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Id4 belongs to a family of helix-loop-helix (HLH) pro-
teins that impact cellular growth and differentiation
via regulation of basic HLH transcription factors.
Herein the rat Id4 gene was cloned (GenBank Acces-
sion No. AF468681). The expression of rat Id4 was
examined in rat mammary gland tumors induced
by 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP), a carcinogen found in the human diet. By
real-time polymerase chain reaction analysis, relative
expression of Id4 mRNA in carcinomas, adenomas,
and normal tissue was 27, 6, and 1, respectively.
Immunohistochemical analysis indicated statistically
elevated nuclear expression for Id4 protein in carci-
nomas in comparison to adenomas and normal mam-
mary gland. In carcinomas, Id4 nuclear expression
was positively correlated with proliferation, invasive-
ness, and tumor weight (Fisher Exact Test or Spear-
man Correlation, P < 0.05). The consequence of en-
forced expression of Id4 on mammary epithelial cell
proliferation, differentiation, and growth in soft agar
was examined in HC11 cells, a well-characterized
model for studying various aspects of mammary epi-
thelial cell biology. After transient and stable trans-
fection of HC11 cells, Id4 overexpression increased
cell proliferation and inhibited lactogenic hormone-
mediated differentiation as revealed by inhibition of
�-casein promoter activity and �-casein expression.
In addition, enforced expression of Id4 in HC11 cells
induced a statistically significant increase in colony
growth in soft agar. The results implicate Id4 in rat
mammary gland carcinogenesis and suggest that Id4
may contribute to carcinogenesis by inhibiting mam-
mary epithelial cell differentiation and stimulating
mammary epithelial cell growth. (Am J Pathol 2003,
163:2495–2502)

Basic helix-loop-helix (bHLH) transcription factors play
an important role in cellular development and differenti-
ation in virtually all eukaryotic organisms.1 The Id proteins

(“inhibitors of differentiation or DNA binding”) were iden-
tified as helix-loop-helix proteins lacking a basic domain
that antagonize the action of bHLH transcription factors
by forming DNA binding incompetent heterodimers.1,2 To
date, four Id family members (Id1–4) have been identified
in mammals1,2. Id proteins coordinate many cellular func-
tions including cell growth, differentiation, cell cycle pro-
gression, and invasiveness.2–6 The mechanism of action
of Id proteins is largely regarded to be via dominant-
negative regulation of bHLH transcription factors.2

Biochemical and genetic data suggest that Id proteins
are in general positive regulators of cell proliferation and
negative regulators of differentiation.1–6 Id expression is
regulated in a cell cycle-dependent manner and is nec-
essary for G1-S transition.1,7 In addition to binding to
bHLH transcription factors, certain Id genes bind to other
classes of transcription factors and cell cycle regulators.1

One member of the Id family, Id2 has been shown to
directly interact with the retinoblastoma tumor suppressor
protein reversing the growth arrest and cell cycle block
elicited by this protein.8

Of the four identified Id proteins, the least is known
about Id4. Mouse and human Id4 were cloned in the mid
1990s.9–11 In adult mice, the expression of Id4 was
shown to be distinct from Id1–3.9,12,13 Id4 has been im-
plicated in the regulation of differentiation of several tis-
sue types including adipocytes, oligodendrocytes, astro-
cytes, and spermatogonia.13–16 In addition, one previous
study has shown elevated nuclear expression of Id4 dur-
ing carcinogenesis specifically in seminomas, a malig-
nant counterpart of early spermatogonia.13

Id genes are regarded as prime candidates for onco-
genesis.1,2,4 Indeed, deregulated expression of Id mRNA
and protein has been observed in various human malig-
nancies, including breast cancer.13,17–23 Both Id1 and Id2
have been shown to regulate mammary epithelial cell
proliferation, differentiation, and apoptosis.24–27 To date,
Id1 has been implicated in the aggressive phenotype of
human breast cancer cells and is more frequently ex-
pressed in infiltrating carcinomas than ductal carcinomas
in situ.21 Whether Id4 plays a role in human breast cancer
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is not yet known. However, Id4 has been recently shown
to regulate the expression of Brca1, a gene linked to
human breast cancer susceptibility.28 Brca1 also ap-
pears to regulate the expression of Id4, and it has been
speculated that a Brca1-Id4 regulatory loop may be dis-
rupted in human breast cancer.29 The co-regulation of
Id4 and Brca1 raises the intriguing possibility that Id4
influences mammary gland carcinogenesis.

In previous studies using cDNA microarray analysis,
we examined the expression profiles in rat mammary
gland cancers induced by the experimental carcinogen
7,12-dimethylbenz[a]anthracene (DMBA) and the
cooked meat-derived carcinogen 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP).30 An expressed se-
quence tag (EST) clone (RGIDV72) was highly overex-
pressed in both PhIP and DMBA-induced rat mammary
gland carcinomas with nine of nine tumors showing at
least fivefold higher mRNA expression than normal mam-
mary gland. As described herein, this EST was cloned
and identified as the rat Id4 gene (GenBank Accession
No. AF468681). Rat Id4 was highly overexpressed in rat
mammary gland carcinomas and its expression was cor-
related with tumor malignancy. Id4 was further shown to
regulate the growth and differentiation of mammary gland
epithelial cells in culture. The findings implicate Id4 in rat
mammary gland carcinogenesis and suggest that Id4
overexpression may impact carcinogenesis by inhibiting
mammary epithelial cell differentiation and augmenting
cell growth.

Materials and Methods

Rat Mammary Gland Carcinomas and Normal
Tissue

Archival Sprague-Dawley rat mammary gland tumors (tu-
bulopapillary carcinomas and adenomas) induced previ-
ously with PhIP30–32 were used in this study. Normal
mammary gland tissue was collected from mature virgin
(150 days old), mid-pregnant (10 to 15 days), and lac-
tating (with 10- to 12-day old pups) Sprague-Dawley rats;
in addition, the glands from Sprague-Dawley rats were
collected on day 6 of involution. Tumor histopathology
and microscopic invasion were assessed as described
previously.32

Cloning of the Rat Id4 Gene

Cloning of rat Id4 was carried out using a PCR-cloning
strategy. Total RNA and high molecular weight DNA were
isolated from normal mammary glands using TRIzol ex-
traction reagent (Invitrogen, Carlsbad, CA) and phenol/
chloroform method, respectively. First-strand cDNA was
synthesized using SuperScript First-Strand Synthesis Kit
(Invitrogen). To obtain the exon sequence, six pairs of
overlapping primers were designed from rat ESTs which
showed high homology (� 90%) to mouse Id4 by BLAST
search as follows: F1 5�-acagcgatccaccttagtc-3� and R1
5�-acaagcggtagagcgagct-3�; F2 5�-tcgatttctggagcttg-
gaac-3� and R2 5�-gagtgtagcagtcgttca-3�; F3 5�-tgtgcct-

gcagtgcgatatg-3� and R3 5�-agctcagcggcagagaatg-3�;
F4 5�-ttacggcgctcaacactgac-3� and R4 5�-acggtgaatgct-
tgtgaactg-3�; F5 5�-acgttgtctcggcttgtcattc-3� and R5 5�-
tctgagcctcagatactagatac-3�; F6 5�-agtgagtgacatttcatac-
cctg-3� and R6 5�-aagacagcagttctgtagactc-3�. To
amplify the intron sequences, the above F4 and R3 were
used for intron 1 and the following one pair of primers was
designed for intron II based on the exon sequence: iF
5�-acagcattctctgccgctga-3� and iR 5�-gaatgacaagc-
cgagacaac-3�. PCR fragments were cloned into the pCR
2.1 vector using the TA Cloning Kit (Invitrogen). Plasmid
DNA was isolated using QIAprep Spin Miniprep Kit or
QIAGEN Plasmid Maxi Kit (QIAGEN, Valencia, CA). Se-
quencing was performed using ABI PRISM Big Dye Ter-
minator Sequencing Kit in an ABI PRISM 377 DNA se-
quencer (Applied Biosystems, Foster City, CA).

Immunohistochemistry

Paraffin-embedded sections from the tumors and normal
mammary glands were immunohistochemically stained
using LSAB2 system (DAKO, Carpinteria, CA). The opti-
mal dilutions for antibodies against Id4 (Santa Cruz Bio-
technology, Santa Cruz, CA) and proliferating cell nu-
clear antigen (PCNA) (DAKO) were 1:50 and 1:100,
respectively. Omission of the primary antibody was used
as a negative control. All slides were examined and
scored in a blinded fashion without knowledge of the
sample at the time of assessment. Nuclear immunoreac-
tivity was expressed as the percentage of nuclear-
stained positive cells by evaluating 5 to 10 randomly
selected high-power fields (�400) (2000 to 5000 total
cells counted).

Real-Time Quantitative PCR Analysis

Real-time PCR analysis was carried out using the Taq-
Man7 Gold RT-PCR Kit on the ABI Prism 7900 Sequence
Detection System (PE Applied Biosystems, Foster City,
CA) as described in detail previously.33 Briefly, the prim-
ers and probes were designed using Perkin Elmer Primer
Express7 software as forward primer, 5�-aggctcgtgccc-
accat-3�; reverse primer, 5�-cgataacgtgctgcaggatct-3�;
and probe, CCGCCCAACAAGAAAGTCAGCAAAGTG.
The threshold cycles (CT) were recorded for Id4 and
GAPDH. GAPDH was used for normalization. Relative
gene expression (calculated as 2�� �CT) was derived by
the method outlined in ABI Prism Sequence Detection
System User Bulletin #2. For statistical analysis, compar-
ison was done between � CT of the tumors and control
tissue. The range for the relative expression was derived
from the SE of the �CT values and calculated as the
exponential function of �� � CT � SE.

Cell Culture, Luciferase Assay of �-Casein
Gene Promoter Activity, and Semi-Quantitative
RT-PCR

HC11 mammary epithelial cell line (a subclone of COM-
MA-1D cells derived from mid-pregnant mice) and HC11-
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Lux cells (HC11 cells stably transfected with a �-casein
promoter luciferase construct (p-344/-1�c-Lux)) were
kindly provided by David S. Salomon (National Cancer
Institute, Bethesda, MD) and Nancy E. Hynes (Friedrich
Miescher Institute, Basel, Switzerland).34,35 Both cell
lines were routinely maintained in growth medium which
consisted of RPMI 1640 (Invitrogen), 10% heat-inacti-
vated fetal bovine serum (FBS, Invitrogen), 5 �g/ml bo-
vine insulin (Invitrogen), 10 ng/ml epidermal growth factor
(EGF, Invitrogen) and 50 �g/ml gentamicin (Invitrogen).
To induce cell differentiation, cells were grown to conflu-
ence and maintained in growth medium for 1 or 2 days
and then cultured for 48 hours in differentiation medium
containing RPMI 1640, 10% heat-inactivated FBS, 5
�g/ml bovine insulin, 1 �mol/L dexamethasone (Sigma,
St. Louis, MO), 5 �g/ml bovine prolactin (Sigma) and 50
�g/ml gentamicin.34–36 �-casein gene expression, a
marker of mammary epithelial cell differentiation, was
analyzed using semi-quantitative RT-PCR and �-casein
gene promoter activity. Semi-quantitative RT-PCR was
performed for 20 cycles and the PCR fragments were
separated on 2% agarose gel. The RT-PCR primers used
for the �-casein gene were 5�-actgtatcctctgagactg-3 and
5�-tctaggtactgcagaaggtc-3. The GAPDH primers was
purchased from Clontech (Palo Alto, CA) and used for
internal control. �-casein gene promoter activity was as-
sayed in triplicate using the luciferase assay system (Pro-
mega, Madison, WI) with activity being expressed as light
units/�g protein.34–36

Construction of Id4 Expression Vectors,
Transient Transfection, and Generation of Stably
Transfected Cell Lines

The coding region of the rat Id4 was amplified using
primers 5�-aggaagcgcgcgatgaag-3� and 5�-acacctggc-
caacgcagct-3�, and cloned into the Srf enzyme restriction
site of the pCMV-Script mammalian expression vector
(Stratagene, Cedar Creek, TX) in the sense-orientation.
The inserted sequence and orientation were verified us-
ing SacII enzyme restriction and sequencing. Transfec-
tion was carried out for 24 hours in growth medium using
Lipofectamine and Plus reagents with 1.6 �g of pCMV-
Script-Id4 construct plasmid DNA according to Invitro-
gen’s protocol. Cells were cultured for an additional 24
hours in growth medium only and cell growth and colony-
forming efficiency were subsequently assayed. After cul-
turing in differentiation medium for 48 hours, the effect of
transient Id4 overexpression on cell differentiation was
evaluated by measuring �-casein promoter activity in
HC11-Lux cells with the luciferase assay. Transfection
was confirmed by Western blot analysis of Id4 protein
and semi-quantitative RT-PCR analysis of the rat Id4.

To establish stably transfected cell lines, cells were
selected using geneticin (G418, 600 �g/ml, Invitrogen).
Individual cell clones were trypsinized using a cloning
cylinder and re-cultured under continuous selection with
G418. The expression levels of Id4 protein in these
clones were determined by Western blot analyses. The
effect of Id4 overexpression on cell growth and colony-

forming efficiency was assayed as described below and
the effect on cell differentiation was evaluated by North-
ern blot analysis of �-casein36 expression.

Northern and Western Blot Analysis

Both Northern and Western blot analyses were carried
out as described previously.36 The �-casein gene probe
was generated by RT-PCR using the primers described
above, and the probe was 32P-labeled using ready-to-go
DNA Labeling Beads (Amersham Biosciences, Piscat-
away, NJ) as described previously.36 The optimal dilu-
tions of Id4 primary and rabbit secondary antibodies in
the Western blot analysis were 1:200 and 1:2000, respec-
tively. As loading control, the membrane was stripped
and re-probed using antibody against �-actin (Santa
Cruz).

Cell Proliferation and Soft Agar Assay

Cell proliferation was measured using CellTiter 96 Aque-
ous One Solution Cell Proliferation Assay (Promega).
Cells were seeded into the 96-well plates in growth me-
dium at a starting density per well of 1 � 104 cells and
cell proliferation measured at 24-hour intervals. Colony-
forming efficiency of both transiently and stably trans-
fected cells was analyzed using soft agar assay with a
0.66% agarose base and a 0.33% top soft agar layer
(containing 4 � 105 cells) in 60-mm-diameter dishes. The
dishes were incubated for 2 weeks and stained overnight
with nitrobluetetrazolium before counting (Artec Colony
Counter, Farmingdale, NY).

Statistical Analysis

Statistical analysis was carried out with SigmaStat Statis-
tical Software Version 2 (Jandel, San Rafael, CA).

Results

Molecular Cloning of Rat Id4

In previous studies using cDNA microarray analysis, a rat
EST (clone RGIDV72, GenBank Accession No.
AW916745) was observed to be overexpressed in chem-
ically induced rat mammary gland carcinomas.30 BLAST
searching with the forward and reverse sequences of the
EST (634 bp) showed no known rat genes with high
homology. However, the reverse sequence of this clone
was highly homologous with a region on Id4 exon 3 from
mouse (90%) and human (89%) suggesting that the un-
known rat EST was a fragment of rat Id4. To clone the rat
Id4 gene, a BLAST homology search was then performed
for all published rat EST sequences in GenBank, EMBL,
and DDBJ databases using the mouse Id4 cDNA se-
quence as a template (www.ncbi.nlm.nih.gov). A set of
rat EST sequences was subsequently obtained which
showed a high homology (�90%) to different areas of
mouse Id4 cDNA, although several gaps in the sequence
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were evident among the aligned ESTs. Six pairs of over-
lapping primers were designed based on the aligned
EST sequences and after sequencing these fragments,
the cDNA sequence of rat Id4 was obtained. To deter-
mine the intron locations, the sequences for human,
mouse and rat Id4 were compared, and PCR primers
flanking the rat introns were designed. After PCR and
cloning, 2881 nucleotides of the genomic sequence of rat
Id4 were sequenced (Figure 1A). The DNA sequence of
rat Id4 was reported to GenBank (Accession No.
AF468681).

Genomic Sequence and Protein Structure of Id4

The Id4 gene encodes a 161 amino acid protein with the
coding region encompassing exon 1 and a portion of
exon 2 (Figure 1A). The 3� untranslated region includes
part of exons 2 and 3. The first intron resides within the
protein-coding region, and the second intron lay within
the 3� untranslated region. The 5�-flanking region is rich in
GC bases and no TATAA or TATTA box was seen in the
putative promoter region upstream of the gene. The helix-
loop-helix (HLH) domain is situated in the first exon. As is
characteristic of the Id family, there was no basic region
adjacent to the HLH motif. In the 3� untranslated region,
three potential polyadenylational signals (AATAAA) were

observed. The rat Id4 protein is highly homologous to
mouse and human Id4 with a percent similarity of 97.5%
and 95.7%, respectively (Figure 1B). Among all rat Id
family members (Id1–4), the HLH domain was highly
conserved, particularly at helix 2. The conserved loop
structure of different Id proteins indicated that the loop
might play an important role in specifying the correct
dimerization partner. Distinct from the other Id proteins,
Id4 displayed an alanine-rich region adjacent to the HLH
motif.

Id4 Expression in Normal Rat Mammary Gland
and Carcinogen-Induced Tumors

Expression of Id4 protein in normal rat mammary gland
and chemically induced rat mammary gland carcinomas
and adenomas were examined by immunohistochemis-
try. Id4 protein, which could be observed in cytoplasm
and nuclei, varied with the stage of mammary gland
differentiation among virgin, pregnant, lactating, and in-
voluting rats (Figure 2). In mature virgin rats, Id4 protein
was largely located in the cytoplasm of epithelial cells
(Figure 2A). Less than 5% of nuclei showed immunore-
activity (3.6 � 0.9, mean � SE, N � 10). However, nu-
clear immunoreactivity in epithelial cells of mammary
glands from mid-pregnant rats was nearly 50% (47 � 1.1,
N � 3) (Figure 2B). In lactating rats, less than 1% of
epithelial cell nuclei were stained (0.7 � 0.1, N � 3) and
cytoplasmic staining was weak (Figure 2C). In the invo-
luting rat mammary glands, only a weak cytoplasmic
staining (N � 5) was observed (Figure 2D). In PhIP-
induced rat mammary gland tumors, Id4 nuclear-positive
cells were diffusely distributed throughout the carcino-
mas (Figure 2E). In the majority of carcinomas examined
(72%, 43 of 60 carcinomas), Id4 protein expression was
detected in at least 10% of tumor epithelial cell nuclei. In
contrast, only three adenomas (two tubular adenomas
and one fibroadenoma) showed nuclear staining. The
majority of adenomas (77%, 10 of 13) showed less than
10% of nuclei stained positive, and adenomas showed
either no clear staining or cytoplasmic staining in com-
parison to the negative control (Figure 2, F and G, re-
spectively). Consistent with immunohistochemistry, car-
cinomas had higher expression of Id4 message than did
control mammary gland tissue. Microarray analysis of five
PhIP-induced carcinomas showed increased relative ex-
pression of Id4 in comparison to normal mammary gland
(Figure 2H).

The percentage of Id4-positive nuclei and the mRNA
expression detected by real-time PCR were further quan-
tified in normal mammary gland, adenomas, and carci-
nomas (Figure 3). The mean percentage of Id4-positive
nuclei in carcinomas was over 3- and 7.5-fold higher than
in adenomas and control mammary gland, respectively
(Figure 3A). By real-time PCR analysis, Id4 mRNA expres-
sion was highest in carcinomas, followed by adenomas,
and lowest in control mammary gland with an average
relative expression of 27, 6, and 1, respectively (Figure
3B). In carcinomas, Id4 nuclear expression was positively
correlated with the tumor cell proliferation as measured

Figure 1. Rat Id4 gene sequence and structure (GenBank Accession No.
AF468681). A: Nucleotide sequence of rat Id4. Rat Id4 contained three exons
and two introns with stop codon in exon 2. A portion of the upstream
promoter region (�1 to �311) was also cloned and sequenced. In bold are
the start (ATG) and stop (TGA) codons, and the three potential polyadeny-
lational signals (AATAAA). B: Comparison of the Id4 protein structure among
human, mouse, and rat. The helix-loop-helix domain is depicted. As is
characteristic of the Id family, there was no basic region adjacent to the HLH
motif. The rat Id4 protein shows a high homology to mouse (97.52%) and
human (95.65%) and the HLH domain is highly conserved. Only one amino
acid in helix 1 of rat Id4 protein was different from mouse and human. The
HLH domain is highly conserved within the rat Id family. Distinct from the
other Id proteins, Id4 displayed an alanine-rich region adjacent to the HLH
motif.
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by PCNA labeling index (Table 1). In addition, Id4 nuclear
expression was statistically associated with a higher fre-
quency of microscopic stromal invasion and a greater
tumor weight.

Effect of Id4 Overexpression on Mammary
Epithelial Cell Growth and Differentiation

To examine in more detail the consequence of Id4 over-
expression on mammary epithelial cells, studies were
carried out in HC11 cells transiently and stably trans-
fected with Id4. This mammary epithelial cell line was
chosen because it is a non-tumorigenic, well-character-
ized cell line capable of in vitro differentiation. In the
presence of lactogenic hormones (ie, differentiation me-

dium), HC11 cells undergo differentiation with the pro-
duction of milk proteins such as �-casein. The increased
expression of �-casein is a marker of HC11 cell differen-
tiation, and the HC11-Lux cells (HC11 cells harboring the
�-casein promoter-luciferase construct) provide a facile
means to evaluate �-casein expression.34,35 By Western
blot analysis, endogenous Id4 expression was detected
in HC11 cells cultured in growth medium, however, after
treatment with differentiation medium, Id4 protein de-
clined to barely detectable levels (data not shown).
HC11-Lux cells transiently transfected with the pCMV-Id4
construct showed elevated expression of the Id4 protein,
whereas cells transfected with Id4 in the reverse orienta-
tion or empty vector control (pCMV) did not show ele-
vated Id4 expression (Figure 4A). After culturing in differ-
entiation medium, the �-casein promoter activity (Figure
4B) and mRNA level (Figure 4C) were significantly lower
in cells transfected with pCMV-Id4 than in cells trans-
fected with the empty vector indicating that enforced
expression of Id4 inhibited mammary epithelial cell differ-
entiation. Cell proliferation was significantly higher in cells
transiently transfected with pCMV-Id4 than with the empty
vector control (Figure 4D). Furthermore, colony-forming
efficiency of pCMV-Id4 transfected cells in the soft agar
assay was 1.6- and 1.3-fold higher than empty vector
control for �0.1- and �0.2-mm diameter colonies, re-
spectively (Figure 4E).

To further confirm the effect of enforced expression of
Id4 on cell growth and differentiation, clonal lines of HC11
cells stably transfected with pCMV-Id4 were established.

Figure 2. Immunohistochemical analysis of Id4 expression in normal rat
mammary gland and tumors. A: Mammary gland from mature virgin rat
shows largely cytoplasmic staining of Id4. B: Mammary gland from mid-
pregnant rat shows �50% nuclear expression. C: Mammary gland from
lactating rat (with 12-day-old pups) shows little nuclear staining and weak
cytoplasmic staining. D: Mammary gland from involuted rat shows weak
cytoplasmic staining. E: Representative carcinoma from PhIP-treated rats
with high nuclear expression of Id4. F: Representative tubular adenoma from
a PhIP-treated rat showing cytoplasmic Id4 staining. G: Negative control
showing immunostaining without primary antibody of a representative car-
cinoma. The nuclei are counterstained using Mayer’s hematoxylin. Magnifi-
cation, �400. H: Microarray analysis of five PhIP-induced carcinomas
showed increased relative expression of Id4 in comparison to normal mam-
mary gland. Analysis included both Cy5 (top panel) or Cy3 (bottom panel)
labeling of tumor RNA as described previously30 and average increase in Id4
expression ranged from 5.5 to 11.9.

Figure 3. Expression of Id4 in normal rat mammary gland and PhIP-induced
rat mammary gland tumors. A: Percentage of Id4-positive nuclei in control
(normal rat mammary gland), adenomas, and carcinomas as detected immu-
nohistochemically. Values are the means � SE of 10, 13, and 60 samples,
respectively. B: Real-time PCR analysis of Id4 expression in normal mammary
gland, adenomas, and carcinomas. Values are the exponential function of
�� �CT � SE of N � 3, 5, and 23 samples for control, adenomas, and
carcinomas, respectively. Distinct letters above the data indicate significantly
different (one-way analysis of variance on ranks or one-way analysis of
variance, P 	 0.05).
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By Western blot analysis, these clones showed higher Id4
protein expression than the parental HC11 cells (Figure
5A). Three lines (2–1, 2–3, and 2–6) that showed the
highest expression of Id4 were selected for further anal-
ysis. After lactogenic hormone treatment, the induction of
�-casein gene expression was markedly lower in clones
expressing Id4 than in parental HC11 cells or HC11 cells
stably transfected with the empty vector indicating that
overexpression of Id4 inhibited differentiation (Figure 5B).
As was observed after transient transfection, all Id4-over-
expressing clones showed a statistically significantly
higher rate of proliferation in comparison to parental
HC11 cells or HC11-pCMV cells carrying the empty vec-

tor (Figure 5C). No difference in proliferation was ob-
served between HC11 and HC11-pCMV cells. In the soft
agar assay, colony formation was 2- to 3-fold higher in
Id4-overexpressing clones than in parental or HC11-
pCMV cells for both �0.2 and �0.5 mm diameter colo-
nies; differences that were statistically significant (Figure
5D). The total number of colonies formed by each clone
appeared to be proportional to the level of Id4 protein
expressed.

Table 1. Correlation Between Id4 Nuclear Expression and Tumor Cell Proliferation, Invasion, and Weight in PhIP-Induced
Mammary Gland Carcinoma

Tumor parameter

Id4 nuclear expression

Fisher test (p) Spearman correlation�10% �10%

PCNA labeling index (%)
�30% (N � 26) 92% 8%
	30% (N � 34) 56% 44% 0.003 0.424, p 	 0.05

Tumor invasion
Yes (N � 14) 93% 7%
No (N � 26) 58% 42% 0.03 0.317, p 	 0.05

Tumor weight (gram)
� 2.0 (N � 34) 79% 21%
	 2.0 (N � 20) 50% 50% 0.035 0.293, p 	 0.05

Fisher Exact Test was applied to tumors showing a cut-off of � or � 10% Id4 nuclear expression and categorized for labeling index, invasion and
weight as indicated. Spearman Rank Order Correlation was applied to all Id4 nuclear expression values without categorization. N, number of
carcinomas examined.

Figure 4. Effect of Id4 overexpression on HC11 cell growth and differenti-
ation after transient transfection. A: Western blot analysis of Id4 showing
higher expression of Id4 after transient transfection of HC11-Lux cells with
Id4 (pCMV-Id4) than with pCMV empty vector or pCMV with Id4 in the
reverse orientation (orient.). B: Luciferase assay of �-casein promoter activity
in HC11-Lux cells cultured in differentiation medium showing inhibition by
enforced Id4 expression (values are means � SD, N � 5). C: Semi-quanti-
tative RT-PCR showing decreased expression of �-casein mRNA. Duplicate
determinations were carried out on separate pools of transfected cells. D:
Cell growth assay showing higher proliferation of HC11 cells transfected with
Id4. Cells were cultured in growth medium and proliferation was assayed at
24 and 48 hours, respectively (values are the means � SD, N � 5). E: Soft
agar assay indicating increased colony-forming efficiency in HC11 overex-
pressing Id4 in comparison to HC11 cells carrying empty vector (values are
the means � SD, N � 3). Colonies sizes were counted at �0.1 mm and at
�0.2 mm. Asterisk indicates statistically significant differences (Student’s
t-test, P 	 0.05).

Figure 5. Effect of Id4 overexpression on HC11 cell growth and differenti-
ation after stable transfection. A: Western blot analysis of Id4 expression in
established stably transfected clonal cell lines and in parental HC11 cells. The
highest Id4 expression was seen in clones 2–1, 2–3, and 2–6. B: Northern blot
analysis of �-casein gene expression in HC11 cells, Id4-overexpressing
clones, and in a representative clone harboring the pCMV empty vector. Cells
were cultured in differentiation medium for 48 hours before analysis. Equal
loading was confirmed by ethidium bromide (EtBr) staining. C: Growth of
cell lines was determined in growth medium over a 4-day period. Values are
the means � SD, N � 5. At 2, 3, and 4 days, proliferation was statistically
higher in all Id4-overexpressing clones than in parental HC11 cells or HC11-
pCMV cells with empty vector (analysis of variance, P 	 0.05). N, absorbance
at each time point; N0, absorbance at 2 hours after cell plating. D: Soft agar
assay indicating higher colony-forming efficiency in clones overexpressing
Id4 than in parental HC11 cells or HC11 cells with empty vector (values are
the means � SD, N � 3). Bars labeled 1 through 5 correspond to parental
HC11 cells, HC11 cells with empty vector, clone 2–1, clone 2–3, and clone
2–6, respectively. Colonies sizes were counted at �0.2 mm and at �0.5 mm.
Asterisk indicates statistically significant differences from parental or empty
vector cells (analysis of variance, P 	 0.05).
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Discussion

Id4 has recently been proposed to be a gene involved in
breast cancer because of a reciprocal regulation of Id4
and Brca1.28,29 In the current study we demonstrate that
Id4 is overexpressed both at the mRNA and protein level
in PhIP-induced rat mammary gland carcinomas relative
to age-matched normal mammary gland and adenomas.
Furthermore, we demonstrate that the overexpression of
Id4 correlates with malignancy and with proliferation,
growth, and invasiveness of rat mammary gland carcino-
mas. These findings support a link between Id4 and
breast cancer and raise the possibility that overexpres-
sion of Id4 may play a role in the development of this
malignancy. Preliminary immunohistochemical studies
carried out by us using human tissue microarrays (Na-
tional Cancer Institute, Bethesda, MD) suggested ele-
vated nuclear expression of Id4 protein in human breast
cancers (unpublished observations). Further studies are
needed to ascertain whether Id4 is similarly involved in
human breast cancer.

To better understand the impact of Id4 overexpression
on the mammary gland, the effect of enforced expression
of Id4 was examined in HC11 mammary gland epithelial
cells. Although several studies have described the ability
of various Id genes to inhibit differentiation and induce
cell growth in several different cell lines,15–17,24,25,37 to
our knowledge no previous study has examined the ef-
fect of enforced Id4 expression on growth and differenti-
ation of mammary epithelial cells. The HC11 cell line
proliferates in culture in the growth medium and at con-
fluency can be induced to differentiate in the presence of
medium containing lactogenic hormones.34,35 Enforced
expression of Id4 in HC11 cells was shown to enhance
cell proliferation and growth in soft agar. This enhanced
growth in vitro is consistent with the observed in vivo
correlation of Id4 expression with proliferation of rat mam-
mary gland carcinomas. Similar to our findings, overex-
pression of Id4 has been shown to enhance the growth of
an ovarian cancer cell line in soft agar.28 In addition to the
effects of Id4 on cell growth, Id4 inhibited hormone-me-
diated differentiation of mammary epithelial cells as
shown by the inhibition of �-casein promoter activity and
gene expression in HC11 cells transiently and stably
transfected with Id4. It is further notable that reduction in
the expression of Id4 coincided with differentiation of
HC11 cells and with lactation in the rat mammary gland,
a differentiated state of the gland. Therefore our data
support the notion that Id4 may be a regulatory factor for
mammary gland differentiation.

It is well recognized that the stage of mammary gland
differentiation is an important determinant in rat mam-
mary gland carcinogenesis. In the rat model, susceptibil-
ity to chemical carcinogenesis is highest during pubes-
cence when the gland is less differentiated and
undergoing rapid growth.38 Therefore, the ability of Id4 to
inhibit differentiation concomitant with increasing prolifer-
ation may facilitate mammary gland carcinogenesis. Rat
mammary gland adenomas showed significantly lower
expression of Id4 than did carcinomas. Adenomas arise
from more differentiated cell types such as those in alve-

olar buds and lobules whereas carcinomas are derived
largely from less differentiated ductal epithelium.38,39 It is
tempting to speculate that tumor malignancy in the rat
model may in part be influenced by Id4-mediated regu-
lation of mammary epithelial cell differentiation.

The molecular mechanism of action of Id proteins are,
in a general sense, known to involve regulation of bHLH
transcription factors and effects on cell cycle regulatory
proteins. Id proteins including Id4 are likely to inhibit the
commitment or differentiation that the bHLH proteins pro-
mote.1,2 Nuclear localization appears to influence the
action of Id4 in the mammary gland. Nuclear expression
of Id4 was higher in carcinomas than in normal tissue,
and the nuclear expression was altered during normal
differentiation of the rat mammary gland. Movement of
Id4 between the nucleus and cytosol has been observed
with differentiation of oligodendrocytes and associated
with cell cycle withdrawal.16 Id4 has no nuclear localiza-
tion sequences, and therefore its presence in the nucleus
is indicative of possible heterodimerization with bHLH
proteins.40 Preliminary microarray analysis of Id4-overex-
pressing HC11 cells (versus parental HC11) show differ-
ences in expression of several genes regulating cell
growth (unpublished observations).

An inverse association between Brca1 and Id4 expres-
sion has been previously suggested.28 PhIP-induced
carcinomas have been reported to express reduced lev-
els of Brca1 protein.41 However, Brca1 is not mutated in
chemically induced rat mammary gland carcinomas.41,42

Although it has been suggested that a Brca1-Id4 regula-
tory loop may be disrupted in some human breast can-
cers resulting in the down-regulation of both genes29, the
elevated Id4 and low Brca1 expression in PhIP-induced
carcinomas suggests that this regulatory loop is not dis-
rupted in the rat model. Further studies are required to
ascertain the possible impact of Id4-Brca1 regulation on
the development of rat mammary gland cancer.

Studies now suggest that Id genes are strongly ex-
pressed in undifferentiated, growing, and tumor
cells.1– 6,21,22 Id4 fits the paradigm of the Id gene fam-
ily. We have shown that Id4 is highly overexpressed in
rat mammary gland cancer, its expression varies with
stage of mammary gland differentiation in vivo, and it is
involved in the regulation of mammary epithelial cell
differentiation, proliferation, and growth. The mechanisms
contributing to Id4 overexpression in rat mammary gland
cancers are not yet known. We analyzed Id4 for mutations,
and although a single nucleotide polymorphism (T/C) was
detected in the third nucleotide from the stop codon in rat
DNA, no mutations were specific to carcinomas (data not
shown). Further studies are warranted to better define the
molecular mechanisms of Id4 in rat mammary gland carci-
nogenesis and to ascertain its potential role in human breast
cancer.
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