed-Neo-vector,
pCALNLS5 (36), was purchased from RIKEN BRC (Tsukuba Sci-
ence City, Japan). To create an RBICC1 transgene, we prepared
a 4.9-kb DNA fragment covering the entire coding region of
human RB1CC1 c¢DNA tagged with a FLAG sequence at the
NH, terminus. The FLAG-tagged RB1CC1 cDNA was cloned
into the EcoRI-Smal sites of pCALNL5 vectors to create
CAG-floxed-Neo-RBICCI.

Generation of Transgenic Mice and PCR Genotyping—The
plasmid CAG-floxed-Neo-RBICC1 was digested with Sfil and
then microinjected into the pronuclei of fertilized eggs from
C57BL/6]. Transgenic newborn infants were identified by PCR
assays of genomic DNA extracted from the tail. Genomic DNA
was amplified by transgene-specific PCR using primers: Axca-S
(5'-TGT GCT GTC TCA TCA TCA TTT TGG-3'), derived
from the CAG promoter, and CC1-ASP2 (5'-TTG GCC ATT
ACT GAA ACT GCA-3’), derived from human RB1CC1 cDNA
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to amplify an ~2.2 kb product for CAG-floxed-Neo-RB1CC1
transgenic mice (Fig. 1). Four of 96 newborns were genetically
positive for the transgene. CAG-floxed-Neo-RB1ICC1 trans-
genic and normal embryos appeared similar. All of the trans-
genic newborn mice matured sexually, and four independent
transgenic mouse lines could be established.

RBICCI1/Cre double-transgenic pups were generated by
mating 2 transgenic mouse lines (lines 44 and 84) of CAG-
floxed-Neo-RB1CC1 (RBICCI1/wt) with Col2-Cre (wt/Cre)
transgenic mice obtained from the Jackson Laboratory (Bar
Harbor, ME). Each transgenic mouse line was monoallelically
maintained (i.e. continuously backcrossed onto the C57BL/6]
genetic background). In RBICC1/Cre double transgenic mice,
two loxP sequences flanking the Neo gene within the CAG-
floxed-Neo-RBI1CCI transgene were crossed with the Col2-Cre
transgene, which expresses Cre recombinase under the pro-
moter of Col2al. Cre-mediated deletion of Neo gene leads to
production of FLAG-tagged human RB1CC1 under the direct
control of the CAG promoter in the differentiated chondro-
cytes (RB1ICC1/Cre; Fig. 1A). RBICC1/Cre double-transgenic
pups were recognized as Col2-RB1CC]1 transgenic mice, which
highly expressed RB1CC1 in cartilaginous tissues. Mice were
housed and handled according to local and national regula-
tions. All experimental procedures were carried out according
to the guidelines of the Institutional Animal Care and Use
Committee and approved by the Research Center for Animal
Life Science at Shiga University of Medical Science (Approval
ID: 2006-7-1H). In addition to the primer pairs for detecting
CAG-floxed-Neo-RB1CClI transgenic mice, the following prim-
ers were used for PCR genotyping of the mice obtained by
cross-mating: Col2-S, 5'-ACC AGC CAG CTA TCA ACT
CG-3’; Col2-AS, 5'-TTA CAT TGG TCC AGC CAC C-3';
WT-S,5-CTA GGC CAC AGA ATT GAA AGA TCT-3'; and
WT-AS, 5'-GTA GGT GGA AAT TCT AGC ATC ATC C-3'.
The combination of primers Col2-S, Col2-AS, WT-S, and
WT-AS amplified 199- and 324-bp fragments from Col2-Cre
transgene and /2 on wild-type mouse chromosome 3, respec-
tively (Fig. 1B). The PCR conditions were as follows: 1 cycles at
95 °C for 3 min, followed by 35 cycles at 95 °C for 20 s, 58 °C for
20s,and 68 °Cfor 30s,and 1 cycle at 68 °C for 10 min. RBICC1/
Cre mice were born at the expected Mendelian ratio. The phe-
notypes of both transgenic mouse lines (lines 44 and 84) were
similar.

Analysis of Body Size Phenotype—Body weights of the Col2-
RB1CC1 (RBICCI1/Cre) and the other genotype (RBICCI1/wt,
wt/Cre, and wt/wt) mice were measured weekly in 4 —50-week-
old mice. In addition, the cranio-sacral and tibial lengths of
these four genotypic mice were measured by radiograms of soft
x-rays (type SRO-M50, SOFRON, Tokyo, Japan) under general
anesthesia with 40 mg/kg sodium pentobarbital. X-ray exami-
nations were performed until 70 weeks of age.

Skeletal Sample Preparation—Embryos from day 16.5-18.5
and newborn mice were eviscerated and fixed in 100% ethanol
for 4 days and then transferred to acetone. After 3 days, they
were rinsed with water and stained for 10 days in staining solu-
tion consisting of 1 volume of 0.1% Alizarin red S (Sigma) in
95% ethanol, 1 volume of 0.3% Alcian blue 8GX (Sigma) in 70%
ethanol, 1 volume of 100% acetic acid, and 17 volumes of etha-
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nol. After rinsing with 96% ethanol, specimens were kept in 20%
glycerol, 1% KOH at 37 °C for 16 h and then at room tempera-
ture until the skeletons became clearly visible. Finally, the spec-
imens were stored in 100% glycerol after gradual dehydration in
50 and 80% glycerol.

Histological Evaluation—The balance between cartilaginous
cell number and extracellular chondroid matrices was analyzed
in cartilaginous tissue of Col2-RB1CC1 mice. The cells were
counted in areas of 100 um? of cartilaginous tissues in cranium,
ribs, and spine of day 18.5 embryos from each genotype
(RBICC1/Cre, RBICC1/wt, wt/Cre, and wt/wt). The status of
endochondral ossification was microscopically evaluated in the
growth plates of day 18.5 embryonic spines and 4 — 6-week-old
newborn infantile tibias. The columnar proliferating and
hypertrophic chondrocytes were counted in the sections
stained by Alcian blue and nuclear Fast Red, and all of the num-
bers were statistically analyzed.

In Vitro RBICC1 Modification in Chondrogenic Cells—A
chondrogenic cell line, ATDC5, was purchased from the
RIKEN BRC and maintained in the growth medium, DMEM/
Ham’s F-12 (1:1) hybrid medium (Invitrogen) supplemented
with 5% fetal bovine serum (FBS) (Invitrogen), 10 mg/ml
human transferrin (Roche Applied Science), and 3 X 10~ % M
sodium selenite (Sigma), as described previously (37). ATDC5
cells were plated in 6-well plates at a density of 5 X 10° cells/
well and cultured until 80 —100% confluence. Then the medium
was replaced by serum-free OPTI-MEM and plasmid, either
pcDNA-FLAG-RB1CCI1 (0, 0.5, 1, or 2 ug/well) or the comple-
mentary empty vector (pcDNA-FLAG), which were transfected
into the cells using Fugene HD™ (Roche Applied Science). To
deplete the RBICC1 expression, siRNA (40 pmol/well) for
RBICCI (ID 22036, Ambion) or GL3 siRNA (negative control)
was transfected by Lipofectamine™ RNAi MAX (Invitrogen).
Each vector for the transfection to induce the overexpression or
knockdown of RB1CC1 was used according to the manufactur-
er’s instructions. To trigger chondrogenesis, 24 h later, these
transduced cells were fed by the differentiation medium
DMEM/Ham’s F-12 hybrid (1:1) medium supplemented with
0.5% FBS, 10 mg/ml human transferrin, 3 X 10~® M sodium
selenite, and additionally 10 mg/ml of human recombinant
insulin (Wako Pure Chemical, Osaka, Japan). After an addi-
tional incubation of 0—96 h, the cells were lysed as described by
Sarbassov et al. (38). The lysates were centrifuged at 15,000 X g
for 1 min, and the supernatants were boiled in SDS sample
buffer and examined by Western blotting. The incubated
medium samples were used in sulfate GAG? assays.

Sulfate GAG Assay—Quantitative analysis of the secreted
GAG in the medium was done by the Blyscan kit (Biocolor,
Northern Ireland, UK) according to the manufacturer’s
instructions. Briefly, recovered media were mixed with equal
volumes of Blyscan Dye Reagent and shaken for 30 min to sat-
urate the GAG-dye binding. The dye bound to GAGs was
precipitated by centrifugation and dissolved in Dissociation
Reagent. Then the recovered dye concentration was spectro-
photometrically measured by the absorbance at 656 nm. A

3 The abbreviations used are: GAG, glycosaminoglycan; COMP, cartilage olig-
omeric matrix protein.
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chondroitin 4-sulfate standard solution (Biocolor) was used to
generate the standard curves, and all samples were tested in
triplicate.

Western Blots—Proteins resolved by SDS-PAGE were trans-
ferred to polyvinylidene difluoride (PVDF) filters. After block-
ing of the filters with TBS-T (10 mm Tris-HCI (pH 7.6), 150 mm
sodium chloride, 0.1% Tween 20) containing 5% bovine serum
albumin (BSA), the filters were incubated overnight with the
indicated primary antibodies in TBS-T containing 2% BSA at
4. °C. The filters were then washed in TBS-T and incubated for
1 h in horseradish peroxidase-conjugated anti-mouse or
anti-rabbit IgG (GE Healthcare) diluted 1:20,000 in TBS-T
containing 2% BSA. After several washes with TBS-T, the
immunoreactivity was detected using the ECL system (GE
Healthcare) according to the procedures recommended by
the manufacturer.

Antibodies and Reagents—Anti-FLAG (M2) and anti-« tubu-
lin (DM 1A) antibodies were obtained from Sigma. Antibodies
for type II collagen (NCL-COLL-IIp), aggrecan (ab36861), car-
tilage oligomeric matrix protein (COMP; GTX14515), RB1
(G3-245), and p62/SQSTM1 (sequestsomel) were purchased
from Novocasta, Abcam, GeneTex, BD Biosciences, and Wako,
respectively. DYKDDDDK tag and the other antibodies were
from Cell Signal Technology.

Immunohistochemistry—Embryos of day 18.5 from each gen-
otype (RB1CC1/Cre, RBICCI1/wt, wt/Cre, and wt/wt) were sac-
rificed and embedded in paraffin after fixation in 10% buffered
formalin overnight. Deparaffinized serial sections of 4-um
thickness each were processed for two-step immunoperoxidase
staining using the following primary antibodies: DYKDDDDK
tag, type II collagen, phospho-Erk1/2(202/204), phospho-
NFkB(536), and p62/SQSTMI1. A high temperature antigen
unmasking pretreatment using autoclaving was used for the
immunostaining of phospho-NF«kB(536), and enzymatic predi-
gestion with trypsin was performed for DYKDDDDK tag and
type II collagen. Endogenous peroxidase activity was blocked
using 0.3% hydrogen peroxidase in methanol. The sections
were then incubated with each of the primary antibodies at
4 °C overnight, rinsed with 1X PBS, and incubated with the
secondary antibody (Simple Stain MAX-PO; Nichirei, Japan)
at room temperature for 1 h. They were stained with 3,3'-
diaminobenzidine tetrahydrochloride and counterstained
with hematoxylin.

Human RBICCI Promoter-Reporter Assay—Five kinds of
SNPs (T-547C, C-468T, C-377T, T-296C, and G-226A; the
transcription start site was defined as +1) have been identified
in the human RBICCI promoter (available at the NCBI,
National Institutes of Health, Web site), so we investigated the
influence of these SNPs on the RBICC1 expression in chondro-
cytes. Human RBICCI wild-type promoter region from —1037
to +58 was introduced into the luciferase reporter plasmids
(pGL3, Promega, Madison, WI), as reported previously (39).
The promoter in pGL3 luciferase plasmid was artificially mod-
ified, using the PrimeSTAR™ Mutagenesis Basal kit (TaKaRa),
according to the manufacturer’s instructions, to make the pro-
moter-plasmid with each SNP described above. ATDC5 cells
were seeded at 1 X 10° cells/well in a 6-well plate in growth
medium. On the next day, after changing the medium to serum-
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free OPTI-MEM, human RBICCI wild type or each SNP pro-
moter-luciferase reporter plasmid (0.5 wg DNA/well) was
transfected into the cells using FUGENE HD™. Twenty-four
hours later, the transduced ATDC5 cells were exchanged into
the differentiation medium for induction of chondrogenesis.
After additional incubation of 24 h, the cells were lysed, and
luciferase activity was analyzed using a Luciferase assay kit
(Toyo Ink, Japan) and luminometer (EG&G Berthold Lumat LB
9507).

Statistical Analysis—Statistical analysis was performed in
StatView 5.0 for Windows (StatView Inc.). All tests for statisti-
cal significance were two-sided. A p value of <0.05 was consid-
ered statistically significant. One-way factorial analysis of vari-
ance and multiple comparison tests accompanied by Scheffe’s
significance were used to evaluate the relationships between
genotypes and body sizes. Similar statistical analyses were
applied to histological comparison of cartilage cell numbers, to
RBICCI promoter activities caused by each SNP, and to the
GAG content-affected RB1CC1 expression.

RESULTS

Col2-RB1CC1 Causes Dwarfism in Mice—RB1CCI1/Cre dou-
ble-transgenic pups were recognized as Col2-RB1CC1 trans-
genic mice, which highly expressed RB1CC1 in cartilaginous
tissues (Fig. 1). The analysis of body sizes showed that Col2-
RB1ICC1 mice overexpressing RBICC1 in chondrocytes had
statistically smaller body sizes than mice of the other types
(RB1CC1/wt, wt/Cre, and wt/wt; Fig. 2A). The mature Col2-
RB1CCI1 mice also had significantly smaller bone lengths than
those of the other types (Fig. 2B), although there was no dispro-
portional body construction in any of the genotypes (Fig. 2C).
Radiographic follow-up until the mice were 70 weeks old
revealed that bone development, such as growth plate closure
or onset of osteoarthritis, was fundamentally the same among
all genotypes of mice (data not shown). The degree of dwarf
phenotype was similar in two kinds of RBICCI-transgenic
mouse lines (lines 44 and 84; supplemental Fig. 1).

Col2-RB1CC1 Causes the Dwarf Phenotype without Abnor-
mal Endochondral Ossification—To analyze the status of endo-
chondral ossification in Col2-RB1CC1 mice, we prepared skel-
etal samples from day 16.5-18.5 embryos of all genotypes. The
chondroid volume was smaller in Col2-RB1CC1 mice than in
the others, but there was no significantly macroscopic differ-
ence in the endochondral ossification among genotypes (Fig. 3,
A and B). Microscopically, there were no significant differences
between cartilaginous cell numbers in areas of 100 pwm? from
each genotype (Fig. 3C), but lesser cell numbers and fewer
chondroid matrices were significantly indicated in the spinal
growth plates of day 18.5 Col2-RB1CC1 embryos (Fig. 3D).
Chondrocyte numbers and chondroid matrices were signifi-
cantly less in the columnar proliferating zones of tibial growth
plates of 4 — 6-week-old Col2-RB1CC1 infants (Fig. 3, E and F).
Numbers of hypertrophic chondrocytes were less in 4-week-old
Col2-RB1CC1 tibias (Fig. 3E). However, no obvious abnormal-
ity was detected in the endochondral ossification among geno-
types. These results indicated that a balanced decrease in carti-
laginous cell numbers and extracellular chondroid matrices
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FIGURE 1. Generation of Col2-RB1CC1 transgenic mice. A, the Neo gene
was flanked by two loxP sequences in CAG-floxed-Neo-RB1CC1 transgenic
mice. The transgenic mice were crossed with Col2-Cre transgenic mice,
expressing Cre recombinase under the promoter for collagen2 a1 (Col2al),
and Cre-mediated deletion of the Neo gene led to production of FLAG-tagged
human RB1CC1 under the CAG promoter in the chondrocytes of Col2-RB1CC1
(RB1CC1/Cre) mice. B, genomic DNA was extracted from mouse tail and ana-
lyzed by PCR, as indicated, to distinguish different types of alleles resulting
from Cre-mediated recombination. The top arrow indicates 2.2-kb amplified
products of the RB1CCT transgenic allele. The Neo-deleted RB1CCT allele
(arrowhead; 0.8 kbp) is also amplified from the RB1CC1/Cre mouse tail, which
contains the chondrocytes. The bottom arrowhead (199 bp) and arrow (324
bp) indicate the amplified products of Col2-Cre transgene and /I2 gene on
wild-type mouse chromosome 3 (GenBank™ accession number NT_
162143.3; nucleotides 21,361,049-21,361,372).

was the primary cause of dwarf skeletal construction of Col2-
RB1CC1 mice.

RBICCI Suppresses Synthesis of Type I Collagen in Chondro-
cytic Cells—In ATDC5 chondrocytic cells, we simulated the
molecular pathway of RBICCl-mediated repression of extra-
cellular matrix in the chondrocytes of Col2-RB1CC1 mice.
RB1CC1 overexpression led to repression of type II collagen
synthesis (Fig. 44, left half). RB1CC1 also repressed phospho-
rylated Erk1/2 activities and enhanced those of phosphorylated
NE«kB. Irrespective of RBICC1 overexpression, the phospho-
rylation status and expression level of RB1 were unchanged
(Fig. 4A, left half). Reciprocally, RBICC1 knockdown enhanced
type II collagen expression (Fig. 44, right half). The knockdown
caused a slight repression of phosphorylated NF«B, whereas
phosphorylated Erk1/2 activities were not significantly
changed (Fig. 4A, right half). These results suggested that
RB1CC1 caused suppression of type II collagen synthesis in the
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differentiated chondrocytes through multimodal signaling
involving Erk suppression and NF«B activation (Fig. 4B).

Excessive RB1ICC1 did not inhibit synthesis of aggrecan,
COMP (Fig. 44 and supplemental Fig. 24), and sulfated glyco-
saminoglycan (supplemental Fig. 2B) during the chondrocytic
differentiation in ATDC5. However, in order to construct
chondroid matrix, aggrecan, COMP, and sulfated glycosamin-
oglycan must form a meshwork with type II collagen, so we
concluded that type II collagen repression is the major cause of
fewer chondroid matrices in RB1CC1 overexpression.

RBICCI Reduces Type II Collagen Synthesis in Vivo with Erk
Signal Suppression—To identify whether RB1CC1 reduces type
II collagen synthesis or Erk activity or enhances NF«B activity
in day 18.5 embryonic cartilaginous tissue of Col2-RB1CC1
mice, we performed an immunohistochemical analysis of
FLAG (exogenous RB1CC1), phospho-Erk1/2(202/204), and
phospho-NFkB(536). RB1ICC1 has been recognized as an
essential component in the autophagic-lysosome pathway. In
order to analyze the effect of RBICC1 overexpression on the
autophagic process in chondrocytes, we evaluated immunohis-
tochemically the levels of p62/SQSTM1 (sequestsome 1),
which are substrates of that pathway and accumulate in
autophagy-deficient cells. In day 18.5 embryos of Col2-
RB1CC1 mice, both type II collagen and phospho-Erk1/2 (202/
204) levels were reduced (Fig. 5). The data suggested that
RB1CCI1 excess caused the repression of type II collagen syn-
thesis and the deactivation of the Erk pathway. Neither phos-
pho-NFkB(536) nor p62/SQSTM1 was detected in Col2-
RB1CC1 and the other mice (supplemental Fig. 3), suggesting
the absence of in vivo abnormalities in both NF«B and
autophagic pathways of Col2-RB1CC1 mice.

Human RBI1CCI1 Promoter SNP Can Modify Self-activation
—Five kinds of SNPs (T-547C, C-468T, C-377T, T-296C, and
G-226A) in the human RBICCI promoter were evaluated for
their effect on RBICC1 expression in ATDC5 chondrocytes
(Fig. 6A). A luciferase reporter assay for human RB1CC1 pro-
moter activity demonstrated a significant decrease in T-547C
SNP (mean = S.E. = 63.5 * 57%, p = 1.6 X 10~ and an
increase in C-468T SNP (141.6 = 7.1%, p = 1.8 X 10™*%), com-
pared with the activity of common variants (Fig. 6B). The data
suggested that the body size of individuals with such SNPs on
the RBICCI promoter could possibly be influenced by modu-
lation of RB1CC1 self-transcribing activity.

DISCUSSION

In the present study, we have demonstrated that the carti-
lage-specific overexpression of RB1CC1 causes the dwarf phe-
notype in mice. RB1CCI1 plays a role in a variety of processes,
such as inhibition of cell proliferation (8, 9), cell growth (24—
26), apoptosis (27, 28), and autophagy (16-22). However, the
precise mechanism of musculoskeletal diseases caused by an
RB1CCl-associated disorder is not clearly understood. In the
Col2-RB1CC1 mouse, the dwarfism was not accompanied by
any anomalies in body shape, and although the cartilaginous
volume was smaller than that of the control, there was no
abnormality in the endochondral ossification. In vitro cell sig-
naling analyses revealed that RBICC1 repressed both type II
collagen production and Erk1/2 activity and enhanced NF«B
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FIGURE 2. Col2-RB1CC1 causes dwarfism in mice. A, Col2-RB1CC1 (RB1CC1/Cre) mice had significantly lower body weights than the other types (RB1CC1/wt,
wt/Cre, and wt/wt) of mice (¥, p = 1.16 X 10~ "', statistically significant). Numbers along the bottom indicate mouse ages (in weeks). B, Col2-RB1CC1 mice (24
weeks old) had significantly shorter tibial bone lengths than the other types (*, p = 6.98 X 10~ '3, statistically significant). The values indicate the mean values
from each mouse (ratio of RB1CC1/Cre to RB1CC1/wt to wt/Cre to wt/wt = 26:16:15:17). One-way factorial analysis of variance and multiple comparison tests
accompanied by Scheffe’s significance were used to evaluate the relationships between genotypes and body sizes. C, representative radiograms of RB1CC1/
Cre and wt/wt mice (14 weeks old). Note that the balance between body and limbs was similar in both genotypes. These data originated from line 84

CAG-floxed-Neo-RB1CC1 transgenic male mice.

signaling. These results suggested that RBICC1 suppressed
type II collagen synthesis in the chondrocytes through multi-
modal signalings, such as Erk suppression and NF«B activation.
Positive activities of FAK-Erk1/2 are required to produce type
II collagen in chondrocytes (40, 41), and exogenous or endoge-
nous activation of NFkB represses type II collagen synthesis
(42, 43). RB1CC1 plays a contradictory role in FAK-Erk1/2 sig-
naling (44) and/or contributes to endogenous activation of
NE«kB (27, 28, 34). In vivo findings in chondrocytes were con-
cordant with the signaling data in vitro with the exception of
those related to NFkB. RB1CC1 excess in Col2-RB1CC1 mice
was strongly associated with type II collagen reduction and
Erk1/2 repression, reducing cartilaginous volume and cells, and
finally leading to dwarfism. RBICC1 introduction increased
NF«kB expression in chondrocytes in vitro but not in chondro-
cytes of Col2-RB1CC1 cartilaginous tissue. Chondrocytes in
vivo are embedded in abundant avascular extracellular matrix
and are comparatively resistant to various stimuli that might
trigger NFkB activation. On the other hand, chondrocytes in
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vitro have insufficient extracellular matrix and imperfect inter-
action between extracellular matrix and intracellular signaling,
so they are often susceptible to various intrinsic and/or extrin-
sic stimuli. It seems quite possible that these environmental
differences were the major cause of the discordance in NF«B
activation in the chondrocytes in these two experimental
systems.

In this experiment, cartilage-specific RBICC1 excess did not
lead to any apparent in vivo aberrance with regard to NFkB
activity or p62/SQSTM1 accumulation, although RB1CCl1
excess was possibly associated with NF«B activation in vitro.
RB1CCl is also called FIP200, and some reports have discussed
mouse disorders caused by RBICCI1/FIP200 knock-out (27, 28,
33, 34). The complete deletion of mouse RBICCI/FIP200
resulted in embryonic lethality caused by heart failure and liver
degeneration associated with insufficiency of NF«kB activities
(27). Ablation of RBICCI/FIP200 in skin keratinocytes
repressed endogenous NF«B activity and led to skin inflamma-
tory disorders (28). Neuron-specific deletion of RBICCI1/
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FIGURE 3. Col2-RB1CC1 caused the dwarf phenotype with a balanced reduction between cartilaginous cell numbers and extracellular chondroid
matrices and without abnormal endochondral ossification. A and B, skeletal samples from day 16.5 (A) and day 18.5 (B) embryos indicated that the dwarf
phenotype with less chondroid volume was seen in Col2-RB1CC1 (RB1CC1/Cre) mice. C, no significant difference was seen in the cell numbers of 100 um? of
various cartilage tissues from each mouse (p = 0.062, cranium; p = 0.254, ribs; p = 0.186, spine). D, lesser cell numbers and fewer chondroid matrices were
significantly indicated in the spinal growth plates of day 18.5 Col2-RB1CC1 (RB1CC1/Cre) embryos (p < 0.0001). Eand F, lesser cell numbers and fewer chondroid
matrices were significant in the columnar proliferating chondrocytes of tibial growth plates of 4-week-old (E; p < 0.0001) and 6-week-old (F; p < 0.0001)
Col2-RB1CC1 (RB1CC1/Cre) infants. Numbers of hypertrophic chondrocytes were less in 4-week-old RB1CC1/Cre tibias (E; p = 0.0085). The values indicate the
means * S.E. of cartilaginous cell numbers of one column in the proliferating and hypertrophic zones from 5-6 mice of each genotype. One-way factorial
analysis of variance and multiple comparison tests accompanied by Scheffe’s significance were used to evaluate the relationships between genotypes and
cartilaginous cell numbers. Macroscopically and microscopically, no abnormality was seen in the endochondral ossification of all of the mice (RB1CC1/Cre,
RB1CC1/wt, wt/Cre, and wt/wt). Scale bar, 100 um.
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FIGURE 4. RB1CC1 repressed type Il collagen expression in ATDC5 chon-
drocytes. A, ATDC5 cells were induced to chondrocytes for 96 h after the
transduction of RB1CC1 cDNA (0-2 ng/well) or RNAI (40 pmol/well), and the
lysates were analyzed by Western blotting with the indicated antibodies.
RB1CC1 repressed type Il collagen and phosphorylated Erk1/2 and enhanced
phosphorylated NF«B (left half). RB1CC1 RNAi enhanced type Il collagen and
repressed a little phosphorylated NF«B (right half). B, RB1CC1 led to the sup-
pression of type Il collagen in the differentiated chondrocytes via multimodal
signalings, such as Erk suppression and NF«B activation.

FIP200 resulted in abnormal accumulation of ubiquitinated
proteins and p62/SQSTMI1, followed by neuronal cell death
and neurodegeneration (33). However, cartilage-specific
RB1CC1 excess could have no effect on either intrinsic NF«B or
autophagy in vivo.

Interestingly, cartilage-specific RBICC1 excess suppressed
type II collagen synthesis in chondrocytes and led to the dwarf
phenotype in the present study, which establishes that RB1CC1
is a negative regulator of type II collagen synthesis and is a
possible cause of dwarfism in humans. Five kinds of SNP are
present in the human RBICCI promoter, and two of them
(T-547C and C-468T) are associated with significantly different
RB1CCI transcription activities compared with that of com-
mon variants. Although the five SNPs have not been reported to
have any correlation to human diseases yet, these variations
could possibly affect synthesis of type II collagen through
changes in RBICC1 expression and may lead to body size
variations.
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FIGURE 5. Type Il collagen was reduced with Erk signal suppression in
Col2-RB1CC1 (RB1CC1/Cre) mice. FLAG (exogenous RB1CC1; arrows) was
seen only in the chondrocytic cytoplasm of day 18.5 RB1CC1/Cre embryos,
and type Il collagen in the chondroid matrix and phosphorylated Erk (202/
204; arrowheads) in the chondrocytic nuclei were prominently reduced. Scale
bar, 100 wm.
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FIGURE 6. Human RB1CC1 promoter SNP modified the self-activation. A,
luciferase reporter vectors containing each kind of SNP (T-547C, C-468T,
C-377T, T-296C, or G-226A) on the human RB1CC1 promoter were con-
structed and transduced into ATDC5 chondrocytes. B, luciferase reporter
assays demonstrated that T-547C significantly decreased the activity
(mean = S.E. (error bars) = 63.5 = 5.7%) and that C-468T increased it (141.6 =
7.1%), compared with the activity of common variant (wt). The means = S.E.
were from more than quadruplicate experiments. One-way factorial analysis
of variance and multiple comparison tests accompanied by Scheffe’s signifi-
cance were used to evaluate the relationships between each SNP and the
promoter activity (*, p < 0.05, statistically significant).

In conclusion, the conditional transgenic mice with carti-
lage-specific RBICCI1 excess in vivo have been reported for the
first time in the present study. Cartilage-specific RB1CC1
excess caused type II collagen reduction, accompanied by sup-
pression of the Erk1/2 pathway in cartilaginous cells, reduced
the total amounts of cartilage and the numbers of cartilaginous
cells, and finally led to the dwarf phenotype. Further analysis is
needed to clarify how the other signaling pathways involving
NF«kB and autophagy contribute to type II collagen production
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and the subsequent variances of body size. The present study
has also demonstrated the following novel findings. Variations
in RB1CC1 amounts in vivo cause body size variants, and the
RB1CCI1 concentration variations are possibly caused by geno-
typic variants of RBICCI. RB1CC1 studies will provide new
insight into cartilaginous and skeletal development and may
help to elucidate the causes of differences in individual growth
and body size.
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