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Abstract
Objective:  N-nitroso-N-methylurea (NMU) induces breast cancer in rodents, particularly 
in rats. This model of breast cancer is very similar to human breast cancer. As a continu-
ation of our recent work, we investigated the expressions of cyclin D1 and p21 in NMU-
induced breast cancer of  Wistar  Albino rats.

Materials and Methods: In this experimental study, mammary carcinoma was induced 
in female Wistar Albino rats by a new protocol which included the intraperitoneal in-
jection of NMU (50 mg/kg)  at 50, 65, and 80 days of the animal’s age. The animals 
were weighed weekly and palpated in order to record the numbers, location, and size 
of tumors. Subsequently tumor incidence (TI), latency period (LP), and tumor multi-
plicity (TM) were reported. About four weeks after the tumor size reached 1.5 cm3, 
rats were sacrificed. Cyclin D1 and p21 expressions in tumors and normal mammary 
glands from normal rats were measured by reverse-transcription polymerase chain 
reaction (RT- PCR) and Western blot analysis. Statistical analysis of the data was 
performed using SPSS software version 16.0.

Results: The efficiency of tumor induction was 65%, LP was 150 days, and a TM of 
1.43 ± 0.53 per rat was noted. RT-PCR and Western blot data indicated significant 
(p<0.05) induction of both cyclin D1 and p21 expressions in rat mammary tumors 
compared with normal tissue from the control group.

Conclusion: These results indicate an efficient mammary tumor induction protocol for this 
type of rat, which is accompanied by an increase in cyclin D1 and p21 expressions.

Keywords: Breast Cancer, N-Nitroso-N-Methylurea (NMU), Cyclin D1, p21 Expression  
Cell Journal(Yakhteh), Vol 14, No 3, Autumn 2012, Pages: 193-202

Citation: Ashrafi M, Bathaie SZ, Abroun S. High expression of cyclin D1 and p21 in N-nitroso-N-methylurea-induced 
breast cancer in wistar albino female rats. Cell J. 2012; 14(3): 193-202.

Introduction
Breast cancer is the second leading cause of can-

cer death and the most common malignancy among 
women (1, 2). About 70% of breast cancers are 
estrogen-dependent; however, its etiology remains 
obscure and primary prevention strategies are yet 
not available. Advances in therapy are limited and 
alternatives need to be developed for breast cancer 
control (3, 4).

It has been shown that cell cycle control is an ob-
ligatory and conclusive event in tumor development.

Progression in the knowledge about the molecular 
mechanisms involved in the mammalian cell cycle 
improves understanding about premalignant lesions, 
diagnostics, and possible therapeutic protocols (5). 
The G1 to S and the G2 to M transitions are important 
points in the control of the cell cycle proliferation of 
eukaryotic cells, especially in mammalian cells. Cy-
clins, cyclin-dependent kinases (CDKs), and cyclin-
dependent kinase inhibitors (CDKIs) have an impor-
tant role in these processes (6).

D-type cyclins (D1, D2, D3) have an impor-
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tant role in regulating the G1 checkpoint. D cyc-
lins contribute to the progress of the G1 phase by 
regulating the activity of CDK4 and CDK6 (7). 
Cyclin D1 plays a critical role in the development 
of mammary glands. Its over expression has been 
reported in 40-90% of cases of invasive breast can-
cer and at the earliest stages of ductal carcinoma. 
It is maintained in all stages of metastasis (7, 8).In 
addition, up-regulation of cyclin D1 expression 
has been found in hyperplastic mammary glands 
and proliferative human breast disease. These ob-
servations suggest that cyclin D1 may be involved 
as an important downstream target of diverse up-
stream signals in mammary gland development 
and tumorigenesis (9).

On the other hand, the kinase activities of the 
cyclin/CDK holoenzyme are negatively regulated 
by CDKIs. Two classes of these compounds are the 
Cip/Kip and INK4 families (10). Cip/Kip inhibitors 
can bind to and inhibit both cyclin-D-CDK4/6 ki-
nases, as well as cyclin-E/A-CDK2. The archetypal 
mammalian CKI and Cip/Kip family is p21 (11).

The etiology of cancer is very diverse. One of 
the most important factors is chemical carcinogen-
esis; among which polycyclic hydrocarbons, aro-
matic amines, and nitrosamines are the most car-
cinogenetic. Nitrosamines and amides are found in 
foods such as smoked meat, soused meat, salami, 
sausage, fish meat, cheese ,and soy oil, in addi-
tion to cigarette smoke. Nitrosamines are formed 
by the combination of nitrogen oxide (NO) origi-
nating from nitrate (NO3) and nitrite (NO2) added 
with the secondary and tertiary amines formed by 
the destruction of proteins and amino acids in the 
gastrointestinal tract (12).

The induction of rodent mammary tumors fol-
lowing the administration of N-nitroso-N-methyl-
urea (NMU) is a widely used experimental model 
for investigating breast cancer in women. These 
carcinogen-induced tumors arise from terminal 
end buds, an analogous structure to the terminal 
ductal lobular unit in humans, which is the pro-
posed site of the origin of ductal carcinoma in situ 
(DCIS). Substantial evidence suggests that this an-
imal model mimics human breast cancer (13).The 
similarities of this tumor with human ER + breast 
tumors include similarities in histopathology, site 
of origin, and response to various hormonal ma-
nipulations (e.g.ovariectomy, tamoxifen or preg-

nancy) (14). This model has been used extensively 
to evaluate the preventative and therapeutic effect 
of different agents for human breast cancer (13).

Similar to humans, different strains of rats vary 
considerably in their susceptibility to the develop-
ment of mammary cancer. Inbred Buffalo (BUF), 
Wistar-Furth, and inbred and out-bred Sprague-
Dawley rats are highly susceptible to multiple 
mammary carcinomas, even after a single dose of 
carcinogen treatment. Fischer 344, ACI, and Au-
gust rats are in the second order of susceptibility 
and develop less than one carcinoma per animal on 
average, with a relatively long latency period (LP). 
On the other hand, inbred Copenhagen (COP) and 
Wistar-Kyoto rats are extremely resistant. Vari-
ability in mammary tumor incidence (TI) rates in 
the same strain of rat has also been reported by 
different laboratories. Significant variations, rang-
ing from 10-85%, in the incidence of spontane-
ously occurring mammary tumors in female rats 
has been reported (15, 16). However, according to 
our literature search, there is no efficient method 
of cancer induction in Wistar Albino rats using 
NMU. Therefore, in the past few years, we have 
attempted to design a protocol to induce breast 
cancer in this strain of rat, that has a high tumor 
induction efficiency, a reasonable LP, and tumor 
multiplicity (TM). The expression of cyclin D1 
and p21 in these tumors is also investigated as the 
mechanism involved in carcinogenesis.

Materials and Methods
Animals

In this experimental study, female Wistar Al-
binorats (n=110), 35 days old, were purchased 
from the Animal Center at Pasteur Institute, Teh-
ran, Iran. They were housed at five animals per 
cage in a room with controlled lighting (lights on 
from 06:00–20:00) and temperature of 23 ± 2˚C in 
the Animal House at Tarbiat  Modares University. 
The animals were fed a standard laboratory diet 
with access to water ad libitum. They were accli-
mated for about two weeks before the start of the 
study. The experimental protocol was approved by 
the Animal Ethical Committee in accordance with 
the Guidelines for the Care and Use of Laboratory 
Animals prepared by Tarbiat Modares University.

We examined different protocols for the induc-
tion of breast cancer, that included different doses
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(50-150 mg/kg), numbers of injections(single or 
multiple), and time intervals (7, 10, or 15 days)
between each treatment (17). From these, we 
chose the most efficient method to use. NMU was 
dissolved freshly in 0.9% NaCl and adjusted to 
pH= 4.0 with acetic acid for activation. Then, we 
injected NMU (50 mg/kg; Sigma, St. Louis, MO) 
intraperitoneally into 100 rats, for three times, at 
50, 65, and 80 days of age. Animals in control 
group (n=10) only received vehicle injections. 
The animals were weighed weekly and palpated 
in order to record the number, location, and size 
of tumors.

The following tumor growth parameters were 
determined: LP, as the number of days between 
the first NMU injection and the appearance of the 
first tumor; TI as the percentage of rats that devel-
oped at least one tumor; and mean tumor number 
per rat (n/t), which we defined as the number of 
tumors per rat in animals that developed at least 
one tumor.

Tissue sample preparation
At the end of the study the animals were sacri-

ficed under anesthesia and samples from normal 
breast or mammary tumors as well as other tis-
sues were quickly removed, weighed, frozen in 
liquid nitrogen, and stored at -70˚C until use .For 
histological analysis, the tumor tissues were im-
mediately fixed in 10% formalin, embedded in 
paraffin wax, and stained with hematoxylin and 
eosin (H&E).

Reverse-transcription polymerase chain reaction

Total RNA from excised rat mammary glands and 
tumors was isolated using the TRIzol extraction 
reagent (Invitrogen, CA, USA), according to the 
manufacturer’s recommendations. The integrity of 
mRNA was confirmed by electrophoresis in a dena-
turing 1% agarose gel and Thermo Scientific Nan-
odrop 2000C Spectrophotometer.  cDNA was syn-
thesized by the RevertAidTMH Minus First Strand 
cDNA synthesis  Kit (Fermentas, Inc., USA) perthe 
manufacturer’s instructions. A polymerase chain 
reaction (PCR) was carried out by amplification of 
genes together with the reference gene (GAPDH) 
using the cDNA master template, PCR mix (Fer-
mentas, Inc., USA), and specific primers in a MJ 
Mini™ Personal Thermal Cycler (BioRad, USA). 
PCR conditions for cyclin D1 amplification were: 
30 cycles of 95˚C for 30 seconds, 56˚C annealing 
for 45 seconds and a 72˚C extension for 45 seconds. 
PCR conditions for p21 were: 30 cycles of 95˚C for 
30 seconds, 58˚C annealing for 45 seconds and a 
72˚C extension for 45 second.The primer sequenc-
es, product size, and annealing temperature are de-
scribed in table 1. The primer sequences of GADPH 
were taken from the cDNA synthesis kit and the lit-
erature (18). Cyclin D1 and p21 primers were de-
signed using Oligo 6, Generunner, and Allele ID 07 
software. Reaction products were then separated on 
2% agarose gel and visualized by ethidium bromide 
staining. The bands were quantified by densitomet-
ric analysis through an image capturing system soft-
ware. The relative target mRNA expression level 
was normalized by GAPDH in the same sample.

Table 1: Experimental conditions for PCR, including primer sequence, annealing temperature, and 
expected size of PCR products

Annealing temperature (˚C)Product sizePrimer sequenceGene

56208F: 5'-CAGACCAGCCTAACAGATTTC-3'
R: 5'-TGACCCACAGCAGAAGAAG-3'

Cyclin D1

58105F: 5'-CTGGATGCTAGAGGTCTGC-3'
R: 5'-AGAGTTGTCAGTGTAGATGC-3'

P21

58500.200F: 5'-CAAGGTCATCCATGACAACTTTG-3'
R: 5'-GTCCACCACCCTGTTGCTGTAG-3'
F: 5'-AACGACCCCTTCATTGAC-3'
R: 5'-TCCACGACATACTCAGCAC-3'

GAPDH

Ashrafi et al.
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Western blot analysis
For Western blotting, frozen tumor and normal mam-

mary gland tissues (about 100 mg) were homogenized 
in lysis buffer that contained 150 mM NaCl, 50 mM 
EDTA, 1mM NaF, 10 mM Na4 P2SO7, 0.1% SDS, 100 
mM tris-HCl, 1% glycerol, and 1% triton X-100, and a 
cocktail of protease and phophatase inhibitors (Sigma 
Chemical Co, USA). Equivalent amounts of protein 
were applied to 12% SDS-polyacrylamide gels, sepa-
rated by electrophoresis, and electrotransferred to 0.45 
μm pore size polyvinylidene difluoride membranes 
(Roche, Germany). Membranes were immersed in 
blocking solution (5% non-fat dry milk, 0.05% Tween 
20 in phosphate buffer saline) and incubated overnight 
at 4˚C. Primary incubation of the membranes was car-
ried out by using dilutions of mouse monoclonal anti-
p21 (1:100) and anticyclin D1 (1:200) antibodies (#450 
and #271610,Santa Cruz Biotechnology, Inc.) for 2 
hours at room temperature in 3% milk. After washing, 
filters were incubated for 1 hour at room temperature 
with horseradish peroxidase conjugated secondary 
antibody (1:7000; #2005, Santa Cruz Biotechnology, 
Inc.).  Protein bands were visualized using an ECL Ad-
vance Western Blotting Detection Kit (GE Healthcare, 
Amersham). Equal loading of proteins was assessed 
by a monoclonal anti-b-actin antibody (#81178, Santa 
Cruz Biotechnology, Inc).

Statistical analysis
We analyzed the differences between the data 

obtained in the control group and the animals with 
mammary tumors by the independent-samples t 
test using SPSS version 16.0. P<0.05 was consid-
ered statistically significant.

Results
General parameters

Figure1A shows the changes in weight of all 
animals during the experiment as well as the lower 
weight of animals in the NMU-treated group.

In figure1B the percentage of rats with TI is shown. 
There were no palpable tumors in the control rats.

The first palpable tumor in the NMU-treated 
group was seen 60 days after the first MNU injection.

At the end of the study, the average number of 
tumors per rat in NMU-induced breast cancer was 
1.43 ± 0.53. The tumor burden was 7.20 ± 0.85g 
(total tumor weight per rat) and 3.43 ± 0.76 g (av-
erage tumor weight per rat).

The median tumor time (time needed for the de-
velopment of tumor in 50% of the animals) was 138 
days.Other tumor parameters are recorded in table 2.

300

250

200

150

100

50

0

Av
er

ag
e 

w
ei

gh
t (

g)

50      60       70      80       90      100     110    120    130  

Age of rats (days)

NMU-treated

Control

100

80

60

40

20

0

In
ci

de
nc

e 
of

 tu
m

or
 a

pp
ea

ra
nc

e 
%

0       20      40      60     80    100   120   140   160    180   200   220   240

Time (days)

NMU-treated

Control

Fig 1: Effects of NMU on rats. A. Changes in the body weight 
of rats during the course of the experiment. B.The incidence 
of tumor appearance after NMU injection versus time.
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Table 2: Tumor parameters in NMU-induced breast cancer in rats

Tumor pathology (%)dTumor incidence (TI) (%)cTumor latencyb (days)Tumor multiplicity (TM)a

91.965150.26  ± 56.581.43 ± 0.53

          a; Tumor multiplicity ™: Average number of tumors/rat.
          b; Tumor latency: Lag time between NMU injection and tumor development.
          c; Tumor incidence (TI): Percent of tumor-positive rats at days post-NMU injection.
          d; Tumor pathology:Percent of rats with cancerous tumors.
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Histopathology of mammary tumors
H&E stained sections of the samples from this study 

were analyzed by a specialist in the field of histopa-
thology and are shown in figure 2. The results indicat-
ed that 91.9% of tumors from the NMU-treated groups 
consisted ofdifferent types of malignant adenocarci-
noma, such as papillary and comedo carcinoma. A few 
(8.1%) benign epithelial neoplasms, such as lactating 
adenoma (adenomas with milk-like substance in the 
lumen) and papillary adenoma, were observed.

Fig 2: Histopathology of normal tissues (A) and tumor 
(B). H & E staining of a tumor shows invasive intraductal 
carcinoma. 

Cyclin D1 and p21 expression
Cyclin D1 and p21 expression was examined 

in the mammary tissue of normal rats and in the 
tumors of NMU-treated rats. RT-PCR and West-
ern blot analysis were performed to determine the 
mRNA and protein levels of cyclin D1 and CD-
KIp21 in tumors and normal mammary glands. As 
seen in the Figures 3 and 4, there is an increase in 
the mRNA and protein levels of both cyclinD1 and 
p21 (Cip1) when compared to normal tissue.
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Discussion

Substantial evidence suggests that the induction 
of mammary carcinomas by NMU in female rats 
mimics breast cancer in humans. The rat tumor’s 
histopathology indicates their origination from 
mammary ductal epithelial cells and their depend-
ency on ovarian hormones for tumor development 
(ER+) all correlate with human breast cancer (13). 
Thus this animal model is one of the most frequent-
ly used models for investigating breast cancer and 
mammary tumor treatment (19-21). In contrast to 
mouse lesions, which are primarily alveolar, both 
rat and human mammary tumors are predominant-
ly ductal. The most highly malignant rat tumors 
also share some features with human intraductal 
and infiltrating ductal carcinomas (20, 21).

It was reported that the NMU model has several 
advantages, such as TI reliability, organ site speci-
ficity, tumor of ductal origin, and predominance of 
carcinoma, in addition to the ability to examine tu-
mor initiation and promotion processes (22). Gen-
erally NMU-induced mammary carcinomas are 
aggressive and locally invasive with no metastasis.

Comparative studies have also shown that chem-
ically-induced mammary carcinomas, as with their 
human counterparts, have altered TGFB, erbB2, 
and cyclin D1 expression (23). Furthermore, some 
human and most rat mammary tumors also express 
estrogen and progesterone receptors (24, 25).

We recently examined the induction of breast 
cancer in rats and the therapeutic effect of some 
natural compounds on the cancer (17, 26). Our 
method of tumor induction has been compared 
with previous methods from other studies that used 
various races of rats, as shown in table 3 (27-47). 
The Wistar Albino rat predominantly used in our 
lab has a median level of suseptibility to cancer. 
We have analyzed different protocols to induce a 
stable breast cancer tumor in this rat (17), among 
which the presented method here was the best 
choice. Our results showed that with three injec-
tions of 50 mg/kg of NMU with a 15 day interval 
that began from 50 days of the rat’s age, adenocar-
cinoma was induced in about 91.9% of animals. 
As shown in table 3, the LP of tumor induction 
in different races of rats (with an average age of 
first injection of about 50 days) was between 60-270 
days. The obtained LP in our experiment of 60 to 240 
days, with an average of 150 days, was acceptable. 

The observed TI and TM, lack of metastasis and 
no animal death were the other preferences of this 
protocol.

It has been reported that rats from other races, 
such as F344, when administered NMU, develop 
tumors of a lymphoid origin. Tumors originating 
from the mammary gland, kidney, muscle, and 
connective tissue have also been detected (48). 
In our study there were no tumorsthat had a lym-
phoid origin. The histopathologic characteristics 
of mammary tumors in this study showed homog-
enous tumors that were invasive ductal carcinoma. 
This result, in addition to the ER (+) character of 
the NMU-induced mammary tumors, has enabled 
this model to be suitable for studying the effect of 
natural products and drugs as preventive or thera-
peutic agents and to evaluate their efficacy before 
administration on humans.

Cellular proliferation is regulated by essential 
checkpoint proteins. Abnormalities in the quan-
tity or activity of these proteins may facilitate un-
controlled cellular proliferation-a commonly re-
ported property associated with carcinogenesis. A 
positive regulator of the cell cycle is cyclin D1(6).
Many oncogenic pathways can up-regulate cyclin 
D1 in addition to other proliferative, anti-apoptot-
ic, metastatic, and/or angiogenic proteins (1).

The activity of other positive regulators of the 
cell cycle (CDKs) can be negatively modified 
by p21 (waf 1, cip 1), which binds to CDKs, 
causing their inhibition (49). All tumors in this 
study demonstrated increased expressions of 
cyclin D1 and p21 compared to normal mam-
mary glands. The increasing expression of p21 
with cancer is consistent with the theory that 
abnormal cells increase p21 in an attempt to 
'brake' the process of cellular proliferation at 
the G1 checkpoint (49).

Over expression of cyclin D1 in NMU-induced 
breast cancer in rats was shown by Sgambato et al. 
byWestern blotting (50).The increased expression 
of this gene and p21 were also reported by Jang 
et al. (51) in DMBA-induced breast cancer in the 
Sprague Dawley strain. According to our literature 
review, the expression of these genes in NMU-
induced breast cancer in Wistar albino rats has not 
been explained previously, and it is the first time 
that the over expression of both genes and detec-
tion of the resulted proteins have been reported.
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Table 3: Comparison between parameters determined after NMU-induced breast cancer in various races of rats tothe current study
References, YearHistology resultsTMTILPTime between

 injections 
(days)

No. 
of injections

Age at first 
injection 
(days)

NMU dosage 
(mg/kg) and 
injection type

RaceRow

30.199883.4% carcinoma4.488.4%, metastasis 
to liver, spleen, 
and lung

823035050, IPSprague-Dawley1

46.1998Carcinoma, 
papilloma, 
hyperplasia, 
carcinoma-in situ

1.08 ± 0.22 /
2.0 ± 0.35

55% /75.9%60-150 37.5/50, IPSprague Dawley2

38.2000----725050, IPSprague Dawley3

32.2000-----15550, IPSprague-Dawley4

43.2001Adenocarcinoma1.355%63.70-15050, IPSprague Dawley5

28.2004--60%113.0 ±  4.23035050, IPVirgin Wistar6

31.2004----28350-5550, IVWistar7

37.2004Adenocarcinoma-77%140-15250, IPWistar-furth8

27.41.2005.2008-1.93 ± 0.460%113 ± 4.23035050, IPVirgin wistar9

44.2005-4.093.3%--15050, IPVirgin Sprague
Dawley 

10

42.2005Ductal carcinoma 
in situ

4.87 ± 0.7783.3%78 ± 0.9-15050, tail vein 
injection

Sprague Dawley11

36.2005-2 ± 0.63-10050.3835050, IPSprague Dawley12

33.2005Adenocarcinoma1.355%63-70-15050, IPSprague Dawley13

29.2006---Le: 91, F: 168
W: 252, C: 355

-14950, IPLewis, Fischer 344,
Wistarfurth,
Copenhagen

14

34.2006Adenocarcinoma, 
fibroadenoma and 
tubular adenoma

4.65100% with 
5% metastasis

59.5-14540,tail vein 
injection

Sprague Dawley15

45.2007Adenocarcinoma0.545%90-120724550 Wistar16

40.2007-1.64 ± 0.3955.00% ± 11.41103.09 ± 7.32824250, IPSprague Dawley17

39.2007Ductal carcinoma 
in situ (DCIS)

--80 ± 2.39-50 5050/35, IPWistar-furth18

4.2008Carcinoma1.671%Up to 210735050, IPVirgin Wistar19

47.2008Adenocarcinoma-5%90-270-150-5550, IPCopenhagen20

35.2009Adenocarcinomas 
(papillary, cribri-
form,
 or tubular)

4.8 ± 0.6-35-12150, IPSprague Dawley21

1.2009Adenocarcinoma,
 benign tumors

2.5 ± 0.3480%80-15050, IPSprague Dawley22

Current study91.9% adenocar-
cinoma

1.43 ± 0.5365% without 
metastasis

150 ± 56.581435050, IPWistar albino23

Ashrafi et al.
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Conclusion

Breast cancer was induced in female Wistar 
Albino rats using a novel cancer induction 
protocol, including three injections of 50 mg/
kg NMU beginning from 50 days of the rat’s 
age and continued with a 15 day interval. Cy-
clin D1 and p21 expressions were significant-
ly increased in tumor tissues compared with 
normal mammary gland tissues.

Acknowledgments

The authors would like to thank the Research 
Council of Tarbiat Modares University for sup-
porting this project. The authors also thankful of 
Mr. Chitsazan for his helpful efforts to set up the 
tumor induction process. The authors have no con-
flict of interest.

References
1. Krishnan P, Yan KJ, Windler D, Tubbs J, Grand 

R, Li BD, et al. Citrusauraptene suppresses cyc-
lin D1 and significantly delays N-methyl nitrosou-
rea induced mammary carcinogenesis in female 
Sprague-Dawley rats. BMC Cancer, 2009; 9(259): 
1-12.

2. Weiss RH, Marshall D, Howard L, Corbacho AM, 
Cheung AT, Sawai ET. Suppression of breast 
cancer growth and angiogenesis by an antisense 
oligodeoxynucleotide to p21 (Waf1/Cip1). Cancer 
Lett. 2003; 189(1): 39-48.

3. Duss S, André S, Nicoulaz AL, Fiche M, Bonne-
foi H, Brisken C, et al. An oestrogen-dependent 
model of breast cancer created by transformation 
of normal human mammary epithelial cells.Breast 
Cancer Res. 2007; 9(3): R38.

4. de Vargas Barbosa NB, Nogueira CW, Guecheva 
TN,  Bellinaso Mde L, Rocha JB. Diphenyldisele-
nide supplementation delays the development of 
N-nitroso-N-methylurea-induced mammary tu-
mors.Arch Toxicol. 2008; 82(9): 655-663.

5. Elayat G, Selim AG, Wells CA.Alterations of the 
cell cycle regulators cyclin D1, cyclin A, p27, p21, 
p16, and pRb in apocrine metaplasia of the breast.
Breast J Bellinaso Mde L. 2009; 15(5): 475-482.

6. De Falco M, Fedele V, De Luca L, Penta R, Cot-
tone G, Cavallotti I, et al. Evaluation of cyclin 
D1 expression and its subcellular distribution in 
mouse tissues. J Anat. 2004; 205(5): 405-412.

7. Bukholm IK, Berner JM, Nesland JM, Børresen-
Dale AL. Expression of cyclin Ds in relation to 
p53 status in human breast carcinomas. Virchows 
Arch. 1998; 433(3): 223-228.

8. Roy PG, Thompson AM: Cyclin D1 and breast 
cancer. Breast. 2006. 15(6): 718-727.

9. Balasenthil S, Barnes CJ, Rayala SK, Kumar 

R. Estrogen receptor activation at serine 305 is 
sufficient to upregulatecyclin D1 in breast cancer 
cells. FEBS Lett. 2004. 567(2-3): 243-247.

10. Zhou CH, Xiang M, He SY, Qian ZY. Crocetin in-
hibits cell cycle G1/S transition through suppress-
ing cyclin D1 and elevating p27kip1 in vascular 
smooth muscle cells. Phytother Res. 2010; 24(7): 
975-981.

11. Ekholm SV, Reed SI. Regulation of G (1) cyclin-
dependent kinases in the mammalian cell cycle. 
Curr Opin Cell Biol. 2000. 12(6): 676-684.

12. Gülçubuk A, Yesildere T. The association of the 
carcinogenic effect of N-nitroso-N-methylurea 
with the blood plasma vitamin E and selenium lev-
els in rats. J Fac Vet Med  Istanbul Univ. 2005; 31 
(2): 109-118. 

13. Chan MM, Lu X, Merchant FM, Iglehart JD, Miron 
PL. Gene expression profiling of NMU-induced 
rat mammary tumors: cross species comparison 
with human breast cancer. Carcinogenesis. 2005; 
26(8): 1343-1353.

14. Macejova D, Radikova Z, Macho L, Liska J, Brtko 
J. MNU-induced carcinogenesis of rat mammary 
gland: effect of thyroid hormone on expression 
of retinoic acid receptors in tumours of mammary 
gland.Mol Cell Endocrinol. 2005. 244 (1-2): 47-56.

15. Shepel LA, Gould MN. The genetic components of 
susceptibility to breast cancer in the rat. Prog Exp 
Tumor Res. 1999; 35: 158-169.

16. Wood GA, Korkola JE, Archer MC.Tissue-specific 
resistance to cancer development in the rat: phe-
notypes of tumor-modifier genes. Carcinogenesis. 
2002; 23(1): 1-9.

17. Chitsazan A, Bathaie SZ. The effects of saffron on 
NMU-induced breast cancer in female rats. Pre-
sented for M.Sc. Tehran. Tarbiat Modares Univer-
sity. 2006.

18. Hsu MK, Qiao L, Ho V, Zhang BH, Zhang H, Teoh 
N, et al. Ethanol reduces p38 kinase activation 
and cyclin D1 protein expression after partial he-
patectomy in rats. J Hepatol. 2006; 44(2): 375-
382.

19. Welsch CW. Host factors affecting the growth of 
carcinogen-induced rat mammary carcinomas: a 
review and tribute to Charles Brenton Huggins. 
Cancer Res. 1985; 45(8): 3415-3443.

20. Russo J, Russo IH, Rogers AE, van Zwieten MJ, 
Gusterson B.Pathology of tumours in laboratory 
animals. Tumours of the rat. Tumours of the mam-
mary gland. IARC Sci Publ. 1990; 99: 47-78.

21. Thompson HJ, McGinley JN, Rothhammer K, 
Singh M.Rapid induction of mammary intraductal 
proliferations, ductal carcinoma in situ and carci-
nomas by the injection of sexually immature fe-
male rats with 1-methyl-1-nitrosourea. Carcino-
genesis.1995; 16(10): 2407-2411.

22. Thompson HJ, Adlakha H.Dose-responsive induc-
tion of mammary gland carcinomas by the intra-
peritoneal injection of 1-methyl-1-nitrosourea. 
Cancer Res. 1991; 51(13): 3411-3415.

23. Thompson HJ, Singh M.Rat models of premalignant 



          CELL JOURNAL(Yakhteh), Vol 14, No 3, Autumn 2012 201

breast disease. J Mammary Gland  Biol Neoplasia. 
2000; 5(4): 409-420.

24. Escrich E. Validity of the DMBA-induced mam-
mary cancer model for the study of human breast 
cancer. Int J Biol Markers.1987; 2(3): 197-206.

25. Lydon JP, Ge G, Kittrell FS, Medina D, O'Malley 
BW. Murine mammary gland carcinogenesis is 
critically dependent on progesterone receptor 
function. Cancer Res. 1999; 59(17): 4276-4284.

26. Heidarzadeh H, Bathaie SZ. The effect of safranal 
and picrocrocinon NMU-induced breast cancer in 
female rats. Presented for M.Sc. Tehran. Tarbiat 
Modares University. 2009.

27. Carrera Mdel P, Ramírez-Expósito MJ, Valenzuela 
MT, García MJ, Mayas MD, Arias de Saavedra JM, 
et al. Specific enkephalin-degrading aminopepti-
dase activity in the HPT and HPO axes of rats with 
breast cancer induced by N-methyl nitrosourea.  
Regul Pept. 2005; 124(1-3): 157-161.

28. Carrera MP, Ramírez-Expósito MJ, Valenzue-
la MT, García MJ, Mayas MD, Martínez Martos 
JM.Serum oxytocinase activity is related to tu-
mor growth parameters in N-methyl nitrosou-
rea induced rat breast cancer. Life Sci. 2004; 
75(11):1369-1377.

29. Blakely CM, Stoddard AJ, Belka GK, Dugan KD, 
Notarfrancesco KL, Moody SE, et al. Hormone-in-
duced protection against mammary tumorigenesis 
is conserved in multiple rat strains and identifies a 
core gene expression signature induced by preg-
nancy. Cancer Res. 2006; 66(12): 6421-6431.

30. Martin G, Cricco G, Davio C, Engel N, Cocca C, 
Rivera E, et al. Epidermal growth factor in NMU-
induced mammary tumors in rats. Breast Cancer 
Res Treat. 1998; 48(2): 175-185.

31. Hill M, Bausero M, Mazal D, Ménoret S, Khalife J, 
Anegón I, et al. Immunobiological characterization 
of N -nitrosomethylurea-induced rat breast carci-
nomas: tumoral IL-10 expression as a possible 
immune escape mechanism. Breast Cancer Res 
Treat. 2004; 84(2): 107-116.

32. Ip C, Thompson HJ, Ganther HE. Selenium modu-
lation of cell proliferation and cell cycle biomark-
ers in normal and premalignant cells of the rat 
mammary gland.Cancer Epidemiol Biomarkers 
Prev. 2000; 9(1): 49-54.

33. Melancon K, Cheng Q, Kiefer TL, Dai J, Lai L, 
Dong C, et al.Regression of NMU-induced mam-
mary tumors with the combination of melatonin 
and 9-cis-retinoic acid. Cancer Lett. 2005; 227(1): 
39-48.

34. Kijkuokool P, Parhar IS, Malaivijitnond S. Gen-
istein enhances N nitrosomethylureainduced 
rat mammary tumorigenesis.Cancer Lett. 2006; 
242(1): 53-59.

35. Lee HJ, Ju J, Paul S, So JY, DeCastro A, Smo-
larek A, et al. Mixed tocopherols prevent mamma-
ry tumorigenesis by inhibiting estrogen action and 
activating PPAR-gamma. Clin Cancer Res. 2009; 
15(12): 4242-4249.

36. Macejova D, Radikova Z, Macho L, Liska J, Brtko 

J. MNU-induced carcinogenesis of rat mamma-
rygland: effect of thyroid hormone on expression 
of retinoic acid receptors in tumours of mammary 
gland.Mol Cell Endocrinol. 2005; 244(1-2): 47-56.

37. Maffini MV, Soto AM, Calabro JM, Ucci AA, Son-
nenschein C. The stroma as a crucial target in rat 
mammary gland carcinogenesis. J Cell Sci. 2004; 
117(Pt 8): 1495-1502.

38. Mandlekar S, Hebbar V, Christov K, Kong 
AN.Pharmacodynamics of tamoxifen and its 4-hy-
droxy and N-desmethyl metabolites: activation of 
caspases and induction of apoptosis in rat mam-
mary tumors and in human breast cancer cell 
lines. Cancer Res. 2000; 60(23): 6601-6606.

39. Chan MM, Lu X, Merchant FM, Iglehart JD, Mi-
ron PL.Serial transplantation of NMU-induced 
rat mammary tumors: a model of human breast 
cancer progression. Int J Cancer. 2007; 121(3): 
474-485.

40. Orendáš P, Ahlers I, Kubatka P, Ahlersová E, Bo-
jková B, Kassayová M, et al. Etoricoxib in the pre-
vention of rat mammary carcinogenesis. Acta Vet 
Brno. 2007; 76: 613-618.

41. Puertollano MA, Carrera MP, Puertollano E, Alva-
rez de Cienfuegos G, Ramirez-Expósito MJ, De 
Pablo MA, et al. Analysis of caspase activities in 
rat mammary tumours induced by N-methyl-nitro-
sourea. Oncol Rep. 2008; 20(3): 657-662.

42. Simmen RC, Eason RR, Till SR, Chatman L Jr, 
Velarde MC, Geng Y, et al. Inhibition of NMU-
induced mammary tumorigenesis by dietary soy.
Cancer Lett. 2005; 224(1): 45-52.

43. Teplitzky SR, Kiefer TL, Cheng Q, Dwivedi PD, 
Moroz K, Myers L, et al. Chemoprevention of 
NMU-induced rat mammary carcinoma with the 
combination of melatonin and 9-cis-retinoic acid.
Cancer Lett. 2001; 168(2): 155-163.

44. Shilkaitis A, Green A, Punj V, Steele V, Lubet R, 
Christov K. Dehydroepiandrosterone inhibits the 
progression phase of mammary carcinogenesis 
by inducing cellular senescence via a p16-de-
pendent but p53-independent mechanism. Breast 
Cancer Res. 2005; 7(6): R1132-R1140.

45. Vegh I, de Salamanca RE. Prolactin, TNF alpha 
and nitric oxide expression in nitroso-N-methy-
lurea-induced-mammary tumours. J Carcinog, 
2007; 6(18): 1-8.

46. Whittal-Strange KS, Chadan S, Parkhouse 
WS.Exercise during puberty and NMU induced 
mammary tumorigenesis in rats. Breast Cancer 
Res Treat. 1998; 47(1): 1-8.

47. Ren X, Zhang X, Kim AS, Mikheev AM, Fang M, 
Sullivan RC, et al. Comparative genomics of sus-
ceptibility to mammary carcinogenesis among in-
bred rat strains: role of reduced prolactin signaling 
in resistance of the Copenhagen strain.Carcino-
genesis. 2008; 29(1): 177-185.

48. Mizoguchi M, Naito H, Kurata Y, Shibata MA, 
Tsuda H, Wild CP, et al. Influence of aging on 
multi-organ carcinogenesis in rats induced by N-
methyl-N-nitrosourea.  Jpn J Cancer Res.1993; 

Ashrafi et al.



          CELL JOURNAL(Yakhteh), Vol 14, No 3, Autumn 2012 202

Cyclin-D1 and p21 Levels in NMU-Induced Breast Cancer

84(2):139-146.
49. Thor AD, Liu S, Moore DH, Shi Q, Edgerton SM. p 

(21WAF1/CIP1) expression in breast cancers: as-
sociations with p53 and outcome. Breast Cancer 
Res Treat. 2000; 61(1): 33-43.

50. Sgambato A, Han EK, Zhang YJ, Moon RC, San-
tella RM, Weinstein IB. Deregulated expression 
of cyclin D1 and other cell cycle-related genes in 

carcinogen-induced rat mammary tumors. Car-
cinogenesis. 1995; 16(9): 2193-2198.

51. Jang TJ, Kang MS, Kim H, Kim DH, Lee JI, Kim JR. 
Increased expression of cyclin D1, cyclin E and 
p21 (Cip1) associated with decreased expression 
of p27 (Kip1) in chemically induced rat mammary 
carcinogenesis. Jap J cancer Res. 2000; 91(12): 
1222-1232.


