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Abstract
Transforming growth factor beta (TGF-β) is an important regulator of cell growth, and loss of
TGF-β signaling is a hallmark of carcinogenesis. The Smad3/4 adaptor protein β2-spectrin (β2SP)
is emerging as a potent regulator of tumorigenesis through its ability to modulate the tumor
suppressor function of TGF-β. However, to date the role of the TGF-β signaling pathway at
specific stages of the development of hepatocellular carcinoma (HCC), particularly in relation to
the activation of other oncogenic pathways remains poorly delineated. Here, we identify a
mechanism by which β2SP, a crucial Smad3 adaptor, modulates CDK4, cell cycle progression,
and suppression of HCC. Increased expression of β2SP inhibits phosphorylation of the
retinoblastoma gene product (Rb) and markedly reduces CDK4 expression to a far greater extent
than other CDKs and cyclins. Furthermore, suppression of CDK4 by β2SP efficiently restores Rb
hypophosphorylation and cell cycle arrest in G1. We further demonstrate that β2SP interacts with
CDK4 and Smad3 in a competitive and TGF-β-dependent manner. In addition, haploinsufficiency
of cdk4 in β2sp+/− mice results in a dramatic decline in HCC formation compared to that observed
in β2sp+/− mice.

Conclusions—Thus, β2SP deficiency leads to CDK4 activation and contributes to dysregulation
of the cell cycle, cellular proliferation, oncogene overexpression, and the formation of HCCs. Our
data highlight CDK4 as an attractive target for the pharmacologic inhibition of HCC and
demonstrate the importance of β2sp+/− mice as a model of pre-clinical efficacy in the treatment of
HCC.
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INTRODUCTION
The transforming growth factor β (TGF-β) signaling pathway is involved in multiple cellular
processes, including cell growth, differentiation, adhesion, migration, and apoptosis. TGF-β
is particularly active as an anti-mitogenic cytokine, functioning as a profound tumor
suppressor by inhibiting cell cycle progression and arresting cells in early G1 phase. TGF-β
signaling is mediated by type I and type II transmembrane serine/threonine kinase receptors
(TβRI and TβRII) and such intracellular mediators as the Smad proteins (1,2). TGF-β ligand
binding to TβRII results in phosphorylation at glycine-serine repeats in the cytoplasmic tail
domain of TβRI by TβRII. TβRI in turn phosphorylates the C-terminal serines of Smad2,
and Smad3. This activity facilitates the dissociation of Smad2 and Smad3 from the
microtubule cytoskeleton, and enables their association with Smad4. The heteromeric
Smad2/3 and Smad4 complex is then able to translocate to the nucleus where it binds
directly to Smad Binding Elements (SBEs), as well as to a number of co-activators to
directly modulate TGF-β-regulated gene expression. TGF-β possesses oncogenic potential,
which contributes to tumor progression later in carcinogenesis, but TGF-β also acts as a
tumor suppressor at the early stages of tumor development by inhibiting proliferation and
inducing apoptosis (2,3). Importantly, inactivation of TGF-β signaling is thought to play a
role in the development of a number of cancers (4). For example, the expression of Smad4 is
lost in half of all pancreatic adenocarcinomas and one-third of all colon cancers. In addition,
mutations in TβRII have been demonstrated in a subset of colonic and gastric cancers due to
microsatellite instability (5,6).

Recent studies have described a negative feedback control of Smad activity by CDK4 and
CDK2 (7). Smad3 is a physiological target of these two kinases and mutation of the CDK4/
CDK2 phosphorylation sites on Smad3 results in an enhancement of Smad3 transcriptional
activity. This suggests that CDK4 and CDK2 negatively regulate the transcriptional activity
and antiproliferative function of Smad3. Most human cancers appear to have lost their
growth-inhibitory response to TGF-β. Interestingly, only about 10% of tumors appear to
exhibit loss of expression of the TGF-β receptors or Smad family members, suggesting that
other mechanisms such as loss of expression of scaffolding proteins, or amplification and
over-expression of cell cycle regulatory proteins such as cyclin D1 and/or CDK loci may
account for the loss of TGF-β signaling in human tumors.

We previously demonstrated that β2-spectrin (β2SP, or SPTBN1; Gene ID: 6711, MIM ID:
182790) is essential for normal TGF-β signaling by facilitating complex formation and the
nuclear translocation of Smad3/4 (8). We previously found that mice containing a β2sp
haploinsufficiency (β2sp+/−) mice spontaneously develop HCC, and that 11% of human
HCC cancer cell lines exhibited a splice site mutation in β2SP exon 15 (9,10). In addition,
most cases of human HCC, gastric cancer, and lung cancer demonstrate significant
reductions in β2SP expression (11–13). These results suggest that β2SP acts as a tumor
suppressor and that the inhibition of β2SP function is a critical mechanism by which normal
cells can escape from the regulation of proliferation in carcinogenesis. However, the exact
mechanisms by which β2SP regulates cellular proliferation and suppression of liver
carcinogenesis are unclear. We previously reported that the introduction of β2SP decreases
CDK4 expression and results in the accumulation of cells in G1 phase (13). In contrast, a
β2sp null mutation in mouse embryonic fibroblasts (MEF) results in increased levels of
CDK4, while the siRNA-mediated knockdown of β2SP results in hyperphosphorylation of
the retinoblastoma gene product Rb in HepG2 and CPAE cells (12,14). These results imply
that CDK4 is a strong mediator of the TGF-β-β2SP signaling pathway and its regulation of
the cell cycle. To address the relationship between β2SP and CDK4, we examined the effect
of changes in β2SP and CDK4 expression on progression through the cell cycle. We
identified a TGF-β- and Smad3-dependent interaction between β2SP and CDK4. We also
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found that the decreased levels of CDK4 in β2sp+/− mice crossed with cdk4+/− mice
efficiently prevented the spontaneous development of HCC seen in β2sp+/− mice. Thus, our
investigation provides evidence that CDK4 activation is a critical step in the dysregulation
of cellular proliferation due to alterations in β2SP expression. CDK4 may thus be an
attractive therapeutic target in β2SP-deficient HCCs.

EXPERIMENTAL PROCEDURES
Mice

Animals were cared for in accordance with Institutional guidelines using approved
protocols. β2sp+/− and cdk4+/− mice, and intercrosses were maintained and genotyped by
PCR as described previously (8)(15).

Immunological Analysis
Antibodies against the following proteins were used in this study: CDK2, CDK6, cyclin B,
cyclin D1, cyclin E, c-myc, Rb, β-actin, α-tubulin (Santa Cruz Biotechnology), phospho-
RbSer807/811 (Cell Signaling Technology), CDK4 (Santa Cruz Biotechnology or Cell
Signaling Technology), Ki-67 (Novus), V5 (Invitrogen), FLAG (Sigma), and β2SP (Santa
Cruz Biotechnology or VA-1 (16)).

RESULTS
Changing of CDK4 in response to changes in β2SP expression

β2SP expression is tightly related to the levels of CDK4, and the G1/S transition suggesting
the role of β2SP in the expression of CDK4, and cell cycle progression (12,13). However, it
is not yet clear whether CDK4 is the sole partner of β2SP in the TGF-β-β2SP-mediated
signaling pathway. Thus, we examined the expression of several cell cycle regulatory
proteins responsible for Rb phosphorylation upon the overexpression of β2SP in SNU-475
HCC cells. As shown in Fig. 1A, β2SP overexpression decreased the expression of several
proteins responsible for cell cycle regulation including phosphorylated Rb (pRb).
Comparing protein expression from identical preparations, the most dramatic reduction in
expression was for CDK4 (33% of control) suggesting that CDK4 is a downstream effector
in cell cycle regulation mediated by β2SP signaling. Then, we further compared the
expression levels of CDK4, cyclin D1, pRb, and Rb upon transfection of β2SP in HepG2
and SNU475 cells in three independent experiments. The most remarkable reductions of
CDK4 were shown in HepG2 (39%) and SNU475 (31%) cells (Fig. 1B). However, it was
not clear that the change in CDK4 due to the loss of β2SP was sufficient to disrupt the cell
cycle. Thus, we tested whether the increase in Rb phosphorylation was due to the down-
regulation of β2SP or activation of CDK4. We inhibited β2SP expression in SNU-475 cells
by the infection of a lentivirus containing shRNA against β2SP and then analyzed Rb
phosphorylation. β2SP expression was decreased by 44% after lentiviral infection and Rb
phosphorylation was increased by 55%, while the levels of Rb were unchanged (Fig. 1C).
To determine whether CDK4 is responsible for Rb phosphorylation due to the down-
regulation of β2SP, we inhibited CDK4 expression by siRNA in SNU-475 cells infected
with β2SP shRNA. CDK4 siRNA in the presence of β2SP shRNA restored Rb
phosphorylation to basal levels (Fig. 1C). These results suggest that CDK4 is a key regulator
of Rb phosphorylation affected by β2SP expression.

We then determined whether the induction of CDK4 expression due to the down-regulation
of β2SP accelerates cell cycle progression. SNU-475 cells were infected with the β2SP
shRNA lentivirus followed by treatment with a CDK4 inhibitor, and then analyzed cell cycle
phases by FACS with PI staining. The number of cells in G1 phase was significantly
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decreased from 46 to 35% upon the knock down of β2SP (Fig. 2A and 2B). Additional
treatment with CDK inhibitor (200 nM) in β2SP shRNA-treated cells returned 43% of the
cells to G1. However, we did not detect the additional accumulation of cells in G1 phase in
control lentiviral-treated cells exposed to the same CDK4 inhibitor. Taken together, these
data demonstrate that dysregulation of the cell cycle resulting from the disruption of β2SP
expression is mediated by CDK4 activation and Rb phosphorylation.

Interactions between β2SP and CDK4
We further investigated the mechanism by which β2SP modulates CDK4 by examining
interactions between these proteins. Recent reports indicate that CDK4 phosphorylates
Smad3 to inhibit its transcriptional activity and anti-proliferative functions (7). Thus, we
sought to determine whether CDK4 phosphorylates β2SP as it does Smad3. We incubated
purified CDK4-cyclin D1 complex with β2SP in the presence of [γ32P] ATP, separated the
proteins by SDS-PAGE, and then performed autoradiography. Using this method, β2SP
phosphorylation by CDK4 was not detected (data not shown).

We continued to examine the interactions between β2SP and CDK4 by the
immunoprecipitation of V5 epitope-tagged β2SP (V5-β2SP) and CDK4 expressed in 293T
cells. As shown in Fig. 3A, β2SP and CDK4 were successfully expressed and an interaction
between β2SP and CDK4 was observed. In addition, our reverse-immunoprecipitaion
analysis further confirmed the interaction of these proteins (Fig. 3B). To know whether the
interactions between β2SP and CDK4 might occur under physiological condition, we tested
the interaction in 293T cells with endogenous level of protein. The results showed that
CDK4 was associated in the anti-β2SP antibody precipitated complex but not in normal IgG
precipitated (Fig. 3C). Next, we tested whether the interaction between β2SP and CDK4 is
influenced by TGF-β. The interaction of β2SP with CDK4 became more than two-fold
stronger (225%) upon treatment with TGF-β (Fig. 3D). To further delineate the binding
region(s) for CDK4 on β2SP, we tested the ability of overexpressed CDK4 to capture β2SP
fragments generated from the full-length protein. Studies of four protein fragments spanning
the length of β2SP revealed that CDK4 interacts to 17-repeat middle region with ankyrin
binding motif and the C-terminal fragment with abundant phosphorylation residues while
not to the well known actin binding N-terminal fragment (Fig. 3E). Our data indicate that
β2SP interacts with CDK4 in a TGF-β-dependent manner, and that the 17-repeat region and
C-terminal domain of β2SP are required for the interaction.

Smad3 prevents the interaction of CDK4 with β2SP
It has been reported that CDK4 phosphorylates Smad3, which inhibits the transcriptional
activity and anti-proliferative functions of Smad3 (7). Based on this report, we tested
whether the presence of Smad3 or 4 influences the interaction of β2SP with CDK4.
Surprisingly, the addition of Smad3 prevented the interaction between β2SP and CDK4,
while the introduction of Smad4 had no effect on the coupling of β2SP with CDK4 (Fig.
4A). To further analyze the effect of Smad3 on the binding ability of β2SP, we tested the
interaction of β2SP with Smad3 in 293T cells. As shown in Fig. 4B and 4C, the interaction
between β2SP and Smad3 was confirmed and increased upon treatment with TGF-β. To
further substantiate the β2SP-CDK4 and β2SP-Smad3 interactions, we performed the
reverse immunoprecipitation experiment (i.e., we tested the effect of CDK4 on the β2SP-
Smad3 interaction). CDK4 decreased the binding of β2SP with Smad3 (Fig. 4D). Thus, the
binding of β2SP to CDK4 and Smad3 can be competitively inhibited by the addition of
Smad3 or CDK4, respectively. We also examined whether Smad3 interacts with CDK4 and
whether this interaction is influenced by the presence of β2SP. Immunoprecipitation assays
revealed that CDK4 interacted with Smad3 (Fig. 4E). In addition, in the presence of β2SP,
the binding of Smad3 with CDK4 was unchanged. These findings suggest that β2SP,
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Smad3, and CDK4 form a complex and that the Smad3-CDK4 interaction is stronger than
that of β2SP with Smad3 or CDK4. However, we cannot rule out the possibility that
additional protein(s) are required for complex formation.

Haploinsufficiency of CDK4 prevents HCC in β2SP+/− mice
We previously showed that β2sp+/− mice spontaneously developed the HCC formation with
elevated CDK4 function (17). To examine the contribution of CDK4 to HCC formation due
to the alteration of β2SP, we generated double-heterozygous mutant mice by crossing
β2sp+/− and cdk4+/− mice and followed cohorts of wild-type, β2sp+/−, cdk4+/−, and β2sp+/−

cdk4+/− animals. The mice of each genotype were healthy and could not be easily
distinguished. None of the mice exhibited abnormalities until twelve months. At thirteen
months of age, the β2sp+/− mutant mice exhibited HCC with a substantially increased
incidence of HCC up to 46% (11 out of 24) until 18 months of age. In contrast, only one out
of 20 (5%) of the β2sp+/− cdk4+/− mice showed HCC during same period. By 18 months of
age, none of the wild-type or cdk4+/− animals showed any sign of neoplasia, including HCC.
Thus, although one out of 20 β2sp+/− cdk4+/− mice exhibited HCC, the lifespan and
incidence of HCC in the β2sp+/− cdk4+/− animals was remarkably improved compared to
the β2sp+/− mice. When we compared the survival of β2sp+/− cdk4+/− mice to β2sp+/−

mice, the survival was significantly improved according to the log-rank test (p=0.0066).
These results suggest that the reduction of CDK4 in β2sp+/− mice efficiently prevented HCC
formation.

To examine the molecular events occurring after the reduction in CDK4 in the β2sp+/− mice,
we performed the immunohistochemical analysis of pre-cancerous normal liver tissue to
determine whether cellular proliferation-related molecular markers were altered (Fig. 6A).
Statically significant upregulation of pRb, and Ki-67 staining were identified in liver
sections from the β2sp+/− mice but not in liver tissues from the wild-type or cdk4+/− mice.
Notably, statically significant reductions were identified in the nuclei of hepatocytes from
the β2sp+/− cdk4+/− mice, suggesting that the inhibition of CDK4 could restore the
dysregulated cell cycle and hyperproliferation caused by the disruption of β2SP (Fig. 6B).

Transduction of the TGF-β signal suppresses oncogenic signals by preventing the
transcription of c-myc (18). In this study, we found that liver carcinogenesis due to changes
in β2SP expression also affects c-myc expression. c-myc-positive hepatocytes were
abundant in liver sections from β2sp+/− mice but not in those from wild-type or cdk4+/−

mice. However, in the β2sp+/− cdk4+/− mice, c-myc levels were significantly reduced after
the down-regulation of CDK4. We performed quantitative RT-PCR to directly compare c-
myc expression in liver tissues from these mice. A statistically significant increase of c-myc
transcription was detected in the β2sp+/− mice (670% compared to wild type) but suppressed
by the down-regulation of CDK4 in β2sp+/− cdk4+/− mice (202% compared to wild type)
(Fig. 6C). Together, these observations indicate that the activation of CDK4 caused by β2SP
disruption results not only in dysregulation of the cell cycle and hyperproliferation but also
activates oncogenic signals that facilitate HCC formation.

DISCUSSION
TGF-β is a multifunctional regulatory polypeptide affecting multiple cellular functions,
including proliferation, differentiation, and apoptosis. TGF-β inhibits cell cycle progression
during G1 through the control of CDKs. In mammalian cells, tightly regulated cyclins and
CDKs act sequentially during the G1/S transition and are required for cell cycle progression.
The mechanisms whereby TGF-β arrests the cell cycle have been studied primarily in
epithelial cells with emphasis on the regulation of G1 cyclin-dependent kinases. In mink
lung epithelial cells, TGF-β treatment induces the inhibition of CDK4 synthesis and CDK2
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inactivation with a subsequent G1 arrest. In human HaCaT keratinocytes, TGF-β induces a
growth arrest through the down-regulation of cell-cycle regulators, including cyclin E,
cyclin A, CDK2, and CDK4. In fact, germline transmission of activated cdk4 (R24C)
mutation in mice results in spontaneous tumor formation, and facilitated tumorigenesis in an
oncogenic background (15,19). Several cyclin-dependent kinase inhibitors have been
implicated in the TGF-β-induced cell-cycle arrest. TGF-β induces the up-regulation of the
CDK inhibitor p15INK4B, which specifically inhibits the enzymatic activities of CDK4 and
CDK6, thereby preventing progression through G1 phase of the cell cycle. However,
because multiple cell-cycle regulators are involved in TGF-β signaling, this raises several
questions related to their actual roles in specific cell types. Among the regulatory proteins
responsible for cell cycle progression, CDK4 is essential for the progression from early to
mid-G1, at which cells are believed to commit to DNA synthesis and eventually mitosis.
CDK4-cyclin D1 phosphorylates Rb. This enables E2F release from Rb, resulting in the
transcription of a number of genes that are necessary for DNA synthesis and cell cycle
progression.

Previously, the only known substrate of CDK4 was Rb; however, Matsuura et al. (2004)
demonstrated that CDK4 phosphorylates Smad3 and inhibits Smad3-mediated TGF-β
signaling. A loss of TGF-β responsiveness results in dysregulated cell growth and is
believed to be a crucial step in the development of various tumors, including liver cancer.
Most tumors exhibit a loss of responsiveness to TGF-β signaling, and the expression of
cyclins and CDKs is often enhanced in tumor cells (20). We previously demonstrated that
β2SP is a critical mediator of the TGF-β signaling pathway and acts as a tumor suppressor
(8,11,21). β2SP interacts and facilitates the nuclear translocation of Smad3 and Smad4,
which enables proper TGF-β signaling. β2SP expression is significantly decreased or absent
in lung, gastric, liver, and colon tumors. Moreover, β2sp+/− mice developed spontaneous
HCC whereas β2sp+/− smad4+/− mice exhibited enhanced formation of spontaneous gastric
cancers. In addition, the expression of CDK4 and cyclin D1 is significantly increased in
gastric cancers and HCCs from β2sp altered mice (12,13,17,21).

Notably, our data revealed that the activation of CDK4 is an essential step in HCC formation
due to alterations in β2SP. First, significant reductions in CDK4 and phosphorylated Rb
were observed upon the overexpression of β2SP in the SNU-475 HCC cells. Next, the
reduction of CDK4 by siRNA transfection restored β2SP-mediated increases in
phosphorylated Rb to basal levels. In addition, the role of CDK4 in the G1/S transition was
tested following the alteration of β2SP expression whereupon the chemical inhibition of
CDK4 rescued the abnormal G1/S transition caused by infection of the β2SP-shRNA. We
further found that β2SP interacts with CDK4 and Smad3 in a competitive and TGF-β-
dependent manner. Finally, the genetic inhibition of CDK4 in mice produced by crossing
cdk4+/− with β2sp+/− mice efficiently prevented HCC formation compared to that in
β2sp+/− mice, and was accompanied by decreased proliferation and oncogene expression in
the liver. Taken together, these results imply that CDK4 activation is required for
dysregulation of the cell cycle and that the inhibition of CDK4 prevents abnormal G1/S
transition and HCC formation due to alterations in β2SP expression.

In addition to cell cycle regulation, we examined the expression of c-myc as a reflection of
TGF-β signaling and oncogenic stimulation in β2sp mutant mice, which provided us with
insight into the hepatocarcinogenic mechanisms caused by alterations in TGF-β-β2SP
signaling. By RT-PCR and histological analysis of aged normal livers, the expression of c-
myc was dramatically increased in β2sp+/− mice and returned to normal upon the down-
regulation of CDK4 in β2sp+/− cdk4+/− mice. Moreover, it has been reported that the
phosphorylation of Smad3 by CDK4 and CDK2 inhibits its transcriptional activity and anti-
proliferative function (7). Because cancer cells often exhibit high levels of CDK activity,
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lowering Smad3 activity via the phosphorylation of CDK may contribute to tumorigenesis
and TGF-β resistance in cancer patients. Recently, it is suggested that CDK4, together with
JNK, alters tumor-suppressive TGF-β signaling to malignant characteristics by
transcriptional activation of c-Myc in later stages of human colorectal cancer. These results
suggest that the activation of CDK4 due to changes in β2SP expression stimulates the
expression of c-myc, which could cause pre-cancerous tissue to progress to malignancy.

Finally, we previously demonstrated that the majority of human HCCs exhibited reduced
β2SP expression (17). In response to β2SP deficiency, the activation of CDK4 contributes to
the phosphorylation of Rb, facilitation of the G1/S transition, and induction of the oncogene
c-myc, leading to liver malignancy. We also found that the activation of CDK4 does not
merely increase the proliferative activity of liver tissue, but actually transforms normal
tissue into pre-cancerous tissue by suppressing the inhibitory functions of TGF-β. Our data
highlight CDK4 as an attractive target for pharmacologic inhibition and demonstrate the
importance of β2sp+/− mice as a model of pre-clinical efficacy in the treatment of HCC due
to β2SP alterations. Thus, our work greatly underscores the potential for targeting CDK4 in
the treatment and prevention of cancer, specifically HCC, and studies are currently ongoing
to assess the efficacy of the tumor-specific inhibition of CDK4 in cancer patients (22).

Abbreviations

TGF-β transforming growth factor-β

HCC hepatocellular cancer

β2SP β2-spectrin
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Fig. 1. β2SP affects CDK4 expression
(A) SNU-475 cells were transfected with V5-β2SP (S) or empty vector (C). Two days later,
cell cycle regulatory proteins were analyzed by Western blotting from identical membrane.
The numbers indicate relative amounts of each protein (%) after β2SP overexpression. (B)
Expression levels of CDK4, cyclin D1, pRb, and Rb were measured in HepG2 and SNU475
cells upon transfection of β2SP. Means±standard errors from at least three independent
experiments are given. (C) SNU-475 cells were infected with empty or β2SP shRNA
lentivirus, followed by puromycin selection. Infected cells were then transfected with
scrambled or CDK4 siRNA. The cells were analyzed by Western blotting.
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Fig. 2. CDK4 activation is responsible for the G1/S transition following β2SP shRNA infection
SNU-475 cells were infected with empty (CTL) or β2SP shRNA lentivirus followed by
puromycin selection. Then, the cells were treated with a 200 nM CDK4 inhibitor, and
analyzed by flow cytometry with PI staining. (A) Representative histograms and (B)
distribution of SNU-475 cells in G1 phase from three independent experiments. Statistically
significant differences (P < 0.05) were determined by paired t-tests and indicated with
asterisks.
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Fig. 3. β2SP interacts with CDK4
(A) 293T cells were transfected with V5-β2SP and/or CDK4. Two days later, the cells were
immunoprecipitated with anti-V5 antibody-conjugated agarose and subjected to Western
blotting using the indicated antibodies. (B) V5-β2SP and CDK4 transfected 293T cells were
immunoprecipitated with control or anti-CDK4 rabbit IgG, and then analyzed by the
Western blotting using anti-V5 and anti-CDK4 mouse IgG. (C) Untransfected 293T cells
were immunoprecipitated with control or anti-β2SP rabbit IgG, and subjected to Western
blotting using anti-CDK4 and anti-β2SP mouse IgG. Protein and rabbit IgG complexes were
precipitated with protein-A agarose. (D) V5-β2SP and CDK4 transfected 293T cells were
treated with TGF-β (100 pM) for 1 day, and immunoprecipitated as above. (E) Full-length or
fragments of β2SP, and CDK4 transfected 293T cells were immunoprecipitated, and
analyzed. The inputs represent 5% of the protein extracts without immunoprecipitation.
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Fig. 4. Smad3 competes with CDK4 for binding to β2SP
(A) Smad3 but not Smad4 competes with CDK4 for binding to β2SP. 293T cells were
transfected with V5-β2SP and CDK4 in the presence of Smad3 or Smad4. (B and C) β2SP
interacts with Smad3 in a TGF-β-dependent manner. 293T cells were transfected with V5-
β2SP and FLAG-Smad3 in the absence and presence of TGF-β (100 pM; B and C,
respectively). (D) CDK4 inhibits the β2SP-Smad3 interaction. 293T cells were transfected
with V5-β2SP and FLAG-Smad3 in the absence or presence of CDK4. (E) The CDK4-
Smad3 interaction is not affected by β2SP. 293T cells were transfected with CDK4 and
FLAG-Smad3 in the absence or presence of β2SP. Extracts prepared from the transfected
cells were immunoprecipitated by anti-V5 (A-D) or anti-FLAG (E) antibody-conjugated
agarose. The inputs represent 5% of the protein extracts without immunoprecipitation.
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Fig. 5. Kaplan-Meier curves of HCC survival
The wild-type (n=24), and cdk4+/− (n=20) mice were normal and did not develop cancer. By
contrast, 46% of the 18-month-old β2sp+/− (n=24) mice spontaneously developed HCC.
Remarkably, only one out of 20 β2sp+/− cdk4+/− mice developed HCC at the same age.
Statistically significant difference (p=0.0066) was determined by log-rank test in
comparison of the tumor-free survival between β2sp+/− and β2sp+/− cdk4+/− mice.
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Fig. 6. Reduced proliferation and down-regulation of CDK4 by c-myc in β2sp+/− mice
Normal livers from 18-month-old mice were prepared for immunohistochemistry or RT-
PCR. (A and B) Detection of pRb, Ki-67, and c-myc in liver sections (40X magnification).
(C) Expression of c-myc mRNA in liver tissues (n=3) using 18S rRNA as a control. Means
±standard errors are given. The asterisks indicate P < 0.01.
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