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BACKGROUND: To clarify the roles of cell cycle regu-

lation in oncogenesis and cytodifferentiation of odonto-

genic tumors, expression of retinoblastoma protein (RB)

and E2 promoter-binding factor-1 (E2F-1) was analyzed in

ameloblastomas as well as in tooth germs.

METHODS: Tissue specimens of 10 tooth germs, 40 be-

nign ameloblastomas, and five malignant ameloblasto-

mas were examined immunohistochemically with the use

of antibodies against RB, E2F-1, and phosphorylated RB.

Ki-67 antigen immunostaining was made as a marker of

cell proliferation.

RESULTS: Immunohistochemical reactivity for RB,

E2F-1, phosphorylated RB, and Ki-67 was detected in the

nuclei of odontogenic epithelial cells near the basement

membrane in tooth germs and benign and malignant

ameloblastomas. The number of cells positive for phos-

phorylated RB was nearly equal to or slightly less than the

number of cells positive for RB or E2F-1. The number of

Ki-67-positive cells was slightly more than the numbers of

cell positive for RB, E2F-1, or phosphorylated RB. The

levels of immunoreactivity for RB, E2F-1, phosphorylated

RB, and Ki-67 were slightly higher in benign and malig-

nant ameloblastomas than in tooth germs. Plexiform

ameloblastomas showed significantly higher expression

of RB than follicular ameloblastomas. Ki-67 immunore-

activity was significantly higher in ameloblastic carcino-

mas than in metastasizing ameloblastomas.

CONCLUSION: Similar immunoreactivity for RB, E2F-1,

phosphorylated RB, and Ki-67 in tooth germs and ame-

loblastomas indicated cellular expression of phosphoryl-

ated RB and active-free E2F-1 in both normal and

neoplastic odontogenic tissues. Expression of RB, E2F-1,

and phosphorylated RB was considered to be involved in

cell proliferation and differentiation of odontogenic epi-

thelium via control of the cell cycle.
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Introduction

Tumors arising from epithelium of the odontogenic
apparatus or from its derivatives or remnants exhibit
considerable histologic variation and are classified into
several benign and malignant entities (1–4). Amelobla-
stoma is the most frequently encountered tumor arising
from odontogenic epithelium and is characterized by a
benign but locally invasive behavior with a high risk
of recurrence (1, 2, 4). Histologically, ameloblastoma
shows considerable variation, including follicular,
plexiform, acanthomatous, granular cell, basal cell,
and desmoplastic types (1). Malignant ameloblastoma
is defined as a neoplasm in which the pattern of an
ameloblastoma and cytologic features of malignancy are
shown by the primary growth in the jaws and/or by any
metastatic growth (1). Recently, malignant amelobla-
stoma has been subclassified into metastasizing amelo-
blastoma and ameloblastic carcinoma on the basis of
metastatic spread and cytologic malignant features (3).
Several recent studies have detected genetic and cyto-
genetic alterations in these epithelial odontogenic
tumors (5, 6); however, the detailed mechanisms of
oncogenesis, cytodifferentiation, and tumor progression
remain unknown.

Cell proliferation follows an orderly progression
though the cell cycle, which is governed by various
factors, including cyclins, cyclin-dependent kinases
(CDKs), CDK inhibitors (CKIs), and other critical
regulators (7, 8). Retinoblastoma protein (RB), the
product of retinoblastoma (RB) tumor-suppressor gene,
acts as a signal transducer connecting the cell cycle with
the transcription machinery (9). During the time pre-
ceding G1-phase, underphosphorylated RB binds to
transcriptional regulators termed E2 promoter-binding
factors (E2Fs) and represses their transcriptional acti-
vation (9, 10). In late G1, RB is phosphorylated by
several cyclin–CDK complexes and releases E2Fs,
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enabling free E2Fs to transactivate genes whose prod-
ucts are important for S-phase entry (11, 12). Thus, RB
and E2Fs control the cell cycle at the transition point
from G1 to S, and uncontrolled cell cycles caused by
aberration of these molecules have been identified in a
variety of tumors (13–17).
Our previous study revealed cell cycle-related factors,

such as cyclin D1, p16INK4a, p21WAF1/Cip1, and p27Kip1,
and cell cycle phase/cell proliferation markers, such
as Ki-67, DNA topoisomerase IIa, and histone H3
mRNA, in ameloblastomas, suggesting that these mole-
cules are associated with oncogenesis or cytodifferenti-
ation of odontogenic epithelium (18, 19). In the present
study, immunohistochemical expression of RB, E2
promoter-binding factor-1 (E2F-1), and phosphorylated
RB was examined in benign and malignant ameloblas-
tomas as well as in tooth germs to clarify the possible
role of RB function in cell cycle regulation or alteration
in epithelial odontogenic tumors. Ki-67 antigen immu-
noreactivity was concurrently studied to serve as a
marker of cell proliferation.

Materials and methods
Tissue preparation
Specimens were surgically removed from 45 patients
with epithelial odontogenic tumors at the Department
of Oral and Maxillofacial Surgery, Tohoku University
Dental Hospital, and affiliated hospitals. The specimens
were fixed in 10% buffered formalin for 1 to several days
and were embedded in paraffin. The tissue blocks were
sliced into 3 lm thick sections for routine histologic and
subsequent immunohistochemical examinations. Tissue
sections were stained with hematoxylin and eosin for
histologic diagnosis according to the WHO histologic
typing of odontogenic tumors (1). The tumors com-
prised 40 ameloblastomas and five malignant amelo-
blastomas. Ameloblastomas were divided into 23
follicular and 17 plexiform types, including nine acan-
thomatous, six granular cell, three basal cell, and four
desmoplastic subtypes. Malignant ameloblastomas were
classified into two metastasizing ameloblastomas and
three ameloblastic carcinomas according to the criteria
of Eversole (3). Specimens of 10 tooth germs of the
mandibular third molars, enucleated for orthodontic
reasons at the initial stage of crown mineralization, were
similarly prepared and compared with the epithelial
odontogenic tumors.

Immunohistochemistry
The tissue sections were deparaffinized and immersed in
methanol with 0.3% hydrogen peroxide. After heating
in 0.01 M citrate buffer (pH 6.0) for 10 min by autoclave
(121�C, 2 atm), the sections were incubated with pri-
mary antibodies at 4�C overnight. The applied antibod-
ies were mouse anti-RB monoclonal antibody (clone
IF8; Santa Cruz Biotechnology, Santa Cruz, CA, USA;
subclass IgG1; diluted at 1:50), mouse anti-E2F-1
monoclonal antibody (clone KH95; Santa Cruz Bio-
technology; subclass IgG2a; diluted at 1:50), rabbit
antiphosphorylated RB polyclonal antibody (#9308;

Cell Signaling Technology, Beverly, MA, USA; diluted
at 1:60), and mouse anti-Ki-67 monoclonal antibody
(clone MIB-1; Dako, Glostrup, Denmark; subclass
IgG1; diluted at 1:50; 17, 20–22). The sections were
allowed to react with peroxidase-conjugated antimouse
IgG (for RB, E2F-1, and Ki-67) or antirabbit IgG (for
phosphorylated RB) polyclonal antibody (Histofine
Simple Stain MAX-PO; Nichirei, Tokyo, Japan) for
45 min, and reaction products were visualized by
immersing the sections in 0.03% diaminobenzidine
solution containing 2 mM hydrogen peroxide for
2–3 min. Nuclei were lightly stained with methyl green.
For control studies of the antibodies, the serial sections
were treated with phosphate-buffered saline, mouse
anti-OPD4 (CD45RO) monoclonal antibody (Dako;
subclass IgG1), anti-L26 (CD20) monoclonal antibody
(Nichirei; subclass IgG2a), and normal rabbit IgG
instead of the primary antibodies and were confirmed
to be unstained.

Evaluation of immunostaining and statistical analysis
Immunohistochemical reactivity for RB, E2F-1, phos-
phorylated RB, and Ki-67 was evaluated and classified
into two groups: (+), <5% of epithelial or neoplastic
cells positive and (++), more than 5% of epithelial or
neoplastic cells positive. The statistical significance of
differences in the percentages of cases with different
reactivity levels was analyzed by the Mann–Whitney
U-test for differences between two groups or the
Kruskal–Wallis test for differences among three or more
groups. The P-values of <0.05 were considered to
indicate statistical significance.

Results

Immunohistochemical reactivity for RB, E2F-1, phos-
phorylated RB, and Ki-67 in tooth germs and amelobl-
astomas is summarized in Table 1. Expression of RB,
E2F-1, phosphorylated RB, and Ki-67 was detected in
the nuclei of both normal and neoplastic odontogenic
epithelium (Figs 1–4). Immunoreactivity for these mole-
cules corresponded with each other in tooth germs and
ameloblastomas, and the number of cells positive for
phosphorylated RB was nearly equal to or slightly less
than the numbers of cells positive for RB or E2F-1. The
number of Ki-67-positive cells was slightly more than
the number of cells positive for RB, E2F-1, or phos-
phorylated RB.

In tooth germs, RB, E2F-1, and phosphorylated RB
were expressed scattered in inner enamel epithelium and
stratum intermedium (Figs 1a and 3a). Immunohisto-
chemical reactivity for these molecules was (+) in all
tooth germs. Ameloblastomas showed reactivity for
these molecules in some peripheral columnar or cubo-
idal neoplastic cells (Figs 1b, 2a and 3b), and a few
central polyhedral cells were also positive in several
cases of ameloblastoma. Six of 40 ameloblastomas
showed (++) immunoreactivity for RB, and four
ameloblastomas showed (++) immunoreactivity for
E2F-1 and phosphorylated RB. The level of immuno-
histochemical reactivity for RB was significantly higher
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in plexiform ameloblastomas than in follicular amelo-
blastomas (P < 0.05, Table 1). Keratinizing cells and
granular cells in acanthomatous ameloblastomas and
granular cell ameloblastomas were not reactive with RB,
E2F-1, or phosphorylated RB. Expression of these
molecules was recognized in some neoplastic cells of
basal cell ameloblastomas and a few peripheral neo-
plastic cells of desmoplastic ameloblastomas (Fig. 2b).
Metastasizing ameloblastomas showed RB, E2F-1, and
phosphorylated RB expression patterns similar to those
of benign ameloblastomas (Fig. 2c), whereas amelo-
blastic carcinomas exhibited reactivity for these mole-
cules in some or many neoplastic cells (Figs 1c and 3c).
Immunohistochemical reactivity for RB, E2F-1, and
phosphorylated RB was (+) in all metastasizing ame-
loblastomas, and two of the three ameloblastic carcino-
mas showed (++) immunoreactivity for these
molecules.

Ki-67 immunoreactivity showed similar distribution
to that for RB, E2F-1, and phosphorylated RB in tooth
germs, ameloblastomas, and malignant ameloblastomas
(Fig. 4). Eight of 40 ameloblastomas and all ameloblas-
tic carcinomas showed (++) immunoreactivity for
Ki-67. Significant differences of the immunohistochem-
ical reactivity levels for Ki-67 were found between tooth
germs and malignant ameloblastomas and between
metastasizing ameloblastomas and ameloblastic carci-
nomas (P < 0.05, respectively, Table 1).

Discussion

Regulation of the cell cycle is an essential process by
which the cell monitors its growth and differentiation
during embryonic development and morphogenesis (7,
9). Several cell cycle regulators, such as cyclins and
CKIs, have been identified in tooth germs, suggesting
that the development and fate of odontogenic cells are
regulated by controlling the cell cycle (19, 23). RB is
required for the developing lens, and homozygous
inactivation of RB gene in the mouse leads to

mid-gestational lethality with defects in erythropoiesis
and neurogenesis (24, 25). Mice lacking E2F-1 are viable
and fertile, yet have testicular atrophy, exocrine gland
dysfunction, and defective thymocyte apoptosis (26, 27).
In the present study, using human tooth germs at the
initial stage of crown mineralization, expression of RB,
E2F-1, phosphorylated RB, and Ki-67 was detected
in some odontogenic epithelial cells of inner enamel
epithelium and stratum intermedium, suggesting that
proliferation and differentiation of normal odontogenic
epithelium correlate with RB and E2F-1 expression
during tooth development.

Retinoblastoma protein gene is a tumor-suppressor
gene initially cloned because of its frequent mutation in
retinoblastoma, and its product protein plays a funda-
mental role in cell cycle regulation (9, 28). Mutations or
deletions affecting RB gene are encountered not only in
retinoblastoma but also in other malignancies, such as
osteosarcoma, lung small cell carcinoma, prostate car-
cinoma, and breast carcinoma (13–15, 29). Aberrant
expression of RB, such as expression loss and increased
expression, has been detected in various types of tumors,
including lung, renal, colorectal, and oral carcinomas
(20, 22, 30, 31). In the present study, immunohisto-
chemical reactivity for RB and phosphorylated RB was
identified mainly in neoplastic cells neighboring the
basement membrane in benign and malignant amelobl-
astomas, and the number of phosphorylated RB-posit-
ive cells did not differ substantially from that of
RB-positive neoplastic cells. These features suggest that
most RB-positive neoplastic cells express phosphorylat-
ed protein in these epithelial odontogenic tumors.
Immunohistochemical staining for Ki-67 detected pro-
liferating cells near the basement membrane in amelobl-
astomas, as shown in previous studies (18, 32), and
expression of RB was considered to correlate with
cellular proliferation of neoplastic odontogenic epithe-
lial cells. In this study, immunoreactivity for RB and
phosphorylated RB in benign and malignant amelo-
blastomas was slightly higher than that in tooth germs,

Table 1 Immunohistochemical reactivity for RB, E2F-1, phosphorylated RB, and Ki-67 in tooth germs and ameloblastomas

n

RB E2F-1 Phosphorylated RB Ki-67

+ ++ + ++ + ++ + ++

Tooth germ 10 10 (100) 0 (0) 10 (100) 0 (0) 10 (100) 0 (0) 10 (100) 0 (0)
Ameloblastoma 40 34 (85) 6 (15) 36 (90) 4 (10) 36 (90) 4 (10) 32 (80) 8 (20)
Follicular type 23 22 (96) 1 (4) 22 (96) 1 (4) 22 (96) 1 (4) 20 (87) 3 (13)
Plexiform type 17 12 (71) 5 (29) 14 (82) 3 (18) 14 (82) 3 (18) 12 (71) 5 (29)
Acanthomatous subtype 9 9 (100) 0 (0) 9 (100) 0 (0) 9 (100) 0 (0) 9 (100) 0 (0)
Granular subtype 6 6 (100) 0 (0) 6 (100) 0 (0) 6 (100) 0 (0) 6 (100) 0 (0)
Basal cell subtype 3 2 (67) 1 (33) 2 (67) 1 (33) 2 (67) 1 (33) 2 (67) 1 (33)
Desmoplastic subtype 4 4 (100) 0 (0) 4 (100) 0 (0) 4 (100) 0 (0) 4 (100) 0 (0)
Non-cellular variation 18 13 (72) 5 (28) 15 (83) 3 (17) 15 (83) 3 (17) 11 (61) 7 (39)
Malignant ameloblastoma 5 3 (60) 2 (40) 3 (60) 2 (40) 3 (60) 2 (40) 2 (40) 3 (60)
Metastasizing ameloblastoma 2 2 (100) 0 (0) 2 (100) 0 (0) 2 (100) 0 (0) 2 (100) 0 (0)
Ameloblastic carcinoma 3 1 (33) 2 (67) 1 (33) 2 (67) 1 (33) 2 (67) 0 (0) 3 (100)

Immunohistochemical reactivity: (+), <5% of epithelial or neoplastic cells positive; (++), more than 5% of epithelial or neoplastic cells positive.
Values in parentheses denote percentages.
*Statistical significance: P < 0.05.
RB, retinoblastoma protein; E2F-1, E2 promoter-binding factor-1.
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and plexiform ameloblastomas tended to show higher
expression of RB and phosphorylated RB than follicular
ameloblastomas. These results suggest that RB expres-
sion might be involved in oncogenesis or tissue struc-
turing of these epithelial odontogenic tumors. RB

function is controlled by a negative feedback loop
associated with cyclin D1 phosphorylating RB and
p16INK4a evicting cyclin D1, termed p16INK4a-cyclin D1-
RB pathway or RB pathway (33, 34). Derailments of
this pathway, caused by inactivation of p16INK4a or RB

Figure 1 Immunohistochemical reactivity for retinoblastoma protein
(RB). (a) Tooth germ showing scattered reactivity in inner enamel
epithelium and stratum intermedium (·125). (b) Follicular amelobla-
stoma showing reactivity in some peripheral neoplastic cells (·120). (c)
Ameloblastic carcinoma showing reactivity in many neoplastic cells
(·115).

Figure 2 Immunohistochemical reactivity for E2 promoter-binding
factor-1 (E2F-1). (a) Follicular ameloblastoma showing reactivity in
some peripheral neoplastic cells (·100). (b) Desmoplastic amelobla-
stoma showing reactivity in a few peripheral neoplastic cells (·105). (c)
Metastasizing ameloblastoma showing reactivity in some peripheral
and a few central neoplastic cells (·125).
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or overexpression of cyclin D, are implicated in
dysregulation of the cell cycle machinery, and compo-
nents of this pathway are frequently altered in many
types of human tumors (13–15, 34–36). Our previous

study revealed that expression of cyclin D1 and
p16INK4a did not largely differ between normal and
neoplastic odontogenic epithelium (19). In the present
study, immunoreactivity for RB was slightly higher in

Figure 3 Immunohistochemical reactivity for phosphorylated retino-
blastoma protein (RB). (a) Tooth germ showing scattered reactivity in
inner enamel epithelium and stratum intermedium (·125). (b) Plexi-
form ameloblastoma showing reactivity in some peripheral neoplastic
cells (·125). (c) Ameloblastic carcinoma showing reactivity in many
neoplastic cells (·120).

Figure 4 Immunohistochemical reactivity for Ki-67. (a) Tooth germ
showing scattered reactivity in inner enamel epithelium and stratum
intermedium (·110). (b) Plexiform ameloblastoma showing reactivity
in peripheral neoplastic cells (·110). (c) Ameloblastic carcinoma
showing reactivity in many neoplastic cells (·110).

RB and E2F-1 in ameloblastomas

Kumamoto and Ooya

187

J Oral Pathol Med



benign and malignant ameloblastomas than in tooth
germs.
The E2F-1, one of the E2F family of transcription

factors originally identified as a cellular transcriptional
regulator that could bind to and activate the adenovirus
E2 promoter, transactivates genes that encode cell cycle
regulators, such as c-myc, cdc2, and cyclin A, as well as
genes encoding proteins for cell cycle-regulated biochemi-
cal processes, such as DNA polymerase a, thymidine
synthetase, and dihydrofolate reductase, resulting in cell
cycle progression (12, 37). E2F-1 gene amplification and
its overexpression have been detected in several human
tumors, such as lung, bladder, gastrointestinal, and head
and neck carcinomas, suggesting that its product protein
acts as oncoprotein (16, 17, 21, 38). Transgenic mice
expressing E2F-1 gene under the control of a keratin 5
promoter develop skin tumors and ameloblastomas (39).
In the present study, immunohistochemical reactivity
for E2F-1 closely correlated with that for RB and
phosphorylated RB in neoplastic odontogenic epithe-
lium. E2F-1 expression in benign and malignant ame-
loblastomas was slightly higher than that in tooth germs,
and plexiform ameloblastomas tended to show higher
E2F-1 expression than follicular ameloblastomas, similar
to RB, phosphorylated RB, and Ki-67 expression. These
features suggest that most E2F-1-positive neoplastic cells
possess free and active E2F-1 in these epithelial odonto-
genic tumors. Such E2F-1 expression was considered to
affect cellular proliferation and differentiation of neo-
plastic odontogenic epithelial cells. Recent studies have
shown that increased E2F-1 expression induces p14ARF, a
p53 upstream regulator, and p73, a p53 homolog, leading
to cell cycle arrest or apoptosis (40, 41). In our previous
studies, expression of p14ARF and p73 was confirmed in
many neoplastic cells of benign and malignant amelobl-
astomas (42, 43), when compared with expression of E2F-
1. These features suggest that the apoptotic effect of E2F-
1 is low in these epithelial odontogenic tumors.
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