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Abstract. The p53 tumor suppressor gene plays an essen-
tial role in tumorigenesis, and the chromosomal region
maintenance 1 (CRM1) has been suggested to export p53
protein from the nucleus to the cytoplasm. The objectives
of the present study were to evaluate p53 expression and
subcellular localization as well as CRM1 expression using
immunohistochemistry in our established bitransgenic mouse
lung tumor model. In this model, expression of the mutant
human Ki-ras®'?¢ allele was regulated in a doxycycline
(DOX)-inducible, lung-specific manner. Following treatment
with curcumin, we found that although overall p53 expression
levels were not significantly changed among the three groups,
lung lesions in mice treated with DOX alone had the highest
proportion of N>C (nucleus predominant) p53 staining
(46+7%), followed by lung lesions in mice co-treated with
DOX and curcumin (31+£12%) and controls (17+4%). CRM1
expression was dramatically inhibited in lung lesions in mice
treated with DOX (0+0) as compared to controls (90+17,
P=0.001), and could be partially reversed after curcumin
treatment (47+21, P=0.028, DOX vs. DOX+curcumin).
Collectively, the results from this study demonstrated that p53
accumulated in the nucleus in lung lesions in mice expressing
the mutant Ki-rasG'?C transgene as a result of down-regulation
of CRMI. Furthermore, these alterations could be partially
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reversed by curcumin treatment. p53 subcellular localization
resulting from CRMI alterations may play an important role
in lung tumorigenesis.

Introduction

Lung cancer is one of the most common cancers in the United
States and worldwide (1). It still remains the leading cause of
cancer death with an overall 5-year survival rate for all stages
combined of only 15% (2). Ki-ras gene mutations play an
important role in the pathogenesis of lung tumors as well as
in prognosis (3,4). To mimic the effects of oncogenic Ki-ras
in human lung tumors with chemical carcinogen exposure,
a bitransgenic mouse lung tumor model that expresses the
mutant human Ki-ras®?2C allele in a doxycycline (DOX)-
inducible, lung-specific manner was previously generated (5).
Benign lung lesions were observed with continuous Ki-ras@1?¢
expression in bitransgenic mice after DOX exposure (5).
Unexpectedly, curcumin, a chemopreventive agent, was found
to cause an increase in lung tumor promotion of DOX-induced
lung lesions in this model, possibly by enhancing reactive
oxygen species formation (6).

It is well known that p53 is a critical tumor suppressor
gene involved in the development of lung cancer (7). p53 inac-
tivation through mutations occurs frequently in lung cancer
(40-70%) (8,9). Some tumors contain wild-type p53, which
is functionally inactivated through other mechanisms, such
as a change in subcellular localization (10,11). Our previous
in vitro cell culture study has shown that, in response to the
mutagenic lung specific carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK), p53 is activated and retained
in the nucleus, indicating that p53 exhibits a functional
response to DNA damage (12). We also suggested that p53
nuclear accumulation might result from down-regulation of
chromosomal region maintenance 1 (CRM1) (12). CRM1
is one of the important export factors that is involved in
nucleo-cytoplasmic shuttling (13). CRM1 has been shown to
export p53 from the nucleus to the cytoplasm, which might
be an important regulatory pathway in carcinogenesis or drug
resistance (14).
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In the present report, we extend our previous studies to
evaluate the roles of CRMI in regulating p53 subcellular
localization in benign lung lesions from the bitransgenic
mouse model and the modulating effects of curcumin in this
process.

Materials and methods

Reagents. The following materials were purchased from the
manufacturers listed. DOX, curcumin (95% pure) and sodium
citrate were purchased from Sigma. Primary rabbit polyclonal
anti-CRMI1 and anti-p53 were purchased from Santa Cruz
Biotechnology. An avidin-biotin complex (ABC) kit and
a diaminobenzidine tetrahydrochloride (DAB) kit were
purchased from Vector Laboratories. Phosphate-buffered
saline (PBS) was purchased from Bio-Rad Laboratories.

Bitransgenic mouse lung tumor model. Paraffin-embedded
slides from transgenic mice were generated from our previous
study on the effects of curcumin on lung tumor initiation and
progression (6). The mice were either untreated, treated with
DOX (500 ug/ml in the drinking water) or co-treated with
DOX and curcumin (1% in the diet) for nine months. The
mice were euthanized by CO, asphyxiation/exsanguination
and the lungs were then inflated and fixed in 10% phosphate-
buffered formalin. Slides were prepared as described
previously (6).

Immunostaining. Tissue slides were deparaffinized and antigen
retrieval performed using 10 mM sodium citrate buffer (pH 6.0)
for 30 min at 95°C. After cooling and subsequent rinsing in 1X
PBS (pH 7.4), the slides were immersed in normal goat serum
(1.5%, Vector Laboratories) for 1 h. The p53 (1:50 dilution)
and CRM1 (1:50 dilution) primary antibodies were incubated
overnight at 4°C. Slides were then washed for 3x3 min with 1X
PBS. Bound antibody was incubated with diluted biotinylated
secondary antibody (1:2000, Vector Laboratories) for 1 h. After
washing with 1X PBS, sections were incubated for 30 min
with VECTASTAIN® ABC Reagent (Vector Laboratories).
DAB was used as the substrate to detect the antibody. Sections
were then counterstained with hematoxylin.

Immunohistochemical analyses. To evaluate the protein
expression of p53 and CRMI, stained sections of lung were
semi-quantified using Image J software at x40 magnification
to generate an ‘H score’ (15). In the modified H score, a score
of ‘0’ designates no stain, a score of ‘3’ defines the darkest
stain, with scores of ‘1’ having weak staining and ‘2’ having
intermediate staining. For each section, ~500 total cells from
five randomly selected areas per section per animal were
assessed for staining intensity and assigned a value from O
to 3 for each image. The total H score for one section was
subsequently generated by: H score = % cells with ‘0’ score
(negative) + % cells with ‘1’ score (weakly positive) + %
cells with ‘2’ score (moderately positive) + % cells with ‘3’
score (strongly positive), giving a possible range of 0-300. In
addition, a quantitative measurement of the nuclear staining
for p53 was also performed. Approximately 500 cells with
staining from the same five randomly selected areas (100 cells
per area), in which H score was evaluated, were further counted

CHEN et al: CRM1-MEDIATED p53 REGULATION IN LUNG TUMOR

Control

DOX

DOX-+curcumin

Figure 1. Photomicrographs of mouse lung tissue. Hematoxylin and eosin
stains of tissue from control and treated mice, magnification x4. (A) Normal
lung tissue in control mouse. (B) Lung tissue in mouse treated with DOX.
(C) Lung tissue in mouse treated with DOX and curcumin.

to calculate the proportion of each of the three patterns of p53
subcellular localization. The three different staining patterns
for p53 subcellular localization included N>C (majority of
staining in the nucleus), N=C (cells stained in the nucleus and
cytoplasm equally) and N<C (majority of staining in the cyto-
plasm). The differences of p53 subcellular localization among
control, DOX and DOX+curcumin groups were compared.
The slides were blindly examined by two pathologists.

Statistical analysis. Logistic regression was performed to
test differences in the subcellular location of p53. One-way
analysis of variance (ANOVA) was used to analyze H scores
for p53 and CRM1 staining. Analyses were performed using
the SPSS 13.0 software. Difference of P<0.05 was considered
significant.

Results and Discussion

P53 expression and nuclear accumulation in bitransgenic mouse
lung tumor model. Slides from 5 mice from each group that
had either been untreated, treated for 9 months with DOX
alone to induce transgene expression or co-treated with DOX
and 1% curcumin in the diet were used. As shown in Fig. 1,
although curcumin treatment increased the number of lung
neoplasms in the DOX+curcumin group, we observed no
significant difference in tumor size, cytology or morphology
of tumors between DOX treated and DOX+curcumin treated
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Figure 2. p53 expression and nuclear accumulations in a bitransgenic mouse lung tumor model. (A) Immunohistochemical analysis of p53 staining in lung
tissues of a control mouse, lung lesions of a mouse treated with DOX, and lung lesions of a mouse treated with DOX and curcumin. Magnifications were x40
in each group. p53 demonstrated both nuclear and cytoplasmic staining. (B) Histogram displaying p53 expression in lung tissues of control mice, lung lesions
in mice treated with DOX, and lung lesions in mice treated with DOX and curcumin. The intensity of p53 staining was evaluated by an H score of about
500 cells from five randomly selected areas per section per mouse in each group. Data were expressed as the mean + SE, n=5. (C) Histogram displaying the
proportion of p53 staining in N>C and N<C pattern in lung tissues of control mice, lung lesions in mice treated with DOX, and lung lesions in mice treated
with DOX and curcumin. About 100 cells with p53 staining per section were counted. Data were expressed as % + SE, n=5. Asterisk indicates statistically

significant (P<0.05).

groups in the subset of tumors utilized for this study. Paraffin-
embedded samples obtained from each mouse specimen were
stained with p53 antibody. Both nuclear and cytoplasmic
staining was observed (Fig. 2A). As shown in Fig. 2B, H
scores of p53 in epithelial cells found no difference in the
levels of total p53 protein expression in normal epithelial cells
from the control group, lung lesions from mice treated with
DOX, and lung lesions from mice co-treated with DOX and
curcumin, which were 132+18, 123+12 and 131+21, respec-
tively (P=0.924). This result was in line with the data from
our previous study showing the absence of p53 mutations in
lung lesions from these mice (16).

As p53 is primarily a transcription factor, nuclear localiza-
tion of activated p53 is essential for its transcriptional activity
after stress exposure, such as DNA damage (17). We further
evaluated p53 subcellular localization (Fig. 2C). The propor-
tion of N>C p53 staining in normal epithelial cells from the
control group, lung lesions in mice treated with DOX, and
lung lesions in mice co-treated with DOX and curcumin were
17+4%, 46+7% and 31+12%, respectively. Lung lesions in
mice treated with DOX or co-treated with DOX and curcumin
had significantly higher proportions of N>C p53 staining as

compared to that of normal epithelial tissue in control mice
(P<0.001, DOX vs. control or DOX+curcumin vs. control).
Furthermore, co-treatment with curcumin and DOX partially
reversed the DOX effect on p53 nuclear accumulation (P<0.001,
DOX+curcumin vs. DOX). This result is in agreement with our
previous finding, in which the activated form of p53, phospho-
rylated p53, was up-regulated in lung tumors in mice treated
with DOX (16). It has also been suggested that when Ki-ras is
activated by a genetic mutation, ataxia telangiectasia and Rad3
related (ATR) are activated and promote p53 expression (18).
Collectively, these findings suggest that p53 is activated and
accumulates in the nucleus in response to RAS mediated onco-
genic signaling, which may partially account for the relatively
benign phenotype of the lesions seen in this model following
continuous DOX exposure. These phenomena have also been
found in our in vitro study, in which activated p53 accumulated
in the nucleus in response to DNA damage induced by NNK in
the human lung epithelial cell line BEAS-2B (12).

CRM1 expression in bitransgenic mouse lung tumor model.
p53 is actively transported between the nucleus and cytoplasm
and is exported from the nucleus to the cytoplasm through
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Figure 3. CRMI expression in a bitransgenic mouse lung tumor model. (A)
Immunohistochemical analysis of the lung with CRM1 antibody in lung
tissues of a control mouse, lung lesions of a mouse treated with DOX, and
lung lesions of a mouse treated with DOX and curcumin. Magnifications
were x40 in each group. (B) Histogram displaying CRM1 expression in lung
tissues of control mice, lung lesions in mice treated with DOX, and lung
lesions in mice treated with DOX and curcumin. The intensity of CRM1
staining was evaluated by an H score of about 500 cells from five randomly
selected areas per section per mouse in each group. Data were expressed as
the mean + SE, n=5.

the CRM1 pathway (19). We further evaluated whether CRM1
expression in the lung lesions of DOX-treated bitransgenic
mice was modulated by curcumin. The H scores of CRM1 in
normal epithelial cells from the control group, lung lesions in
mice treated with DOX, and lung lesions in mice co-treated
with DOX and curcumin were 90+17, 0+0 and 47+21, respec-
tively (Fig. 3). CRMI expression was dramatically inhibited in
lung lesions in mice treated with DOX as compared to controls
(P=0.001), and could be partially reversed by curcumin treat-
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Figure 4. Different staining patterns of CRM1 and p53 in lung lesions treated
with DOX and curcumin. Two representative areas were selected from two
tumors in a mouse from DOX+curcumin group, x40 magnification. Tumor 1
has less CRMI expression and a higher proportion of cells with p53 nuclear
staining, while Tumor 2 has more CRMI1 expression with a higher proportion
of cells with p53 cytoplasmic staining.
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Figure 5. Flow chart of the proposed model in the bitransgenic Ki-ras®?¢
mouse lung tumor. The experimental findings suggested that Ki-ras®'?¢ over-
expression induced the accumulation of p53 in the nuclei of lung lesions from
DOX-treated bitransgenic mice. In addition, CRM1 was down-regulated in
bitransgenic mice treated with DOX as compared to control mice, which
may contribute to p53 accumulation. Both p53 and CRM1 changes could be
partially reversed by curcumin co-treatment of DOX induced mice.

ment (P=0.028, DOX vs. DOX+curcumin). This suggests that
down-regulation of CRM1 might contribute to p53 retention
in the nucleus in response to mutant Ki-ras expression. In
addition, different staining patterns of CRM1 and p53 in lung
lesions within and between DOX and DOX+curcumin groups
were observed, especially in mice treated with DOX+curcumin.
As shown in Fig. 4, an inverse correlation in the staining
patterns of CRMI1 and p53 was observed; lung lesions with
lower CRM1 expression tended to have a higher proportion
of cells with p53 nuclear staining (Tumor 1 in Fig. 4), while
lung lesions with higher CRM1 expression tended to have a
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lower proportion of cells with p53 nuclear staining. These data
suggest that CRM1 can interact directly with p53 to modulate
its subcellular localization in this mouse lung tumor model
(Tumor 2 in Fig. 4). In line with this finding, studies from
our groups and others suggested that CRM1 could directly
bind to p53, providing further evidence of p53 localization
through CRM1 pathways (12,19). Taken together, the down-
regulation of CRM1 after Ki-ras®!>¢ expression could result in
diminished p53 binding and p53 nuclear export, which could
further lead to the nuclear accumulation of p53. The control
of p53 localization between the nuclear and cytoplasmic
compartments may be an important molecular mechanism for
regulating p53 function in response to stress exposure. These
findings also suggest that p53 and/or CRM1 alterations play
important roles in lung tumorigenesis.

Curcumin, a major phenolic compound from the rhizome
of the plant Curcuma longa, has anti-inflammatory, anti-
oxidant and anti-cancer properties (20-22). A previous study
conducted by Hecht er al with A/J mice co-treated with
benzo[a]pyrene and NNK suggested that curcumin had no
effect on lung tumor multiplicity in vivo, although its effects
on tumor histology were not reported in this study (23).
However, recent studies reported that pre-treatment with
dietary curcumin prevented the initiation of lung tumors by
benzo[a]pyrene as a result of curcumin's effects on phase I and
phase II enzyme levels in liver and lung tissues (24) and, in a
different RAS-driven lung tumor transgenic mouse model,
was found to inhibit Ki-ras induced lung cancer progression
(25). In contrast, curcumin caused lung tumor promotion of
DOX-induced lung lesions in this mouse model (6). These
disparate findings in different mouse models suggest that the
effects of curcumin on lung tumor initiation or progression
may be modified by genetic factors. Whether these are due to
differences intrinsic to the host or a result of differences in the
effects of different RAS mutations remains to be determined.
Several laboratories have demonstrated mutation-specific
effects of different mutagenic RAS alleles on lung tumorigen-
esis in a variety of murine and cell culture models (26-34). On
the other hand, the data of p53 and CRMI1 alterations after
curcumin treatment in the present study cannot exclude the
possible protective effects of curcumin at the molecular levels
against lung tumor progression.

CRM1 is the nuclear exporter for p53; therefore, down-
regulation of CRM1 might contribute to p53 retention in the
nucleus in response to mutant Ki-ras expression. In our recent
in vitro study, CRM1 was down-regulated in response to NNK
exposure (12). The direct evidence also showed that CRM1
could bind p53 and promote p53 shuttling between the nucleus
and cytoplasm (12,19). Mutational activation of Ki-ras appears
to be an early event in tumorigenesis, especially in smokers
(18). Our results suggest that mutant Ki-ras gene expression
may lead to the down-regulation of CRM1 expression and the
subsequent retention of p53 in the nucleus, thereby allowing the
tumor suppressor to act as a defensive response to up-regulated
RAS oncogenic signaling to prevent abnormal proliferation.
Dance-Barnes et al recently reported that Ki-ras and curcumin
mediated changes in oxidative stress and inflammation in the
tumor microenvironment of this mouse model (6). On the other
hand, data by others have indicated that the levels of CRM1
are sensitive to changes in oxidative stress and inflammation
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response (35-38). For example, oxidative stress could inhibit
nuclear protein export by multiple mechanisms that target
CRM1 (36), and proteins involved in inflammation processes
could be mediated by CRM1 (35,37,38). Therefore, it is also
possible that RAS or curcumin or both compounds may influ-
ence CRMI1 expression via other signaling pathways.

In summary, we demonstrated that increased expression
of the mutant RAS transgene in mouse lungs resulted in the
accumulation of p53 in the nuclei of lung lesions. The expres-
sion of CRM1 was down-regulated in these same lesions.
The data thus suggest that the oncogene-mediated decrease
in CRMI1 expression attenuates the export of activated p53
from the nucleus to the cytoplasm, allowing the cell to mount
a defensive response as a result of the inappropriate oncogene
signaling. Furthermore, we found that curcumin could reduce
the responses of p53 nuclear accumulation and CRM1 down-
regulation in lung lesions after DOX treatment (Fig. 5).
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