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Abstract. Breast cancer (BC) is the most commonly diag-
nosed cancer in females globally and is more aggressive at 
later stages. Chromosome region maintenance 1 (CRM1) is 
involved in the nuclear export of proteins and RNAs and has 
been associated with a number of malignancies. However, 
the clinicopathological significance of its expression in BC 
remains to be elucidated therefore this was investigated in 
the present study. CRM1 expression in 280 breast cancer 
tissues and 60 normal tissues was retrospectively analyzed 
using immunohistochemistry (IHC) and western blotting. 
IHC investigation demonstrated that CRM1 expression was 
significantly increased in BC compared with the normal 
breast epithelium (P<0.0001). Overexpression of CRM1 was 
markedly associated with poor prognostic characteristics, 
including larger tumor size (P=0.024), positive lymph node 
metastasis (P=0.032), invasive histological type (P=0.004) 
and distant metastasis (P=0.026). Significant associations 
were also observed between increased CRM1 expression 
and the progesterone receptor (P=0.028) and Ki67 (P=0.019). 
Kaplan‑Meier survival analysis demonstrated that patients 
with high CRM1 expression exhibited a reduced disease‑free 
survival and overall survival compared with those with low 

CRM1 expression (P=0.013). In the multivariate analysis, 
CRM1 expression (P=0.011), tumor size (P=0.001) and lymph 
node metastasis (P<0.001) were independent prognostic 
markers of BC. In conclusion, CRM1 serves an important role 
in BC and may serve as a predictive and prognostic factor for 
a poor outcome in patients with BC.

Introduction

Breast cancer (BC), which is a heterogeneous disease with 
numerous molecular profiles, clinical behaviors and responses 
to therapy, is the most prevalent cancer and predominant 
cause of cancer‑associated mortality in females globally (1). 
Although stage I‑II BC currently exhibits a high average 
5‑year survival rate due to a number of antitumor therapies, the 
continued prevalence of invasion, metastasis and recurrence of 
the disease remains challenging (2). The TNM (Tumor Node 
Metastasis) classification (3) of patients with BC establishes a 
model for accurately predicting patient survival and guiding 
therapeutic decision‑making. However, the considerable hetero-
geneity of BC at a molecular level exhibited numerous genetic 
predispositions and as a result, even patients with early TNM 
stages and favorable prognoses may experience recurrence 
and subsequently succumb to the tumor. Therefore, the present 
study wished to investigate novel genes and their associations 
with the conventional clinicopathological TNM stage system to 
improve prognostic stratification and provide potential thera-
peutic targets for BC.

Chromosome region maintenance  1 (CRM1), also 
termed exportin 1/Xpo1, was originally identified in the 
Schizosaccharomyces pombe fission yeast in a screen for 
genes that are vital for maintaining high‑order chromosome 
structure (4). Previous studies established that it is a member of 
the importin β superfamily of nuclear export receptors (karyo-
pherins) that facilitates the transport of large macromolecules, 
including RNAs and proteins, across the nuclear membrane to 
the cytoplasm via nuclear pore complexes (5,6). In addition to 
nuclear‑cytosolic transport, CRM1 also serves a role in centro-
some duplication and spindle assembly, particularly in response 
to DNA damage (7). The transport of macromolecules across 
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the nuclear membrane is essential to maintain the appropriate 
function and homeostasis of a living cell. As the primary 
nuclear export receptor in humans, CRM1 serves pivotal roles 
in nuclear protein transport (8). Molecules to be exported may 
be recognized by CRM1 through a certain leucine‑rich nuclear 
export signal (NES) consensus sequence and may interact with 
a small guanosine triphosphatase molecule Ras‑related nuclear 
protein (RanGTP) in its guanosine triphosphate (GTP)‑bound 
form, which binds to CRM1 pores with export cargos (9). The 
CRM1‑Ran‑GTP complex functions as a solo nuclear trans-
porter for numerous transcription factors and important tumor 
suppressor proteins, including forkhead box proteins, tumor 
protein (p)53, nucleophosmin, breast cancer type 1 suscepti-
bility 1 protein, adenomatous polyposis coli protein, survivin, 
nuclear factor of kappa light polypeptide gene enhancer in 
B‑cells inhibitor, α and others, regulating growth and survival 
of cancer cells (10‑13). Mutations or the dysregulation of these 
proteins may lead to an imbalance in the cytosolic concentra-
tion and prevent these proteins from effectively performing 
their normal functions within the nucleus, which has been 
widely observed in cancer cells (14‑18). Previous studies have 
indicated that CRM1 overexpression may be a risk factor asso-
ciated with tumor size, lymphadenopathy and liver metastasis 
in pancreatic cancer patients (19). Additionally, the blockage 
of CRM1 with the specific inhibitor, KPT‑185, significantly 
reduces the viability of non‑small cell lung cancer cells, induces 
these cells to arrest in G1 phase of the cell cycle and promotes 
apoptosis in a dose‑dependent manner (20). However, to date 
only few studies focused and investigated CRM1 in BC.

In the present study, the expression of CRM1 in BC was 
examined, aiming to further elucidate the association between 
CRM1 expression and clinical characteristics, and to inves-
tigate whether CRM1 is associated with the prognosis of 
patients with BC. In addition, the correlation between CRM1 
expression and estrogen receptor (ER), progesterone receptor 
(PR), receptor tyrosine‑protein kinase erbB‑2 (HER2/neu), 
p53 and Ki67 was also assessed.

Materials and methods

Clinical specimens. A total of 280  patients with primary 
operable invasive breast carcinoma and 60 with benign breast 
diseases (normal tissues) who underwent surgery at The 
Affiliated Hospital of Qingdao University (Qingdao, China) 
between January 2004 and December 2006 were enrolled 
in the present study. All patients were female and the overall 
follow‑up was calculated from the date of surgery to the date of 
the last follow‑up (January 2013). The median follow‑up period 
was 72 mon (range, 5‑100). All specimens were pathologically 
assessed independently by two pathologists blinded to the 
clinical data. All patients were <70 years old, with a median 
age of 52.5 years (range, 32‑70), who were not administered any 
treatment prior to surgery. The clinical and pathological data 
of the patients, including age, menopausal status, tumor size, 
lymph node metastasis, vascular invasion, local recurrence, 
histological type and distant recurrence, were obtained from 
operative and pathological reports. Other parameters, including 
ER, PR, HER2/neu, p53 and Ki‑67 status, were also recorded. 
The stages of pathological tumor node metastasis (TNM) were 
established using the 7th American Joint Committee on Cancer 

TNM stage (I, II, III, IV) (21). Written informed consent for the 
use of the resected tumor tissues was obtained from all patients. 
The present study was approved by the Ethical Committee of 
the Affiliated Hospital of Qingdao University.

Immunohistochemistry (IHC). IHC was performed according 
to the standard protocol procedures  (22). Briefly, the 
paraffin‑embedded tissue blocks were sectioned in 3‑ to 4‑um 
slices on slides. Following de‑waxing in xylene (100%) at 50˚C 
3 times every 10 min and hydration by graded ethanol dilutions 
(100, 95, 70 and 60%), the slides were rinsed in PBS, blocked for 
10 min with 3% hydrogen peroxide to inhibit the endogenous 
peroxidase activity, washed with PBS and incubated with the 
rabbit polyclonal anti‑CRM1 antibody (cat. no. ab77977; Abcam, 
Cambridge, MA, USA; 1:33 dilution) overnight at 4˚C. On the 
following day, the sections were re‑heated at 37˚C for 45 min 
and subsequently washed 3 times with PBS for 10 min followed 
by an incubation with a PV9000 2‑step plus poly‑horseradish 
peroxidase (HRP) anti‑mouse/rabbit IgG Detection system (cat. 
no. PV‑9000; Beijing ZSGB‑Bio Company, Beijing, China) for 
a total of 40 min at 37˚C in a humid chamber, according to the 
manufacturer's instruction. The sections were washed 3 times for 
3 min with PBS, followed by the addition of 3,3'‑diaminobenzi-
dine as a chromogen. Antibodies were optimized using positive 
control tissue according to the manufacturer's protocol. In the 
negative controls, the primary antibody was replaced with PBS. 
Each slide was visualized randomly in 10 fields on an Olympus 
BX‑51 light microscope (Olympus Corporation, Tokyo, Japan) at 
x200 magnification and was average scored in a blind fashion 
by 2 pathologists. The overall percentage of positive cells on an 
immunostained section was determined according to the pattern 
of intracellular localization. The intensity of the CRM1‑specific 
staining within a tissue section was determined by the percentage 
of cells with cytoplasm staining. The strength of immunostaining 
was measured in a semi‑quantitative manner. A total of 3 random 
visual fields were examined and the rates of positive cells were 
divided into: <5%, score 0; 6‑25%, score 1; 26‑50%, score 2; 
51‑75%, score 3; and >75%, score 4. The staining intensity was 
divided into 4 grades: No staining, score 0; slightly yellowish, 
score 1; brownish yellow, score 2; and dark brown, score 3. The 
multiplication of the two was graded as follows: 0, score 0; 1+, 
score 1‑4; 2+, score 5‑8; and 3+, score 9‑12. Intensity scores of 
0 or 1+ were designated as low expression and 2+ and 3+ were 
designated as high expression.

Western blot analysis. Tissues were lysed in lysis buffer (20 mM 
Tris‑HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X‑100, 

Table I. CRM1 expression levels in BC tissues and normal 
tissues.

CRM1	 BC tissues	 Normal tissues
expression	 (n=280)	 (n=60)	 P‑value

Low	 62	 58	 <0.0001
High	 218	 2

BC, breast cancer; CRM1, Chromosome region maintenance 1.
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and 1X cocktail protease inhibitors). Total protein from the 
cell lysate was quantified using the bicinchoninic method 
(Beyotime Institute of Biotechnology, Haimen, China). A 
total of 10 µl total protein lysates in each lane were separated 
using 12% SDS‑PAGE and transferred onto nitrocellulose 
membranes (Whatman; GE Healthcare Life Sciences, Little 
Chalfont, UK). Western blot analysis was performed using 
primary antibodies incubation overnight at 4˚C: CRM1 (1:500; 
ab77977; Abcam) and GAPDH (1:1,000; sc‑32233; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). Primary antibodies 
was probed with HRP‑conjugated secondary antibodies 
incubated for a further 10 min at 1:1,000 dilution (NA9310; 
GE Healthcare Life Sciences). Enhanced chemiluminescence 
reagents (Santa Cruz Biotechnology, Inc.) were used for 
detecting the binding antibodies. The ratio of pixel density 
value of CRM1 was represented by the CRM1/GAPDH grey 
level ratio under chemiluminescence equipment. The grey 
level was analyzed using the Quantity One software (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. A χ2 test was used to analyze the statis-
tical differences and associations between groups. The overall 
survival rate was estimated using the Kaplan‑Meier method. 
Cox proportional hazard regression model was used for 
univariate and multivariate analyses of prognostic values. 
SPSS v.17.0 software system (SPSS, Inc., Chicago, IL, USA) 
for was used for statistical analysis. P<0.05 was considered to 
indicate a statistically significant difference.

Results

CRM1 expression in BC tissues and normal tissues. CRM1 
expression was first assessed by IHC analysis in cancer and 
normal tissues to ascertain whether the expression of CRM1 

is involved in carcinogenesis and clinical progression of BC. 
CRM1 protein was predominantly located in the cytoplasm 
in normal tissues (Fig. 1A) and BC tissues (Fig. 1B and C) 
regardless of tumor differentiation. High levels of CRM1 
were observed in 77.86% (218/280) of the BC cells, whereas 
the majority of normal tissues exhibited low levels of CRM1 
(3.33%; P<0.0001; Table I). Compared with the reduced CRM1 
expression in normal tissues (Fig. 1C), CRM1 expression in 
BC tissues increased with disease progression from high levels 
of differentiation (Fig. 1A) to poor differentiation (Fig. 1B). 
In accordance with these results, western blot analysis 
demonstrated that the protein levels of CRM1 were elevated 
in BC tissues compared with normal tissues (Fig. 1D). The 
CRM1 antibody recognized an immunoreactive band with 
a molecular weight of 112 kDa. These results indicated that 
CRM1 expression was increased in BC tissues compared with 
normal tissues and the enhanced CRM1 expression in BC is 
associated with histological progression.

CRM1 expression levels are associated with clinico-
pathological characteristics. IHC staining of CRM1 was 
statistically analyzed to determine its association with 
various clinicopathological characteristics of patients with 
BC. As demonstrated in Table  II, high CRM1 expression 
was significantly associated with increased tumor size 
(P=0.024), positive lymph node metastasis (P=0.032) and 
distant metastases (P=0.026). There were a wide range of 
CRM1 expression levels within the different pathological 
types of BC, including invasive ductal carcinoma, invasive 
lobular carcinoma, mucous carcinoma and ductal carcinoma 
in situ, and amongst these the most typical BC type to have 
high expression of CRM1 was invasive ductal carcinoma 
(P=0.004; Fig.  1E). There was no association identified 
between CRM1 expression and age, menopausal status, 

Figure 1. CRM1 expression levels in BC tissues and normal breast tissues. (A‑C) Immunohistochemical staining demonstrated CRM1 is primarily expressed 
in the cytoplasm of BC tissues and normal breast tissues at magnification, x400. (A) Well‑differentiated BC tissues. (B) Poorly differentiated BC tissues. 
(C) Normal breast tissues. (D) Western blot analysis demonstrated CRM1 expression was significantly increased in BC tissues (1‑3) compared with normal 
breast tissues (4‑6). (E) Invasive ductal carcinoma demonstrated the highest CRM1 expression level, whilst ductal carcinoma in situ exhibited the lowest 
CRM1 expression level. BC, breast cancer; CRM1, chromosome region maintenance 1.
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vascular invasion or local recurrence (Table II). Additionally, 
there was a significant association between increased CRM1 
expression and PR negative (P=0.028) and Ki67 positive 
(P=0.019) status, but not with ER, HER2/neu and p53 status 
(P>0.05), as displayed in Table III.

CRM1 expression levels are associated with survival 
rates. In order to investigate the prognostic effectiveness of 
CRM1 levels in patients with BC, the overall survival (OS) 
and disease‑free survival (DFS) and CRM1 expression 
were compared. Kaplan‑Meier analysis demonstrated that 
the DFS and OS of patients with high CRM1 expression in 
tumor tissues were significantly reduced compared with 
those of low CRM1 expression (P=0.013; Fig. 2A and B). 
The survival rates of patients were significantly associated 
with tumor size (P=0.001), lymph node metastasis (P=0.005) 
and distant metastases (P=0.016) assessed using univariate 
analysis (Table  IV). Multivariate Cox proportional hazard 
analysis revealed that CRM1 expression (P=0.011), tumor 
size (P=0.001) and lymph node metastasis (P<0.001) were 
all statistically significant independent prognostic factors for 
reduced DFS and OS rate.

To additionally explore the effects of CRM1 expression on 
survival rate, a stage‑stratified analysis of tumor size, lymph 
node metastasis and distant metastasis were performed on the 
basis of CRM1 expression levels. No difference was observed 
between DFS as well as OS and CRM1 expression levels 
between different tumor sizes (Fig. 2C and D). The OS and 
DFS of patients with lymph node metastasis, distant metas-
tasis and high CRM1 expression were significantly reduced 
compared with patients with low CRM1 expression levels 
(Fig. 2E‑H).

Discussion

In the present study, CRM1 expression was assessed in BC 
tissues and normal tissues by IHC and western blotting 
to explore whether it may have prognostic value for the 
management of BC. To the best of our knowledge, this is 
the first study to identify high CRM1 expression levels as an 
independent prognostic marker for poor outcome in patients 
with BC, particularly patients diagnosed with invasive ductal 
carcinoma. CRM1 expression was markedly higher in BC 
tissues compared with normal tissues and was associated 

Table II. Associations between CRM1 expression levels and clinicopathological characteristics.

Characteristics	 n	 CRM1‑low (n=62)	 CRM1‑high (n=218)	 P‑value

Age, years				    0.171
  <50	 106	 30	 76	
  >50	 174	 32	 142	
Menopausal status				    0.901
  Premenopausal	 102	 22	 80	
  Postmenopausal	 178	 40	 138	
Tumor size, mm				    0.024
  <20	 122	 38	 84	
  ≥20	 158	 24	 134	
Lymph node metastasis				    0.032
  Negative	 142	 42	 100	
  Positive	 138	 20	 118	
Vascular invasion				    0.105
  Negative	 118	 34 	 84 	
  Positive	 162	 28 	 134 	
Local recurrence				    0.745
  Negative	 88	 18	 70	
  Positive	 192	 44	 148	
Histological type				    0.004
  Invasive ductal carcinoma	 172	 36	 136	
  Invasive lobular carcinoma	 30	 6	 24	
  Mucous carcinoma	 48	 8	 40	
  Ductal carcinoma in situ	 12	 10	 2	
Distant metastases				    0.026
  Negative	 166	 26	 140	
  Positive	 114	 36	 78

CRM1, chromosome region maintenance 1.
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with tumor size, histological type, lymph node metastasis and 
distant metastasis. The results of the present study suggested 
that CRM1 may be an effective biomarker and risk factor in 
patients for lymph node and distant metastasis. Patients with 

high CRM1 expression levels could be administered more 
aggressive therapies.

The prognosis of advanced BC tends to be poor, despite 
undergoing intensive therapy. Despite the fact that numerous 

Table III. Associations between CRM1 and ER, PR, HER2/neu and Ki67 status.

Characteristics	 n	 CRM1‑low (n=62)	 CRM1‑high (n=218)	 P‑value

ER				    0.126
  Negative	 98	 26	 72	
  Positive	 182	 36	 146	
PR				    0.028
  Negative	 194	 30	 164	
  Positive	 86	 32	 54	
HER2/neu				    0.594
  Negative	 136	 34	 102	
  Positive	 144	 28	 116	
p53				    0.187
  Negative	 180	 40	 140	
  Positive	 100	 22	 78	
Ki67				    0.019
  Negative	 60	 20	 40	
  Positive	 220	 42	 178

CRM1, chromosome region maintenance 1; ER, estrogen receptor; PR, progesterone receptor; HER2/neu, receptor tyrosine‑protein kinase 
erbB‑2; p53, tumor protein 53.

Table IV. Cox regression analyses of overall survival in patients with breast cancer.

Characteristics	 P‑value	 Hazard ratio	 95% confidence interval

Univariate analysis			 
  Age	 0.654	 0.647	 0.756‑1.158
  Menopausal status	 0.594	 0.631	 0.946‑1.368
  Tumor size	 0.001	 2.165	 1.695‑2.691
  Lymph node metastasis	 0.005	 2.031	 1.862‑2.435
  Vascular invasion	 0.758	 1.102	 0.401‑1.157
  Local recurrence	 0.087	 1.654	 1.409‑2.009
  Histological type	 0.064	 0.677	 0.501‑0.891
  Distant metastases	 0.016	 1.256	 0.765‑1.851
  Estrogen receptor	 0.352	 0.901	 0.803‑1.219
  Progesterone receptor	 0.991	 1.271	 0.991‑1.687
  Receptor tyrosine‑protein kinase erbB‑2	 0.264	 1.007	 0.803‑1.391
  Tumor protein 53	 0.871	 1.040	 0.669‑1.517
  Ki67	 0.991	 1.201	 0.745‑1.468
  CRM1	 0.013	 1.361	 1.179‑1.603
Multivariate analysis			 
  Tumor size	 0.001	 2.015	 1.721‑2.899
  Lymph node metastasis	 0.001	 1.992	 1.730‑2.766
  CRM1	 0.011	 1.701	 1.271‑2.103

CRM1, chromosome region maintenance 1.
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biomarkers and clinicopathological characteristics, including 
tumor size, lymph node invasion, distant metastases and 
expression status of hormonal receptors, have been proposed 
as prognostic factors for mortality or treatment failure, 

unfortunately, the clinical significance remains inconsistent 
and inconclusive. Therefore, novel molecules that identify 
patients that are likely to have a poor prognosis are required 
and these may also be used as targeted treatments for patients 

Figure 2. Kaplan Meier survival curves for patients with BC. DFS and OS curves stratified by (A and B) CRM1 expression in BC tissues (high and low 
expression), (C and D) tumor size (<20‑≥20 mm), (E and F) lymph node metastasis (negative or positive) and (G and H) metastasis status (primary or meta-
static). Mo, months; BC, breast cancer; CRM1, Chromosome region maintenance 1.
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with advanced BC. CRM1 overexpression has been estab-
lished in a range of solid tumors types, including glioma (23), 
pancreatic cancer  (19), ovarian  (24), cervical cancer  (25), 
esophageal cancer (26) and renal carcinoma (27), as well as in 
hematological malignancies, such as acute myeloid leukemia 
(AML)  (28). Previous studies have demonstrated that the 
overexpression of CRM1 was significantly associated with 
poor prognosis in patients with esophageal squamous cell 
cancer (ESCC), and the silencing of CRM1 promotes apop-
tosis in ESCC cell lines and inhibits active nuclear factor‑κB 
signaling (26). The expression of CRM1 in ovarian cancer 
was identified to be an IHC marker associated with advanced 
tumor stage and poor differentiation (24). Previous studies 
from the current study group have demonstrated that CRM1 is 
an effective indicator of the prognosis in patients with gastric 
cancer (29,30) and osteosarcoma (31). The present study on 
BC, in accordance with previous studies, identified that CRM1 
expression was increased in BC compared with normal tissues 
and predicted a reduced OS and DFS rate.

Considering the fact that numerous molecules lose their 
function as tumor suppressors through nuclear‑cytosolic 
transport with the aid of CRM1, leaving the cancer cell vulner-
able to constitutive growth stimulations and pro‑survival 
signals, it is important to evaluate the role of CRM1 in 
carcinogenesis. Downregulation of CRM1 using its specific 
inhibitor KPT‑330, demonstrated a dose‑dependent cell 
growth inhibition, promotion of apoptosis and cell cycle 
arrest in G2/M phase in hepatocellular carcinoma cells. The 
antitumor activity of KPT‑330 has also been demonstrated 
using in vivo methods  (32). The inhibition of CRM1 also 
induces the upregulation of tumor suppressor p53 and p27, 
and the downregulation of oncogenes c‑Met and c‑Myc, 
indicating its potential role in cancer growth. Furthermore, 
Gravina et al (33) established that the inhibition of CRM1 
impaired the secretion of pro‑angiogenic and pro‑osteolytic 
cytokines, and reduced osteoclastogenesis in prostate cancer 
cells. The results of the present study verified that CRM1 
overexpression was associated with an advanced histological 
grade. In addition, univariate analyses demonstrated that 
tumor size, lymph node metastasis, distant metastasis and 
CRM1 expression were significant risk factors affecting DFS 
and OS rates in patients with BC. In summary, CRM1 may 
be an independent predictor of poor prognosis in patients 
with BC. Therefore, the inhibition of CRM1, leading to the 
nuclear localization, the accumulation and activation of tumor 
suppressor proteins may be utilized as a novel class of targeted 
therapies for cancer. However, classical irreversible CRM1 
inhibitors, including Leptomycin B (LMB), have demon-
strated limited clinical applicability due to severe toxicity 
and lack of efficacy (34). Subsequently, an increasing number 
of semi‑reversible CRM1 inhibitors, collectively termed 
as the Selective Inhibitors of Nuclear Export (SINE), have 
been synthesized (35). SINEs, including KPT‑185, KPT‑251, 
KPT‑276, KPT‑330 and KPT‑335, have demonstrated sufficient 
tolerability in numerous types of solid and hematologic cancer, 
including pancreas (36), renal (27), multiple myeloma (37), 
mantle cell leukemia (38), chronic lymphocytic leukemia (39) 
and AML (40). Therefore, CRM1 inhibitors may be effective 
novel drugs for targeted treatment of cancer. In conclusion, the 
present study indicated that CRM1 is a validated predictive 

marker for poor DFS and OS in patients with BC, and the 
integration of CRM1 expression into the TNM stage system 
may provide additional prognostic information. Furthermore, 
the inhibition of CRM1 expression may be a novel therapeutic 
strategy for BC.
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