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The retinoblastoma (Rb) tumor suppressor encodes a nuclear phosphoprotein that regulates cellular pro-
liferation, apoptosis and differentiation. In order to adapt itself to these biological functions, Rb is sub-
jected to modification cycle, phosphorylation and dephosphorylation. To directly determine the effect
of phosphorylation-resistant Rb on liver development and function, we generated transgenic mice
expressing phosphorylation-resistant human mutant Rb (mt-Rb) under the control of the rat hepatocyte
nuclear factor-1 gene promoter/enhancer. Expression of mt-Rb in the liver resulted in macroscopic neo-
plastic nodules (adenomas) with �50% incidence within 15 months old. Interestingly, quantitative
reverse transcriptase-PCR analysis showed that c-Myc was up-regulated in the liver of mt-Rb transgenic
mice irrespective of having tumor tissues or no tumor. In tumor tissues, several c-Myc target genes,
Foxm1, c-Jun, c-Fos, Bmi1 and Skp2, were also up-regulated dramatically. We determined whether mt-
Rb activated the Myc promoter in the HTP9 cells and demonstrated that mt-Rb acted as an inhibitor of
wild-type Rb-induced repression on the Myc promoter. Our results suggest that continued upregulation
of c-Myc target genes promotes the liver tumor formation after about 1 year of age.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction E2F-1 that activate transcription of genes required for S phase
Human hepatocellular carcinoma (HCC) is one of the most com-
mon types of malignant cancer in Asia and Africa. HCC normally
develops as a consequence of underlying liver disease and is most
often associated with cirrhosis. Surgical resection and liver trans-
plantation are current best curative options to treat liver cancer.
However, recurrence or metastasis is quite common in patients
who have had a resection and survival rate is 30% to 40% at 5 years
postoperatively [1–4]. Although the major viral and environmental
risk factors for HCC development have been unraveled, the molec-
ular mechanism involved in hepatic carcinogenesis is still poorly
understood [5].

The retinoblastoma gene is the first-identified human tumor
suppressor gene and is considered as a core element governing cell
cycle progression, cell proliferation, differentiation, apoptosis, and
senescence through its ability to bind the transcription factor
ll rights reserved.

HNF-1, hepatocyte nuclear
oma; PBS, phosphate-buffer
ide gel electrophoresis; dpc,

a).
[6]. Molecular genetic studies have identified abnormalities of this
tumor suppressor gene in a large proportion of human cancers
including HCC [7]. Germ line mutations in the Rb gene predispose
individuals to bilateral retinoblastoma as well as osteosarcoma
[8,9]. Somatic Rb inactivation contributes to the development of
these tumors as well as to other tumors in different organs like
bladder, lung, breast and prostate [10–13].

Although a vast amount of data has been accumulated on the role
of Rb in cancer development for several cancer entities, only limited
insight is available on the role of Rb in HCC development [14]. Most
of the data show that deregulation, loss or inactivation of Rb is an
obligatory step in tumor formation. Intriguingly, studies in human
HCCs showed not only absent but also a high incidence of Rb protein
over-expression (�50%) [15]. This finding suggests that active Rb
protein may have some interesting biological consequences that
contribute to liver tumorigenesis. Now, there are two ways to inves-
tigate the function of a gene in vivo. One is to create knockout mice
lacking a gene function and the other is to create transgenic mice
in which the gene is expressed ectopically or over-expressed [16].
The liver-specific Rb loss in mice shows ectopic cell cycle entry
and aberrant ploidy whereas the loss of Rb does not lead to any
detectable hyperplasia or tumorigenesis in the liver of adult mice
[17]. We found that hepatocytes in the WT-Rb transgenic mice show
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resistance to fulminant hepatitis and carcinogenesis whereas its li-
ver develops normally [16]. The over-expressed WT-Rb protein in
hepatocytes can be phosphorylated, so the liver of transgenic mice
does not show any chronic damages. And liver is a special organ that
exhibits an exquisitely controlled cell cycle, wherein hepatocytes
are maintained in quiescence until stimulated to proliferation. Pre-
vious studies showed that the phosphorylation-resistant Rb exhibits
greater activity than the WT protein [18]. On these bases, we gener-
ated transgenic mice expressing phosphorylation-resistant human
Rb (mt-Rb) under the control of the hepatocyte nuclear factor-1
(HNF-1) gene promoter/enhancer to predict the expression of
mt-Rb protein only in the liver, not in other organ. We found that
mt-Rb resulted in the c-Myc up-regulation in the liver of mt-Rb
transgenic mice and then c-Myc activated several target genes in
the tumor. These results indicate that up-regulation of Foxm1,
Bmi1 and several target genes promotes the liver tumor formation.
2. Materials and methods

2.1. Construction of the mutant Rb transgenic mice

The animal procedures were approved by the experimental ani-
mal ethics committee at Hamamatsu University School of
Medicine.

The BamHI fragment of wild-type human Rb cDNA was sub-
cloned into pKF18 k vector (Takara, Kyoto, Japan). Site-directed
mutagenesis was performed using Mutan-Express km Enzyme/Oli-
go Set (Takara #6090, Kyoto). Mutagenic oligonucleotides were 50-
ATGCCGCCCAAAGCCCCCCGAAAAAC-30 (T5A), 50-GGTTCACCTCGA
GCCCC CAGGCGAGGT-30 (T252A), 50-TTTGAAACACAGAGAGCCCCAC
GAAAAAGTAA C-30 (T356A), 50-ATTCCTCCACACGCTCCAGTTAGGAC-
30 (T373A), 50-GCAGATATGTATCTTGCTCCTGTAAGAGCTCCAAAGAA
AAAAGG-30 (S608A, S612A), 50-CACATTCCTCGAGCCCCTTACAAGT
TT-30 (S788A), 50-CCTTACAAGTTTCCTAGTGCCCCCTTACGGATTCC-30

(S795A), 50-GGGAACATCTATATTGCCCCCCTGAAGGCTCCATATAAA-
ATTTCAGAA-30 (S807A, S811A), 50-GAAGGTCTGCCAGCCCCAACA
AAAATGACT-30 (T821A) and 50-ATACCCATTAATGGTGCACCTCGAGC
CC-30 (S249A). All mutations were confirmed by sequencing. The
mutant Rb (mt-Rb) cDNA was cut with BamHI, filled-in with Klenow
enzyme and ligated with a ClaI linker. The ClaI fragment of mt-Rb
cDNA was replaced into the Rb cDNA position of HNF1-Rb to make
HNF1-mtRb. HNF1-NZ was described previously [16]. Equal
amounts of HNF1-mtRb and HNF1-NZ were mixed and injected into
fertilized eggs.

2.2. Western blot analysis of mt-Rb protein in HTB9 cells and liver cells

HTB9 cells were transfected with 2 lg mt-Rb expression vector.
Two days after transfection, cells were collected and resuspended.
Lysates were collected by centrifugation and protein concentration
was determined using BCA protein assay kit (Peirce). Twenty lg of
the total protein was resolved by 10% SDS–PAGE and transferred
onto PVDF membranes.

Liver cells were isolated from mt-Rb transgenic and WT mice
and then nuclear extracts were prepared as described previously
[19]. Then lysates were recovered by centrifugation and protein
concentration was determined by the same method as in culture
cells. Monoclonal anti-Rb antibody (Santa Cruz, CA) was used for
Western blotting analysis.

2.3. Analysis of Rb binding activity to E2F-1 by co-
immunoprecipitation

HTB9 cells were co-transfected with 2 lg Rb and 4 lg E2F-1
expression vector DNAs. Two days after transfection, cells were
collected and lysed by binding buffer (10 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.3 mM PMSF, 0.5%
Nonidet P-40). The lysates were collected by centrifugation and then
incubated with anti-E2F-1 antibody (Santa Cruz). The immune com-
plexes were collected on protein G Sepharose, solubilized with SDS
sample buffer for immunoblotting by standard methods.

2.4. Animals, gross and histological analyses

Experimental animal protocols and animal procedures are fol-
lowed with the international criteria of animal experimentation
and were approved by the Hamamatsu Medical University Animal
Care Center. Body weights were measured before sacrifice. Livers
were obtained by autopsy, weighed and examined for the presence
of tumor. For routine microscopy, Livers were fixed in 4% parafor-
maldehyde at 4 �C overnight for frozen section preparation and
then dehydrated in 20% sucrose in PBS overnight. The specimen
were frozen and sectioned at 8 lm. But for paraffin section, liver
tissues were embedded in paraffin after fixation with paraformal-
dehyde and the sections were cut at 4 lm. Both were stained with
hematoxylin and eosin according to standard methods.

2.5. Isolation of total liver mRNA and quantitative reverse
transcription (qRT)-PCR assay

Total mRNA was extracted from the liver of wild type and mt-
Rb transgenic mice at 11 months old using CsCl method. The quan-
tity and quality of RNA samples were measured by absorbance at
260 and 280 nm. pRT-PCR was done as described previously [20]
using the Step One Plus Real-Time PCR System (Applied Biosys-
tems, Bedford, MA) using 24 sets of primers (Supplementary
Table S1).

2.6. Transfection analysis of transcriptional activities of WT-Rb and
mt-Rb on c-Myc promoter

PCR was performed against mouse genomic DNA with 50-
GGGATTGGTGGCTCTTGGTG-30 and 50-CTCCCTCTGTCTCTCGCTGG
as primers. The PCR product (about 2.0 kbp) was subcloned into
the EcoRV site of pGL4.10 (luc2, Promega, WI) to make the c-
Myc-luc2 plasmid. The fixed amount of c-Myc-luc2 plasmid and
the various amounts of WT-Rb and/or mt-Rb expression vectors
were cotransfected into HTB9 cells with Fugene HD (Roche). In
36 h, the cell extracts were prepared and the luciefrase activity
was measured using dual luciferase system (Promega). Supple-
mentary methods are available on line.
3. Results

3.1. Rb alanine substitution mutations and generation of mt-Rb
transgenic mice

Rb contains 16 potential phosphorylation sites that are distrib-
uted among the protein [21,22] (Fig. 1A). Seven of these sites are
located within C domain which is sufficient for c-Abl binding and
is required for association with many non-LXCXE containing Rb-
binding proteins like E2F-1 [23,24]. Two sites are located in the
spacer region between A and B domains which bind the LXCXE mo-
tif and one other site is in A domain. The remaining sites are in the
N-terminal region of which function is still not clear since the A, B,
C and spacer domains are sufficient for activity of Rb function in
most assays [25].

We mutagenized the important 12 sites out of 16 consensus
sites in mt-Rb where 8 serines and 4 threonines were substituted
into alanines (Fig. 1A). For in vitro analysis, the WT-Rb and mt-Rb



Fig. 1. Generation of phosphorylation-resistant Rb protein. (A) Schematic presentation of mutant human Rb protein. The pocket domains A, B and C were shown. Out of 16
cyclin-dependent kinase phosphorylation sites (red and white triangles), 12 sites were mutated (red triangles). (B) Phosphorylation status of WT-Rb and mt-Rb by Western
blotting analysis. Phosphorylated Rb (ppRb) was detected only in cells transfected with WT-Rb expression vector (right), but not in those with mt-Rb expression vector
(middle). (C) Co-immunoprecipitation of E2F1 and Rb. Cell extracts from mt-Rb expression vector-transfected cells (lane 2) and WT-Rb expression vector-transfected cells
(lane 3) were incubated with anti-E2F1 antibody and the immunoprecipitates were subjected to 10% SDS–polyacrylamide gel electrophoresis. The transferred nylon
membrane was incubated with anti-Rb antibody and visualized with ECL. Lane 1 shows positive control of Rb protein.
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proteins were expressed in HTB9 (Rb protein-negative) cells using
the cytomegalovirus enhancer/actin promoter-driven vector (CX-
N2) [26]. Western blot analysis showed WT-Rb migrated as a dou-
blet; the upper band was phosphorylated Rb protein (ppRb) and
the lower band was unphosphorylated Rb protein (Fig. 1B, right
lane). As compared with the wild type, the mt-Rb protein migrat-
ing in only one unphosphorylated form suggested that the mt-Rb
was resistant to phosphorylation in cultured cells (Fig. 1 B, middle
lane).

To confirm the E2F-1 binding activity of the mt-Rb protein, mt-
Rb or WT-Rb and E2F-1 expression vectors were cotransfected into
HTB9 cells. The proteins were subjected to co-immunoprecipita-
tion and the result showed that mt-Rb bound to E2F-1 as similarly
as WT-Rb did (Fig. 1C, lanes 2 and 3). This result showed that the
phosphorylation site mutations did not disrupt the binding activity
of mt-Rb to E2F-1.

3.2. Targeted expression of mt-Rb protein in the liver

To directly determine the effects of phosphorylation-resistant
Rb on liver development and cancer progression, we generated
transgenic mice in which the human mt-Rb cDNA was controlled
Fig. 2. Development of tumors in the liver of mt-Rb transgenic mice. (A) Macroscopic
protruding from the surface of liver lobe were identified macroscopically (arrows). (B) Liv
8 months. Liver cell dysplasia (large cell) was observed (arrowes), 400�. (D) Liver tum
disorganized lobular architecture were observed, 200�. (E) Multiple neoplastic nodules w
(F) A big nodule (lower part) was observed in the liver tumor tissue of mt-Rb mice at 1
by the rat HNF-1 gene enhancer/promotor and obtained 2 mouse
lines, TGX and TGZ. We measured the expression of Rb protein in
the liver of transgenic and wild-type adult mice by Western blot-
ting (Supplementary Fig. S1A). Large amount of mt-Rb protein
was detected in the liver of TGX mice (lanes 5 and 6) and only a
small amount of Rb in TGZ mice (lanes 3 and 4). In contrast, a small
amount of the mouse endogenous Rb was also detected in wild-
type mice (lanes 1 and 2). Next, we investigated the developmental
expression pattern of b-galactosidase as an indicator of expression
of mt-Rb protein by the X-gal staining. TGX embryos showed
strong staining in the liver at 11.5 dpc (Supplementary Fig. S1B)
while wild-type and TGZ embryos showed no staining (Supple-
mentary Fig. S1C and data not shown). The rat endogenous HNF-
1 gene is expressed in the liver, kidney, and intestine. But in our
previous and current studies, 9 kbp of HNF1 promoter/enhancer di-
rected the LacZ expression only in the liver (Fig. S1B and Ref. [16]).
Furthermore, we isolated total RNA from the liver of wild-type,
TGX and TGZ mice and determined whether mouse Rb (endoge-
nous) and human Rb (exogenous) mRNAs were expressed in each
liver by the RT-PCR method (Supplementary Fig. S2). The result
showed that only mouse Rb mRNA was expressed in the wild-type
and TGZ mice while human Rb and mouse Rb mRNAs were
liver specimen from the mt-Rb transgenic mice at 1 year old. Tumors (adenoma)
er of wild-type mouse at 11 months old, 400�. (C) Liver of mt-Rb transgenic mice at
or tissue of mt-Rb transgenic mice at 11 months old. Dysplastic hepatocytes and
ere observed (arrows) in the liver tumor tissue of mt-Rb mice at 11 months old, 40�.
5 months old. Arrows show a boundary between normal and tumor tissues, 40�.
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expressed in TGX mice. We interpreted that the LacZ and mt-Rb
genes were not expressed due to an unknown reason in the TGZ
transgenic mice and investigated only the TGX transgenic mice
thereafter.

3.3. Tumor development in mt-Rb transgenic mice

The liver size and architecture in the TGX transgenic mice was
normal in newborns (data not shown). There were no significant
differences between the mt-Rb mice and wild-type mice until
6 months old. Then the TGX mice developed hepatocyte dysplasia
and foci followed by an appearance of adenomas. The incidence of
Fig. 3. qRT-PCR analysis of gene expression in the liver of transgenic mice. Total RNA w
without macroscopic tumors (shadowed bars) and those with macroscopic tumors (filled
each mRNA (n = 5).
liver tumors in the TGX mice that was identified macroscopically
(Fig. 2A) are summarized in Supplementary Table S2. About 50%
of female and male TGX mice developed adenomas with no differ-
ences in numbers and sizes. In contrast, the age-matched B6 mice
developed no adenomas.

The cell dysplasia was first noted after 8 months and the histo-
logical examination showed that some hepatocytes and nuclei were
larger than normal. They had a nearly normal nuclear-cytoplasmic
ratio and a pale cytoplasm (compare Fig. 2C to Fig. 2B). A prominent
feature of liver tumor in the mt-Rb transgenic mice was the early
development of focal lesions which was coincident with the devel-
opment of the dysplastic changes. Neoplastic nodules were first
as isolated from the liver of wild-type (open bars) and the mt-Rb transgenic mice
bars) at the age of 11 months and amplified quantitatively with a set of primers for



B. Wang et al. / Biochemical and Biophysical Research Communications 417 (2012) 601–606 605
noted in the liver of mt-Rb transgenic mice after 11 months. Micro-
scopic examination showed the neoplastic nodules were composed
of trabecular hepatocytes, arranged in sheets and cords which
resemble normal hepatocytes but have some deviations in cell
and nuclear size (larger cell), and were lacking of lobular architec-
tures (Fig. 2D). Lower magnification view of the liver tissue from
11 months old (Fig. 2E) and 15 months old (Fig. 2F) transgenic mice
showed the interface between the tumor which contained multiple
nodules and septa, and the hepatic parenchyma which has no
fibrosis and cirrhosis. Macroscopically, the livers contained solitary
nodules of relatively small size bulging from the surface of the liver
(Fig. 2A). Over all, both these foci and visible neoplasms had the
characteristics of hepatocellular adenoma.

3.4. Gene expression in the transgenic mouse liver

To know the molecular mechanism of the tumor formation in
mt-Rb transgenic mice, we determined whether the gene expres-
sion pattern was altered or not. qRT-PCR analyses of whole liver re-
vealed that c-Myc mRNA was dramatically up-regulated in both
non-tumorous and tumorous livers of mt-Rb transgenic mice com-
pared with WT mice (Fig. 3). Only in tumorous liver, Foxm1, Bmi1,
c-Jun, c-Fos, and Skp2 were also up-regulated. These results sug-
gested that the constituted expression of mt-Rb can up-regulate
the expression of c-Myc. Therefore, the tumorigenesis was signifi-
cantly induced when the other genes mentioned above were up-
regulated.

In the tumorous liver of mt-Rb transgenic mice, P21 mRNA was
up-regulated. This result suggested that apoptosis might be en-
hanced due to an increase of P21 during liver tumorigenesis in
the transgenic mice. Furthermore, several cell cycle-related genes,
such as CyclinD1, was up-regulated in the tumors. In contrast, EGF,
HGF, TGFa, TGFb, Ras, Raf-1, Foxo1, Akt1, Pten, p53, Mdm2, p57,
Cdk2, and E2F-1 mRNAs had no significant changes (Fig. 3).

3.5. Mutant Rb protein reversed the repression of the wild-type Rb
protein onto Myc gene

All mt-Rb transgenic mice showed up-regulation of c-Myc
mRNA in the liver. So we investigated whether the mt-Rb protein
activated the c-Myc gene. We connected the promoter region of
c-Myc gene to the luciferase gene to make the c-Myc-luc2
construct.

Various amounts of WT-Rb and mt-Rb expression vectors were
cotransfected into HTB9 cells and the luciferase activities were
measured. The WT-Rb proteins repressed the c-Myc promoter
Fig. 4. mt-Rb reversed the repression to c-Myc promoter by WT-Rb. (A) The fixed amoun
(broken line) expression vector were cotransfected into HTB9 cells. In 36 h, the cell ext
Mean ± SD (n = 3). (B) The Myc-luc2 plasmid (0.2 lg), WT-Rb expression vector (0.2 lg) a
The luciferase activity of cell extracts was measured and expressed as Mean ± SD (n = 3
dramatically while the mt-Rb protein repressed very weakly
(Fig. 4A). Next, we transfected various amounts of mt-Rb expres-
sion vector with a fixed amount of WT-Rb expression vector into
HTB9 cells. Interestingly, the mt-Rb protein inhibited the repres-
sion of WT-Rb protein (Fig. 4B). This result indicates that mt-Rb
acts as an inhibitor to WT-Rb.
4. Discussion

Here we report that targeted expression of mt-Rb in the mouse
liver exhibited macroscopic neoplastic nodules with about 50%
incidence within 15 months old. These tumorous tissues had the
characteristics of hepatocellular adenoma. Rb is the first-identified
human tumor suppressor gene, and many lines of evidence have
shown that loss or inactivation of Rb is an obligatory step in tumor
formation. Paradoxically, Rb also has an apoptosis inhibition func-
tion. Since a defect in apoptosis is one of well-known oncogenic
mechanisms, this functional property predicts that deregulated
Rb expression may be oncogenic [27]. This concept is supported
by the observations made in mice that express phosphorylation-
resistant Rb in the mammary gland [28], and that express cas-
pase-resistant Rb in p53-null knockout mice [29]. In addition to
the inhibition of apoptosis, it is conceivable that constitutively ac-
tive Rb may result in the accumulation of damaged DNA and the
acquisition of transforming mutations [28]. These and our results
suggest that the constitutively active Rb protein might have an
oncogenic character.

Intriguingly, we found that the level of c-Myc mRNA was dra-
matically increased in both tumorous and non-tumorous livers of
11 months old transgenic mice compared with WT mice. Recently,
it has been shown that a complex cross-regulation between Myc
and Rb is mediated through the control of E2F in MYC-induced T
cell lymphomagenesis [30]. Another study showed that down-
regulation of MYC can activate Rb pathway through CDK4 and
p15INK4b in STAT5A-induced senescence [31]. Consistent with these
reports, our results may raise the possibility of derepressive activ-
ity of mt-Rb on WT-Rb on the Myc promoter (Fig. 4B). Up-regula-
tion of c-Myc mRNA in non-tumorous liver suggests that the
c-Myc up-regulation by itself does not cause a tumor formation.

It has been reported that c-Myc binds to an E-box of Foxm1 pro-
moter and up-regulates the expression of Foxm1 in the liver
[32,33]. Furthermore, c-Myc regulates multiple target genes
including c-Jun, Bmi1, CyclinD1 and TGFb1 [32]. Another important
finding of our study is the dramatic up-regulation of Foxm1 mRNA
in the tumor in the mt-Rb transgenic liver. Foxm1 works as a cell
cycle regulator, especially at S and G2/M phases [34]. Foxm1
t (0.2 lg) of Myc-luc2 plasmid and various amounts of WT-Rb (solid line) or mt-Rb
racts were prepared and the luciferase activities were measured and expressed as
nd various amounts of mt-Rb expression vectors were cotransfected into HTB9 cells.
).
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increases expression of numerous mitotic genes, such as Cyclin A2,
Cdc 25B phosphatase, CyclinB1 and Skp2, and down-regulates P21
and P27 [34]. However, Foxm1 is not the only c-Myc target gene,
and many of the cell cycle genes downstream of Foxm1 have also
been shown to be direct targets of c-Myc [33,35,36]. Our result
showed that up-regulation of c-Myc target genes, Foxm1, Bmi1,
Skp2, AP-1(c-Jun/c-Fos) and CyclinD1, was observed only in the tu-
mors of mt-Rb liver. Bmi1, Skp2, AP-1 and CyclinD1 are known
to be involved in oncogenesis [37–40]. In summary, the over-
expression of phosphorylation-resistant Rb resulted in liver tumor
formation. Our results suggest that the continued high expression
of several c-Myc target genes promotes the liver tumor formation.
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