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Mutant mouse models are indispensable tools for clarifying gene functions and

elucidating the pathogenic mechanisms of human diseases. Here, we describe

novel cancer models bearing point mutations in the retinoblastoma gene (Rb1)

generated by N-ethyl-N-nitrosourea mutagenesis. Two mutations in splice sites

reduced Rb1 expression and led to a tumor spectrum and incidence similar to

those observed in the conventional Rb1 knockout mice. The missense mutant,

Rb1D326V/+, developed pituitary tumors, but thyroid tumors were completely sup-

pressed. Immunohistochemical analyses of thyroid tissue revealed that E2F1, but

not E2F2 ⁄ 3, was selectively inactivated, indicating that the mutant Rb protein

(pRb) suppressed thyroid tumors by inactivating E2F1. Interestingly, Rb1D326V/+

mice developed pituitary tumors that originated from the intermediate lobe of

the pituitary, despite selective inactivation of E2F1. Furthermore, in the anterior

lobe of the pituitary, other E2F were also inactivated. These observations show

that pRb mediates the inactivation of E2F function and its contribution to tumori-

genesis is highly dependent on the cell type. Last, by using a reconstitution assay

of synthesized proteins, we showed that the D326V missense pRb bound to E2F1

but failed to interact with E2F2 ⁄ 3. These results reveal the effect of the pRb

N-terminal domain on E2F function and the impact of the protein on tumorigene-

sis. Thus, this mutant mouse model can be used to investigate human Rb

family-bearing mutations at the N-terminal region.

H umans with a germline mutation of the retinoblastoma
gene (Rb1) are predisposed to retinoblastoma and other

tumors.(1) Rb1 is a tumor suppressor gene and loss of Rb1 het-
erozygosity, downregulation and mutations in the gene have
been associated with various human cancers.(2–4) All heterozy-
gous Rb1 knockout (Rb1+/�) mice develop neuroendocrine
tumors, which arise in the pituitary and medullary component
of thyroid (C-cells).(5–8) Retinoblastoma protein (pRb) binds to
E2F transcription factors through its C-terminal region and
pRb suppresses tumor formation by inhibiting E2F activity.(9)

Consistent with this model, perturbation of the functions of
E2F, including E2F1 and E2F3, reduces the incidence of tumor
formation induced by Rb1 mutation. Interestingly, these mice
exhibit a distinct tumor spectrum, suggesting distinct contribu-
tions of each E2F to tumor formation in a tissue-dependent
manner.(10,11) However, the molecular basis of this tissue-
dependent tumor-suppressive function of pRb has remained
elusive thus far.
We previously screened mutant mice generated by N-Ethyl-

N-nitrosourea (ENU) mutagenesis, which introduces single
base-pair changes.(12,13) Here, we report three novel cancer

model mice predisposed to neuroendocrine tumors. These three
lines harbor novel point mutations in Rb1: two splice-site
mutations and one missense mutation, which involve a substi-
tution of aspartic acid by valine on residue 326 (D326V). Het-
erozygous animals of the splice-site mutations developed
pituitary and thyroid tumors, similarly to Rb1+/� mice. How-
ever, heterozygous D326V mutants (Rb1D326V/+) developed
only pituitary tumors. The unique tumor spectrum observed in
Rb1D326V/+ mice renders this mutant a useful tool to investi-
gate the cell- or tissue-specific tumor suppressive mechanism
of pRb. Additionally, we report that the D326V-mutated pRb
(pRbD326V) is partially deficient in binding E2F in vitro. Thus,
Rb1D326V/+ animals will be valuable for understanding mis-
sense-mutated, partially affected pRb function in vivo.

Materials and Methods

Animals and ENU mutagenesis. All animal experiments were
approved by the Institutional Animal Experiment Committee
of RIKEN BioResource Center. The ENU mutagenesis was
conducted as previously described.(14) We injected male
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C57BL ⁄6J (B6) mice with ENU (Sigma Aldrich, St Louis,
MO, USA); these male mice were mated with DBA ⁄2J (D2)
female mice.

Mutation mapping and identification. For mapping, we ana-
lyzed genomic DNA from the N2 and N3 progeny backcrossed
to D2 by using single nucleotide polymorphism (SNP) and sin-
gle-strand conformation polymorphism (SSCP) markers. We
performed genotype analysis of Rb1 mutations by sequencing
the genomic DNA from backcrossed animals that were
affected or not affected.

Quantitative real-time RT-PCR (qPCR). The qPCR analyses
were conducted as previously described.(14) Reverse transcrip-
tion was performed with total RNA extracted from the brains
of mice using SuperScript II (Life Technologies, Carlsbad,
CA, USA) and an oligo-dT primer. The qPCR was performed
using the QuantiTect SYBR Green RT-PCR system (Qiagen,
Hilden, Germany). Rb1 gene-specific primers covering exons
1–2 were as follows: forward 50-CGAAGAGCTGCCCCTG
G-30 and reverse 50-ATGATCGGGTACCTTTAACTTTTGA-30.

Histological analyses. Tissues were fixed in 4% paraformalde-
hyde and paraffin embedded. For immunohistochemistry (IHC),
specimens were incubated with antibodies against alpha melano-
cyte-stimulating hormone (a-MSH), calcitonin, E2F1 ⁄2 ⁄ 3, pro-
lactin (PRL), luteinizing hormone ⁄ follicle-stimulating hormone
alpha subunit (LH ⁄a-FSH), thyroid-stimulating hormone (TSH)
and growth hormone (GH; antibody sources, Supporting Infor-
mation Table S1), followed by incubation with Envision reagent
(DAKO, Glostrup, Denmark). The HRP substrates and alkaline
phosphatase (AP) substrates were used in the chromogenic reac-
tions. Labeled specimens were scored for the number of positive
cells per three high-powered fields per sample.

LOH analysis. The LOH analyses were conducted as previ-
ously described.(14) LOH at the Rb1 locus was determined by
PCR using microsatellite markers D14Mit125 and D14Mit262
for thyroid tumors and D14Mit193 and D14Mit225 for pitui-
tary tumors. The PCR products of these markers differ in size
between the mutant allele (B6 derived) and wild-type (WT)
allele (D2 derived).

Co-immunoprecipitation (co-IP) assays of E2F1 ⁄ 2 ⁄ 3 and pRb.

All proteins tested were synthesized using an in vitro transcrip-
tion and translation system using T7 RiboMAX Express and
Wheat Germ Extract (WGE) Plus (Promega, Madison, WI,
USA). Plasmids expressing pRb, E2F1 ⁄2 ⁄ 3 and E2F dimeriza-
tion partner 1 (DP-1) were prepared from FANTOM clones
(DNAFORM, Yokohama, Japan). The Rb1D326V mutant was
generated using the QuikChange II Site-Directed Mutagenesis
Kit (Agilent Technologies, La Jolla, CA, USA) and comple-
mentary oligonucleotide primers (forward, 50-CTTAAAAAC
AAAGATTTAGTTGCAAGACTGTTTTTGG-30; reverse, 50-C
CAAAAACAGTCTTGCAACTAAATCTTTGTTTTTAAG-30).
A Flag tag and restriction enzyme sites were then added to the
WT and mutant Rb1 constructs by PCR.
After the translation reaction, each of the E2F, pRb (WT or

mutant) and DP-1 WGE lysate were mixed and incubated.
Magnetic beads (Dynabeads; Life Technologies) bound with or
without (negative control) anti-Flag antibody were added to
the mixture and incubated. Protein immunocomplexes were
isolated and analyzed by western blotting using primary anti-
bodies against pRb and E2F1 ⁄2 ⁄3 (Table S1).

Results

Generation of novel endocrine tumor model mice by ENU

mutagenesis. We have previously identified 17 tumor-

predisposed mutant lines.(14) Among them, three cells lines
(M1326, M1032 and M1033) developed endocrine tumors. The
pituitary tumor was evident by the moribund necropsies of
these three mutant founders (Fig. 1a–f). The IHC revealed
positive staining for a-MSH, indicating that the tumors were
derived from the intermediate lobe of the pituitary (ILP;
Fig. 1g–i). Additionally, the founders of M1032 and M1033
also developed thyroid tumors at 53 and 56 weeks, respec-
tively (Fig. 1j–m). These tumors exhibited positive staining for
calcitonin (Fig. 1n,o), indicating they originated from C-cells.

Mutation mapping and identification. To identify the muta-
tion responsible for the cancer phenotype, genome-wide map-
ping was initially performed with SSCP markers. Pituitary
tumor development in all three mutant lines was associated
with mouse chromosome 14. We then performed a fine map-
ping using SNP markers. In the M1326 line, the cancer pheno-
type was mapped within the region between D14Mit193 and
D14Mit225 (Fig. 2a). Similarly, tumor development was
mapped to the regions between D14Mit235 and rs3080790 and
between D14Mit115 and D14Mit35 in M1033 and M1032,
respectively. These observations suggest that the same gene
was responsible for the development of endocrine tumors
observed in the three lines. Among the 17 genes located within
the common region (approximately 2.0 Mb), we focused on
Rb1, because several Rb1-deficient mice have been reported to
develop pituitary and thyroid tumors.(5–8) We conducted geno-
mic DNA sequencing of all exons and splice sites of Rb1 and
identified distinct base substitutions. The M1326 line contained
a base substitution of 977A to T, which resulted in a missense
mutation that changed Asp326 (GAT) to Val (GTT). We
termed this mutation Rb1D326V (Fig. 2b). Two other mutant
lines contained base substitutions in the following splice sites:
T to A mutation in a donor splice site of intron 21 (M1032
line) and A to G mutation in that of intron 10 (M1033 line;
Fig. 2b).
We then evaluated the effects of Rb1 mutations on mRNA

expression in vivo. qPCR analysis revealed that M1326
mutants expressed levels of Rb1 mRNA comparable with the
WT (Fig. 2c). However, the animals heterozygous for M1032
and M1033 exhibited significant decreases in Rb1 mRNA
(67.5% and 70.0%, respectively; Fig. 2c), suggesting that these
mutations cause nonsense-mediated decay.
Analysis of the genomic DNA from pituitary tumors of N2

and N3 progeny revealed loss of the WT Rb1 allele derived
from D2 (Fig. 2d). Similarly, the thyroid tumors from M1032
and M1033 exhibited loss of the WT allele. These results indi-
cate that the WT Rb1 gene is lost in the tumors that develop
in the mutants. Taken together, we conclude that Rb1 muta-
tions are responsible for endocrine tumor development.

Distinct tumor spectrum and incidence among the mutant lines.

To precisely evaluate the tumor spectrum and incidence, we
analyzed the phenotypes of N2 and N3 progeny. In M1032
and M1033 more than 90% of the heterozygous animals devel-
oped thyroid tumors by 70 weeks (Fig. S1A). These mice also
developed pituitary tumors in 81.1% of M1032 and 57.4% of
M1033 heterozygotes (Fig. S1B). These tumor profiles recapit-
ulated those reported in Rb1+/� animals,(7,10) further support-
ing our conclusion that Rb1 mutations are responsible for the
tumorigenesis.
The progeny of heterozygous M1326 animals also developed

pituitary tumors, although the incidence was lower (43.6% at
75 weeks; Fig. S1B) and the onset was delayed compared with
that in the splice-site mutants. Strikingly, these animals did not
develop thyroid tumors (Fig. S1A). These results suggest that
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this point mutation altered pRb function, leading to the selec-
tive loss of pituitary tumor suppression function.

D326V mutant selectively suppress E2F1 in thyroid C-cells. To
understand the mechanism of the D326V mutation on the
tumor spectrum, we performed comparative analyses for
Rb1D326V/+ and Rb1+/� mice. Because inactivation of the func-
tions of E2F was considered to be the major mechanism by
which pRb suppressed tumor development, we focused on the
E2F proteins in the mutant mice. For this purpose, we initially
tried to determine the protein level in multiple tissues, includ-
ing thyroid tissues, using immunoblot analysis, but we did not
detect any significant differences between the controls and the
mutant mice. We hypothesized that this is because each tissue
contained multiple types of cells, which respond differently to
the inactivation of pRb function. In fact, previous reports indi-
cate that protein levels of E2F are increased by the depletion
of pRb; this occurs via the expression of shRNA in prostate
cancer cells and by targeted mutation in mouse embryonic
fibroblasts.(15,16) In contrast, two reports have demonstrated
that E2F proteins increased their stabilities by interacting with
pRb(17,18) (Fig. S2). These observations indicate that pRb defi-
ciency might have a positive or negative influence on the
abundance of E2F proteins, depending on the cell context.
Hence, there is a need to examine the cell type-specific effect
of pRb deficiency. For this purpose, we performed IHC to
evaluate the level of E2F and found that E2F1, E2F2 and
E2F3 were decreased in the thyroid C-cells of the mutant
Rb1+/� mice (Fig. 3a). These results indicate that, in the thy-
roid C-cells, “free” active E2F were unstable, while pRb-
bound E2F were stable and accumulated.(17,18)

Using this system, we determined the level of E2F in the
thyroid C-cells of Rb1D326V/+ mice using IHC (Fig. 3a, middle
panels) and found a significant decrease in the positive ratios
of E2F2 and 3 (Fig. 3b, middle and lower graphs). Thyroid
C-cells were identified by detecting the expression of calcito-
nin (Fig. 3a). Interestingly, no significant difference in the

positive cell ratio of E2F1 between Rb1D326V/+ mice and WT
littermates was detected (Fig. 3b, upper graph). These results
suggest that, in the C-cells of Rb1D326V/+ animals, pRbD326V

retains the ability to bind E2F1 and suppress its function, but
pRbD326V cannot inhibit E2F2 ⁄3 function. Because thyroid
tumors were suppressed in this mutant line, these observations
indicate that E2F1 is the major oncogenic determinant and its
suppression is sufficient to prevent thyroid tumors.

Different regulation of E2F by pRbD326V in ILP cells in Rb1

mutants. In contrast to thyroid tumors, pituitary tumors were
observed in Rb1D326V/+ mutant mice. This observation raised
the possibility that the suppression of E2F1 was not sufficient
to inhibit pituitary tumor formation. Alternatively, perhaps
pRbD326V could not inhibit E2F1 function in this type of
tumor. To distinguish these possibilities, IHC for E2F was per-
formed in pituitary specimens (Fig. 4). It is thought that the
primary origin of pituitary tumors induced by Rb1 mutation is
the ILP(6,8); in fact, we found that most pituitary tumors in
Rb1D326V/+ and Rb1+/� mice expressed a-MSH, a marker for
ILP cells (Fig. 5).
Positive cell ratios of E2F were significantly decreased in

Rb1+/� mutants, whereas the E2F1 positive cell ratio was
selectively maintained in Rb1D326V/+ mutants (Fig. 4b, upper
graph). Thus, similar to the results for C-cells, pRbD326V

retained the ability to inactivate E2F1 but failed to suppress
E2F2 ⁄3 in ILP cells. Because pituitary tumors developed in
this mutant, these results indicate that suppression of E2F1
was not sufficient to inhibit this type of tumor. Although it is
unclear which E2F is the key molecule or how E2F contribute
to the tumorigenesis of ILP, these observations indicate that
E2F have distinct roles in tumorigenesis, depending on cell
types.

Different spectrum of anterior lobe of the pituitary (ALP)

tumors in Rb1 D326V/+ mutants from those in Rb1+/� animals. Dur-
ing the analysis of pituitary tumors, we found that a certain
fraction of the tumors did not express a-MSH, suggesting that

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

Fig. 1. Pathological analysis of tumors from novel cancer model mice generated by N-ethyl-N-nitrosourea mutagenesis. Pituitary and thyroid
tumors found in M1326 (a,d,g), M1032 (b,e,h,j,l,n) and M1033 (c,f,i,k,m,o). Alpha melanocyte-stimulating hormone-positive (g,h,i) and calcitonin-
positive (n,o) tumors were detected. Bar, 200 lm.
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those tumors do not originate from the ILP. The ALP tumors
are reported in B6-backcrossed Rb1+/� animals(19); hence, we
performed IHC using antibodies against ALP proteins, includ-
ing LH ⁄a-FSH, TSH, GH and PRL, to identify their cellular
origin (Fig. 5a). In Rb1+/� mice, a-MSH-, PRL-, LH ⁄a-FSH-,
TSH- and GH-positive cells were observed (73.7%, 21.1%,
47.4%, 21.1% and 10.5%, respectively; Fig. 5c). In Rb1D326V/+

mice, all pituitary tumors expressed a-MSH, indicating they
originate from the ILP; additionally, 14.6% also expressed
PRL. No tumors expressed LH ⁄a-FSH, TSH or GH (Fig. 5b);
thus, the pRbD326V mutant protein retains its tumor-suppressive
activity in cells originating from LH ⁄a-FSH-, TSH- and
GH-producing cells. These observations suggest that WT pRb
suppresses ALP- and ILP-derived tumors, but pRbD326V only
suppresses tumorigenesis originating from LH ⁄a-FSH-, TSH-
and GH-producing cells. These results explain the lower inci-
dence of pituitary tumors in Rb1D326V/+ mutants than that of
null mutants.

D326V mutant inactivated E2F in a cellular context-dependent

manner in ALP cells. To elucidate the mechanism underlying
the different ALP cell-derived tumor spectra of Rb1D326V/+ and
Rb1+/� mutants, double staining for E2F and pituitary hor-
mones was performed in pituitary specimens (Fig. 6).
In Rb1+/� mice, positive cell ratios of E2F significantly

decreased in all APL cell types (Fig. 6, blue bars). These results
are consistent with the observations that Rb1+/� mice developed
pituitary tumors that originated from those cell types (Fig. 5c).

However, in PRL-expressing cells of Rb1D326V/+ mutants, the
E2F2-positive cell ratio significantly decreased, while E2F1 ⁄3-
positive cell ratios were maintained (Fig. 6d, red bars). This
result indicates that activation of E2F2 is important for the
tumorigenic change of PRL-positive cells. However, the posi-
tive cell ratios of all E2F in other cell types in Rb1D326V/+ het-
erozygous mutants were comparable with those observed in
WT animals (Fig. 6a–c; red bars), which is consistent with the
observation that the pituitary tumors originating from these cell
types were suppressed in Rb1D326V/+ mutants. These observa-
tions demonstrate that pRbD326V retains the ability to inactivate
E2F in these cell types. Because pRbD326V failed to inactivate
E2F2 in PRL-expressing cells, these results also indicate that
suppression of E2F function by pRb depends on the cell type.

In vitro interaction of pRbD326V with E2F. To test the physical
interaction of pRbD326V with E2F, a co-IP analysis was
performed. The Flag-tagged, WT pRb or pRbD326V were
synthesized in vitro and then mixed with DP-1 and each of
E2F1 ⁄2 ⁄3. In each mixture, pRb or pRbD326V was immunopre-
cipitated by an anti-Flag antibody and the bound E2F were
analyzed by specific antibodies. Only E2F1 was detected in
the precipitate from pRbD326V, but not E2F2 ⁄3 (Fig. 7). These
results indicate that pRbD326V retains intrinsic binding activity
to E2F1, but cannot interact with E2F2 ⁄3. These observations
reveal the D326V mutation selectively abrogates the direct
interaction with E2F2 ⁄3, but not E2F1, leading to the selective
suppression of E2F1 function.

M1326 M1033 M1032
Rb1 exon10 Rb1 Intron 10 Rb1 Intron 21

Splicing acceptor site Splicing donor site
977A→T (GAT→GTT)
Asp→Val (D326V)

a→g (ag→gg) t→a (gt→ga)

(a)

(b)

(c)

(d)

Fig. 2. Identification of retinoblastoma gene (Rb1)
as causal gene in the three mutant lines generated
by N-ethyl-N-nitrosourea mutagenesis. (a) Fine
mapping study on chromosome 14 using SSCP and
single nucleotide polymorphism markers. Haplotype
analysis of D2-backcrossed N2-N3 progeny was
performed. (b) The mutations found in exon 10
(M1326), intron 10 (M1033) and intron 21 (M1032)
are shown in the exon-intron structure of mouse
Rb1. Arrows indicate the mutations in the sequence
chromatograph. (c) qPCR of Rb1 mRNA levels in the
three Rb1 hetero mutants (Mut ⁄ +) or wild-type
littermates (WT; n = 3 per genotype). Statistical
analysis: unpaired two-tailed Student’s t-test. NS,
not significant. *P < 0.05. **P < 0.01. Error bar, SD.
(d) LOH at the Rb1 locus was confirmed in pituitary
tumors (left; T1–T10) and thyroid tumors (right;
T1–T4) derived from Rb1 mutants. Pit, pituitary
DNA from a WT mouse. D2, B6 and DB: genomic
DNA derived from D2, B6 and DBF1 mice,
respectively.
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Discussion

In the present study we generated three mutant alleles of Rb1.
Two of them contained base substitutions at splice sites, lead-
ing to significantly decreased mRNA levels. These mutant
mice recapitulated the phenotypes observed in conventional
Rb1 knockout mice, confirming the results of previous reports
(Fig. 8b).(7,8) In contrast to these mutants, mice with the third
mutant allele, containing the missense at codon 326, exhibited
a unique tumor spectrum. (Fig. S1).
Assuming that pRb-bound, inactivated E2F are stable and

detectable by IHC, pRbD326V suppressed the activity of E2F1
but could not inactivate E2F2 ⁄3 in C-cell or ILP cells
(Figs 3,4). Consistent with these observations, our biochemical
analysis demonstrated the specific binding of pRbD326V to
E2F1 (Fig. 7). Importantly, the tumor spectrum found in
the Rb1D326V/+ mutants resembled those of E2F1�/�:Rb1+/�

double-knockout mice reported previously, which only develop
pituitary tumors but not thyroid tumors. Furthermore, the inci-
dence of pituitary tumors in the compound mutant mice was
reported to be approximately 30% lower than that in the Rb1+/
� mice(10) and this reduced incidence was recapitulated in the
Rb1D326V/+ mutant mice (Fig. 8c,e). These observations
strongly support our conclusion that pRbD326V selectively inac-
tivated the function of E2F1, but not of E2F2 or 3, which led
to these unique tumor spectra. Although the molecular basis
for the thyroid tumors being more dependent on E2F1 than
pituitary tumors remains unclear, one possible explanation is
the expression level of E2F1. We found that the E2F1 level in
the thyroid was much higher than that in other organs (Fig.
S3). Another possibility is the functional difference among the
E2F family proteins in different organs. In fact, several indi-
vidual E2F-specific targets were reported in cultured cells and
mouse tissues, suggesting that each E2F protein has a cell
type-specific biologically distinct role.(20–22) In future, clarify-
ing the functional redundancy and specificity of the E2F pro-
teins and their contributions to tumorigenesis would be
therapeutically important.
In addition to the G1-S transition mediated by transcriptional

regulation via E2F proteins, accumulating evidence indicates
the role of pRb in the regulation of chromatin structure. The
pRb regulates heterochromatin domains around the centromere
and the loss of function of pRb reduces chromosome cohe-
sion.(23) Although the exact molecular basis for this phenom-
ena remains to be fully elucidated, several molecular
mechanisms, including trimethylation of Lys20 on histone H4
(H4K20me3) by Suv4-20 and chromosome cohesion mediated

(a)

(b)

Fig. 3. Immunohistochemical analysis of E2F in normal thyroid C-cells.
(a) Normal thyroid tissues from retinoblastoma gene (Rb1)+/+ (left col-
umn), Rb1D326V/+ (middle column) or Rb1+/� (right column) mice were
stained with anti-E2F1 (upper section), anti-E2F2 (middle section) and
anti-E2F3 (lower section) antibody using HRP chromogenic substrate,
DAB (brown-colored staining). To confirm the C-cell area, each speci-
men was double stained with anti-calcitonin antibody using alkaline
phosphatase chromogenic substrate, Fuchsin (red-colored staining).
Bar, 50 lm. (b) The positive-cell ratio was analyzed in C-cells stained
with anti-E2F1 (upper graph), anti-E2F2 (middle graph) or anti-E2F3
(lower graph) antibody. Each positive-cell ratio calculated for the
C-cells of Rb1D326V/+ (D326V) or Rb1+/� (+ ⁄�) mice was normalized with
respect to those for the wild-type littermate (+ ⁄ +), considered 100%.
Statistical analysis: unpaired two-tailed Student’s t-test. NS, not signifi-
cant. *P < 0.05. **P < 0.01. Error bar, SD. n = 3 per genotype.
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by condensin II, have been proposed.(24) Because the aberra-
tion in chromosome structure and segregation leads to chromo-
some instability, which is a common feature of solid tumors, it
is important to explore the effects of Rb1D326V mutation on
chromosome structure.

A previous report shows that pituitary tumors developing in
Rb1+/� mice arise in the ILP and ALP.(19) These results were
confirmed in the present study using conventional Rb1+/� mice
and splice-site mutants. However, IHC of pituitary tumors
from Rb1D326V/+ mutants revealed a striking reduction in the

(a)

(b)

Fig. 4. Immunohistochemical analysis of E2F in
normal intermediate lobe of the pituitary (ILP) cells.
(a) Normal ILP tissues from retinoblastoma gene
(Rb1)+/+ (left column), Rb1D326V/+ (middle column) or
Rb1+/� (right column) mice were incubated with
anti-E2F1 (upper row), anti-E2F2 (middle row) or
anti-E2F3 (lower row) antibody. Bar, 50 lm. (b) The
positive-cell ratio was analyzed in the ILP specimens
treated with anti-E2F1 (upper panel), anti-E2F2
(middle panel) or anti-E2F3 (lower panel) antibody.
The positive-cell ratios were calculated as described
in Figure 3(b). Statistical analysis: unpaired two-
tailed Student’s t-test. NS, not significant. *P < 0.05.
**P < 0.01. Error bar, SD. n = 3 per genotype.

Cancer Sci | October 2014 | vol. 105 | no. 10 | 1365 © 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Toki et al.



incidence of ALP tumors. Detailed analysis of ALP tumors
revealed that LH ⁄a-FSH-, TSH- and GH-expressing tumors
were not present in Rb1D326V/+ mutants (Fig. 5b). Surprisingly,

unlike in thyroid C-cells and ILP cells, E2F2 and 3 were also
suppressed in these cells, which is in a stark contrast to the
observations made in experiments using Rb1+/� mice (Fig. 6).

(a)

(b) (c)
Fig. 5. Different tumor distribution in the anterior
lobe of the pituitary (ALP) for retinoblastoma gene
(Rb1)+/� and Rb1D326V/+ mutant lines. (a)
Immunohistochemical analysis of pituitary tumors
developed in Rb1D326V/+ and Rb1+/� mutants using
antibodies against the pituitary hormones described
above each panel. Bar, 50 lm. (b,c) Analysis of
cellular origin of the pituitary tumors in Rb1D326V/+

(b) and Rb1+/� (c) mutants. The percentage of the
positively stained pituitary tumors analyzed in (a)
was calculated. a-MSH, alpha melanocyte-stimulating
hormone; GH, growth hormone; LH ⁄ a-FSH,
luteinizing hormone ⁄ follicle-stimulating hormone
alpha subunit; PRL, prolactin; TSH, thyroid-
stimulating hormone.

(a) (b) (c) (d)

Fig. 6. Immunohistochemical analysis of E2F in normal anterior lobe of the pituitary (ALP) cells. E2F1- (upper panels), E2F2- (middle panels) and
E2F3- (lower panels) positive-cell ratios in normal luteinizing hormone ⁄ follicle-stimulating hormone alpha subunit (LH ⁄ a-FSH)- (a), thyroid-stimu-
lating hormone (TSH)- (b), growth hormone (GH)- (c) and prolactin (PRL)-producing (d) ALP cells from retinoblastoma gene (Rb1)D326V/+ (D326V)
or Rb1+/� (+ ⁄�) mutants. The positive-cell ratios were calculated as described in Figure 3(b). Statistical analysis: unpaired two-tailed Student’s
t-test. NS, not significant. *P < 0.05. **P < 0.01. Error bar, SD. n = 3 per genotype.
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These observations suggest the regulation of E2F is cellular
context dependent, leading to a distinct tumor spectrum in
pituitary tumors arising in the ALP. Similar observations were
reported by Leung et al.,(19) who showed that the Rb1+/�

tumor profile changes dramatically with the genetic back-
ground. It would be of interest to clarify the cellular context-
dependent mechanisms that determine susceptibility to ALP
tumors.
Retinoblastoma protein associates with E2F through the

C-terminal region, that is, A ⁄B pocket domain and
C-domain.(25–27) Several oncoproteins such as E1A and SV40
large T activate E2F by binding directly to the A ⁄B pocket,
thus releasing E2F from pRb. Consequently, a point mutation
of the B pocket region, R654W, fails to interact with E2F1 ⁄2
⁄3, and RbR654W/+ mutants develop both thyroid and pituitary
tumors, recapitulating phenotypes observed in Rb1+/�

mice.(28,29) Several studies indicate that the N-terminal region
of pRb modulates the binding capacity of pRb to E2F by act-
ing　through structural conformational change.(30,31) Further-
more, it has been suggested that the N-terminal region of pRb
interacts with proteins and regulates the interaction of pRb and
E2F. For example, Inoue et al.(32) report Hsc70 interacts with
the N-terminal region of pRb (residues 301–372). Hsc70 also
interacts with oncoproteins and helps to release E2F from pRb
as a molecular chaperone.(33) Notably, we showed in vitro that
the D326V mutation selectively perturbed the direct interaction
with E2F2 ⁄ 3 (Fig. 7). These observations raise the possibility
that Hsc70 or other unidentified proteins modify these interac-
tions and that the D326V mutation might mimic or disrupt
these modifications. This model might also explain the cellular
context-dependent inactivation of E2F by this Rb1 mutant.

The contribution of the pRb N-terminal region to tumorigen-
esis is under debate. Using transgenic mice expressing mutant
pRb, Riley et al.(34) reported that pRb mutants with deletions
of N-terminal regions fail to prevent pituitary tumors, indicat-
ing that the N-terminal region plays critical roles in tumor sup-
pression. However, Yang et al.(35) found pRb lacking residues
1–378 suppressed pituitary tumors in Rb+/+:Rb�/� chimeric
mice, indicating that the N-terminal residues are dispensable
for pRb tumor-suppression activity. Because these mutant pro-
teins lack different portions of the N-terminal region, this dis-
crepancy may be explained by the distinct functions of each
mutant protein. For example, the former mutant protein, which
failed to suppress pituitary tumor development, may lose the
binding capacity to E2F, while it is retained in the latter
mutant. It is also possible that different sequence deletions
lead to differences in interacting proteins. It should be noted
that, in contrast to partial or complete deletion of the N-termi-
nal region, we established mutant mice with a point mutation,
which compromised tumor suppression by pRb. Furthermore,
we modulated endogenous Rb1, rather than exogenously
expressing transgenes. In humans, some families with low-pen-
etrance retinoblastoma carry mutations in the N-terminal
region of pRb.(36) The functional analyses of exon 4 (127–166
amino acid) deletion in Rb1, an N-terminal mutation found in
the patients reported by Otterson et.al.(37), shows intact E2F1-
binding capacity and colony suppression is retained in vitro.(37)

Thus, Rb1D326V/+ mice can be used as models to elucidate the
in vivo functions of mutations in the pRb N-terminal region.

Fig. 7. Retained E2F1 binding activity of retinoblastoma protein
(pRb)D326V. Flag-tagged WT pRb (WT) or pRbD326V (Mut) were mixed
with DP-1 and each of E2F1 ⁄ 2 ⁄ 3. The pRb were then immunoprecipi-
tated (IP) with (a-Flag) or without (none) anti-Flag antibody. The im-
munoprecipitates were immunoblotted (IB) with anti-pRb, anti-E2F1,
anti-E2F2 or anti-E2F3 antibody.

(a)

(b)

(c)

(d)

(e)

Fig. 8. Tissue-specific contribution of E2F to tumorigenesis. Wild-type
retinoblastoma protein (pRb) inactivates E2F and suppresses tumor
development (a). In retinoblastoma gene (Rb1)+/� mice, loss of Rb1
function leads to activation of E2F1 ⁄ 2 ⁄ 3, which consequently results in
development of both pituitary (incidence, 95–100%) and thyroid (inci-
dence, 56–70%) tumors (b).(6,7,10,11) In Rb1+/�:E2f1�/� double mutants,
the loss of Rb1 function is accompanied by E2f1 deletion, which results
in 62% incidence of pituitary tumors and complete suppression of thy-
roid tumors, indicating that E2F1 is mainly responsible for thyroid
tumor development (c).(10) In Rb1+/�:E2f3�/� mutants, the loss of Rb1
function is accompanied by E2f3 deletion, which results in suppressed
growth of pituitary tumors, indicating that E2F3 is responsible for pitui-
tary tumor growth. These Rb1+/�:E2f3�/� mutants show the promotion
of malignancy in thyroid tumor (d).(11) In Rb1D326V/+ mutants, pRbD326V

binds and inactivates E2F1 only, which results in 44% incidence of
pituitary tumors and complete suppression of thyroid tumors (e).
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