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Carcinogenesis in Rodent Prostate

Robert Salomon, Lei Young, Duncan MacLeod, Xiao-Ling Yu, and Qihan Dong

Central Clinical School, The University of Sydney and Department of Endocrinology and Sydney Cancer Centre (RS,LY,X-LY,QD)
and Department of Anatomical Pathology (DM), Royal Prince Alfred Hospital, New South Wales, Australia

SUMMARY Inhibitor of DNA-binding-1 (ID1) negatively regulates cell differentiation and
senescence, and enhances cellular proliferation and angiogenesis. Elevated levels of ID1

have been found in a variety of cancers, including prostate cancer, but whether ID1 has a
tumourigenic role remains to be established. We established heterozygous and homozygous

KEY WORDS
inhibitor of DNA-binding-1

ID1-transgenic mouse lines driven by the prostate-specific probasin promoter (—426 to ID1

+28 bp). Although elevated levels of ID1 were confirmed by RT-PCR, immunohistochemistry, probasin
and Western blot analysis, there were no morphological changes identified in the prostate prostate
of transgenic mice at 26 and 52 weeks. Thus, overexpression of ID1 alone is not sufficient to cancer
drive neoplastic change in mouse prostate. (J Histochem Cytochem 57:599-604, 2009) transgenic

PROSTATE CANCER predominately affects older men, and
although mortality rates are low, the widespread inci-
dence of the disease—at least in Western countries—
makes it the second most lethal form of cancer in
men. Despite this, little is known about how to effec-
tively combat this disease in all of its many stages.

Inhibitor of DNA binding-1(ID1) regulates the tran-
scription of a number of genes by interacting with their
specific transcription factors. ID1 works by binding to
the basic helix-loop-helix (bHLH) region of these tran-
scription factors to form heterodimers. Because ID1
lacks a DNA binding domain, the formed heterodimers
cannot bind to DNA and thus are non-functional (Sikder
et al. 2003). Because some bHLH proteins are necessary
for cell differentiation, ID1 is able to inhibit cellular dif-
ferentiation by binding to them and blocking their reg-
ulatory function. ID1 has also been shown to enhance
cellular proliferation and angiogenesis (Benezra et al.
2001), and to function as a negative regulator of cellu-
lar senescence (Zebedee and Hara 2001). Observations
linking high ID expression to proliferating cells and
low ID levels to terminally differentiated cells (Norton
2000) further support these roles.
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These studies suggest that ID1 may play a role in the
neoplastic transformation of cells. In support of this,
ID1 levels have been found to be elevated in a variety
of cancers, including breast (Lin et al. 2000; Fong et al.
2003), thyroid (Kebebew et al. 2000), endometrial
(Takai et al. 2001), cervical (Schindl et al. 2001), ovar-
ian (Schindl et al. 2003), renal cell (Li et al. 2007), and
prostate cancers (Ouyang et al. 2002), and the elevated
ID1 levels are correlated with the severity of malig-
nancy (Lin et al. 2000; Ouyang et al. 2001,2002; Fong
et al. 2003; Schindl et al. 2003; Li et al. 2007).

Although normal prostate and benign prostatic hy-
perplasia exhibit only very weak levels of ID1, poorly
differentiated prostate adenocarcinomas show dramat-
ically increased levels of this protein (Ouyang et al.
2001,2002). Furthermore, the levels of ID1 in cancer
cells are negatively correlated with the degree of differ-
entiation (Ouyang et al. 2001,2002). Although ID1 ap-
pears to play a crucial role in carcinogenesis, it was
unclear prior to this study whether ID1 could initiate
prostate carcinogenesis in vivo. On the basis of our
data from transgenic mice with probasin-driven ex-
pression of ID1, we can now conclude that ID1 alone
is unlikely to be able to induce prostate carcinogenesis.

Materials and Methods

Id1 Transgene Construction

Total RNA from normal mouse skin was extracted and
reversely transcribed. Id1 cDNA was amplified by PCR
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using primer IDF1 (5'cggatccaggatcatgaaggtcgecagt3’)
and IDR1 (5’tctagaaatccgagaagcacgaaa3’) with Taq
polymerase (Sigma; Sydney, Australia). The Id1 PCR
product was separated on a 1% agarose gel, excised,
and purified with Wizard SV Gel and PCR Clean-up
system (Promega; Sydney, Australia). The purified prod-
uct was ligated into a pGEM-T Easy cloning vector
(Promega) with T4 DNA ligase (Promega) and trans-
formed into JM109-competent cells. Insert sequence
was confirmed by T7 or SP6 primers. Id1 from a clone
with the correct sequence was digested with EcoRI and
Xbal and subcloned into a probasin (Pb) promoter
(—426 to +28 bp) containing expression vector (Pb-
RSV). The Pb-ID1 vector was then digested with Sall
and Mlul. The purified product was injected into a
CS57BL/6 fertilized oocyte (Ozgene; Perth, Australia).

Genotyping and Breeding

All animals used in this study were maintained and used
in accordance with the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes.
DNA was extracted from mouse toes and amplified with
PCR primers PbF1 (5’'gacactgcccatgccaatca3’) and
IDR2 (5’ccagetecttgaggegtgag3’). Heterozygous animals
were maintained from founder animals crossed with
wild-type C57BL/6 mice. Heterozygous animals (F1)
were then crossed to produce litters containing homozy-
gous, heterozygous, and wild-type offspring. F2 animals
testing positive for the transgene were then crossed with
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wild-type mice. Animals from the F2 generation, which
produce all heterozygous animals when crossed with
wild-type mice, were regarded as being homozygous.

RT-PCR

The anterior, ventral, and dorso-lateral prostatic lobes
were isolated, and RNA was extracted using Tri-Zol
as described (Singh et al. 2002,2005). RNA was fur-
ther purified with RNAeasy minicolumns (Qiagen;
Melbourne, Australia) and subjected to reverse tran-
scription after DNase I treatment (Invitrogen; Mel-
bourne, Australia).

Immunohistochemistry

Five-pum paraffin-embedded sections were antigen
retrieved as described previously (Sved et al. 2004) and
blocked in 3% H,O5 (10 min), 10% normal horse serum
(20 min), ID1 primary antibody (1:200, 60 min) (C-20;
Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-
rabbit secondary antibody (1:200, 30 min), avidin-biotin
complex peroxidase (30 min), and DAB (5 min), and
counterstained with hematoxylin (2.5 min). All sections
were then photographed under identical conditions.

Western Blot Analysis

Individual prostatic lobes were isolated, and protein was
extracted in lysis buffer containing 50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,

EcoRI (1796)
EcoRV (1808)

Not1(1823)
Xhol (1829)
PbF1
Scal 8
S Figure 1 /d7 transgene construction.
Pb (A) The Id7 coding region was isolated
Sall(2283) from mouse skin, sequenced, and used

in the construction of the Pb-ID1 vec-
tor. (B) This vector was then digested
with the restriction enzymes Sall and
Mlul to produce the transgene.

lac
Nhel (2479)
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Probasin Promoter—driven ID1-transgenic Mice

Figure 2 A breeding diagram and confirmation of heterozygous
and homozygous status with PCR analysis using transgene-specific
primers. (A) When heterozygous animals were crossed with wild-
type animals, only half of the offspring incorporated the transgene.
(B) When homozygous animals were crossed with wild-type animals,
all offspring incorporated the transgene.

and protease inhibitor cocktail (Sigma). Proteins (60 wg)
were loaded onto a NuPAGE Novex 12% Bis-Tris gel
and separated in MES buffer (Invitrogen), and transferred
to nitrocellulose membranes. ID1 was detected using the
C-20 anti-ID1 antibody (Santa Cruz Biotechnology).

Histological Assessment

Prostates from both the heterozygous and homozygous
animals were isolated, sectioned to 5-pwm thickness, and
stained with hematoxylin and eosin. Sections were ana-
lyzed for morphological changes by a board-certified
pathologist. No mouse genetic information was given
to the pathologist.
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Results

Generation of Id7-transgenic Mice

For generation of transgenic mice, Id1 cDNA was am-
plified by PCR (Figure 1A) and ligated into a probasin
promoter (—426 to +28 bp) containing expression vec-
tor (Figure 1B). The transgene, including the probasin
promoter, the Id1 open reading frame, and the tran-
scription termination region, was injected into a fertil-
ized oocyte (C57BL/6 mice) and screened for transgene
incorporation. Southern blot analysis revealed nine
transgenic founders (data not shown). Genotyping of
the offspring allowed the development of heterozygous
(Figure 2A) and homozygous animals (Figure 2B) from
three lines. Of these, two were used for further studies.

ID1 Is Overexpressed in Transgenic Mouse Prostate

We confirmed expression of the transgene through
RNA analysis, immunohistochemistry, and Western
blot. RT-PCR showed that the transgenic animals over-
expressed the Id1 mRNA, as compared with the wild-
type control. The homozygous animals expressed higher
levels of Id1 than did their heterozygous counter-
parts (Figures 3A and 3B). Consistent with the ele-
vated mRNA levels, immunohistochemical detection
of ID1 expression indicated that the Id1-transgenic ani-
mals overexpressed the ID1 protein, as compared with
the wild-type control (Figures 4A-4D). The ID1 ex-
pression was primarily contained within the epithelial
compartment. Western blot analyses of the individual
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Figure 3 Identification of /d7 mRNA expression in transgenic animals. (A) Heterozygous animals exhibited higher levels of total /d7 mRNA
than did their wild-type counterparts, and the homozygous animals exhibited a further increase. National Institutes of Health image analysis
was used to quantitate the intensity of the /d7 and housekeeping bands. (B) The ratio of /d7 band intensity to the intensity of the house-

keeping band is depicted in the bar graph.
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lobes of transgenic and wild-type prostates revealed
that ID1 is overexpressed in the ventral lobes of ID1-
transgenic animals (Figure 4).

Histological Assessment

Heterozygous and homozygous animals from two lines
were sacrificed at 26 and 52 weeks. Age-matched wild-
type mice were used as the control. Prostates were iso-
lated, sectioned, and stained with hematoxylin and
eosin for morphologic assessment. Although the pathol-
ogist was informed about the nature of the project, he
was not given any information to help in identifying
the transgenic status. A total of 31 animals were ana-
lyzed. Of these, 12 were transgenic (6 homozygous and
6 heterozygous) and 3 were wild types at 26 weeks,
and 13 were transgenic (6 homozygous and 7 hetero-
zygous) and 3 were wild types at 52 weeks. Figure 5
shows that there was no difference between any of
the sections between wild-type and transgenic mice at
52 weeks for morphological changes, including cancer,
hyperplasia, or dysplasia.

Discussion

ID1 has been implicated in various processes known to
lead to cancer, such as the inhibition of differentiation,
enhanced cellular proliferation and angiogenesis, and

Salomon, Young, MacLeod, Yu, Dong

Figure 4 Detection of ID1 protein in transgenic
animals. Top: Immunohistochemistry was per-
formed on homozygous transgenic animals (A,B)
and wild-type animals (C). An isotype control
shows no nonspecific binding to the tissue (D).
The majority of stain is restricted to epithelial cells
of the prostate. Bottom: Western blot for ID1 was
performed with proteins taken from the ventral
lobes of two wild-type (Wt1 and Wt2) and three
homozygous transgenic animals (Tr1, Tr2, and
Tr3). Hela cell lysates were used as a positive con-
trol and GAPDH as a loading control.

the negative regulation of cellular senescence. ID1
levels are elevated in a variety of cancers, including
prostate cancer, and the elevated ID1 levels in prostate
cancer are correlated with the severity of malignancy
(Ouyang et al. 2002). In an attempt to investigate the
effects of ID1 overexpression and to determine whether
ID1 is sufficient to drive prostate cancer onset, we con-
structed transgenic mice in which ID1 expression was
driven by the probasin (—426 to +28 bp) promoter.

Probasin protein is localized to the apical membrane
of secretory epithelial cells in the ducts of the ventral
and the dorsolateral prostate, with very low levels of ex-
pression detected in the anterior prostate and seminal
vesicles (Matuo et al. 1985). Transcription of the pro-
basin gene is subject to androgen regulation (Greenberg
et al. 1994). The probasin (—426 to +28 bp) promoter
is the androgen-responsive region of the promoter
(Kasper et al. 1999), and can target gene expression
specifically to the prostate in a developmentally and hor-
monally regulated fashion (Greenberg et al. 1994). The
probasin promoter is now the most widely used prostate-
specific promoter.

Despite achieving elevated expression levels of ID1
mRNA and proteins in the ventral lobe, we found no
evidence of morphological changes related to prostate
cancer onset in two independent transgenic lines at
26 and 52 weeks. The observation period was suffi-
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Figure 5 Histological assessment of transgenic animals. Hematoxylin and eosin—stained sections from transgenic and wild-type animals at
52 weeks. A and B represent a wild-type animal, whereas C-F represent two lines of ID1-homozygous transgenic animals. There are no ob-
servable morphological differences in transgenic animals when compared with age-matched wild-type animals.

ciently long, inasmuch as probasin promoter—driven
expression of SV40 (Greenberg et al. 1995) or mutant
androgen receptor (Han et al. 2005) causes prostate
cancer or prostate intraepithelial neoplasia at 12 and
10 weeks, respectively. The lack of even minor mor-
phological changes despite the overexpression of ID1
may be due to a number of factors. First, except for
very potent cancer-associated genes, cancer is the result
of “multiple hits.” For this reason, even if ID1 alone is
not able to induce prostate cancer onset, it is not ex-

cluded from playing a role in prostate cancer develop-
ment or progression in a collective manner. Also, a
tumor-promoting role cannot be excluded. Second, it
is worth noting that although many researchers main-
tain the connection between elevated levels of ID1 and
cancer, emerging data suggest that ID1 is more com-
monly expressed in the surrounding endothelium
rather than in cancer cells, and that different cancers
may utilize ID1 in different ways (Perk et al. 2006). Fi-
nally, we questioned whether the failure to achieve mor-
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phological changes could have been due to insufficiently
high transgenic ID1 protein levels. Indeed, it could be
argued that a dramatically elevated level comparable
to those in HeLa cells (used as the positive control,
shown in the Western blot analysis presented in Fig-
ure 4) was not achieved with the probasin promoter.
We then compared the increment in ID1 levels from
wild-type to transgenic mice with that from normal to
cancer tissues. Based on immunohistochemistry, the in-
creased transgenic expression level achieved in this study
was very similar to that seen in human and rodent pros-
tate cancer tissue (Ouyang et al. 2001,2002). The only
ID1 Western blot analysis we can find was conducted in
sex hormone—induced rat prostate cancer (Ouyang et al.
2001). ID1 was not detected in normal prostates, but
was increased in cancerous prostates to a range over-
lapping with our study. Thus, the finding of no indica-
tion of morphological change in transgenic mouse
prostate is unlikely to be explained by the expression
levels of transgene.

In conclusion, probasin-driven expression of the Id1
gene in the ventral prostate does not induce morpho-
logical changes at 52 weeks. These results are impor-
tant as reminders of the need to reappraise the role
of ID1 in prostate cancer development.
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