
 

 

Introduction 
 
MicroRNAs (miRNAs) are single-stranded, 19-25 
nucleotide long RNAs that have been found to 
contribute both to the translational repression 
and activation of target gene transcripts [1, 2].  
miRNAs act on cellular transcripts through 
cleavage-dependent RNA degradation, or via 
other mechanisms, broadly referred to as 
“miRNA-mediated translational repression”. 
Current bioinformatics tools predict that each 
miRNA recognizes an average of 100-200 differ-
ent mRNA targets [3]. Since each miRNA is 

thought to play a wide-ranging regulatory role, it 
holds that a disruption of this expression pat-
tern could result in the onset of one or more 
disease processes, including tumorigenesis [4].  
 
The biogenesis of a functional miRNA involves 
several steps and multiple proteins [4].  Briefly, 
this process begins with the expression of a 
primary ~1000 nt miRNA transcript known as 
the pri-miRNA, which is cleaved to produce a 
~60-70 nt precursor known as the pre-miRNA. 
Next, the pre-miRNAs are transported from the 
nucleus into the cytoplasm, where they are fur-
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from a breast cancer case-control study. We found the variant genotypes of rs11544382 to be associated with 
breast cancer risk (OR=1.59, 95% CI: 1.06 -2.39), compared to the homozygous common genotype. When stratified 
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(OR=1.76, 95% CI: 1.10-2.83) were significantly associated with breast cancer risk in post-menopausal women. The 
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ated with reduced risk of breast cancer (OR=0.34, 95% CI:0.15-0.81 and OR=0.47, 95% CI:0.24-0.94, respectively; 
Ptrend=0.015). These results were corroborated by data from a publicly available tissue array, which showed lower 
levels of XPO5 expression in healthy controls relative to tumor or adjacent tissues from breast cancer patients with 
tumor tissue exhibiting the highest expression levels. These findings support the hypothesis that variations in compo-
nents of the miRNA biogenesis pathway, in this case XPO5, may affect an individual’s risk of developing breast can-
cer. 
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ther processed into mature miRNAs. The gene 
responsible for nuclear export and stabilization 
is exportin-5 (XPO5), making it a critical element 
of miRNA formation [5].  
 
XPO5 is a member of the importin-b family of 
proteins that comprise one major class of nu-
cleo-cytoplasmic transporters. XPO5 binds di-
rectly to its pre-miRNA cargo in a RanGTP-
dependent manner [6]. Additionally, XPO5 can 
recognize and export structured RNAs that are 
unrelated to pre-miRNAs, including viral mini-
helix RNA and tRNA, along with certain other 
proteins, such as STAU2, ILF3, and JAZ [7, 8].  It 
has also been demonstrated that XPO5 plays a 
role in siRNA biogenesis and therefore is a key 
point of intersection between the siRNA and 
miRNA pathways [5]. The over-expression of 
XPO5 has been shown to result in enhanced 
miRNA activity, which suggests that XPO5-
mediated nuclear export of pre-miRNAs may be 
a rate-limiting step in miRNA biogenesis [9]. 
Conversely, loss of XPO5 binding results in re-
duced pre-miRNA expression and function [10]. 
Although there is no direct link between XPO5 
and cancer, the importance of XPO5 in the 
miRNA pathway suggests that structural altera-
tions in this transporter could potentially impact 
global miRNA expression, thereby altering an 
individual’s risk of developing cancer.  
 
Although a fair amount of work has been con-
ducted regarding variations, both genetic and 
epigenetic, in microRNAs and cancer suscepti-
bility [11, 12], little work has been done regard-
ing variations in the miRNA processing compo-
nents and risk of breast cancer development. In 
the current study, we performed both genetic 
and epigenetic association studies of XPO5 in a 
case control study of breast cancer conducted 
in Connecticut. To the best of our knowledge, 
the role of XPO5 in breast cancer has not been 
examined, making this the first molecular epide-
miological investigation to explore associations 
between XPO5 variants and breast cancer risk.  
 
Materials and methods 
 
Case-control study of breast cancer 
 
The study population consisted of subjects (441 
cases and 479 controls) enrolled in a previous 
breast cancer case-control study conducted in 
Connecticut.  The study was approved by the 
Institutional Review Boards (IRB) at Yale Univer-

sity, the Connecticut Department of Public 
Health, and the National Cancer Institute.  Par-
ticipation was voluntary, and written informed 
consent was obtained.  Details regarding sub-
ject recruitment and participant characteristics 
have been described in previous publications 
[13-15].  Cases were incident, histologically con-
firmed breast cancer patients (International 
Classification of Diseases for Oncology, 174.0 –
174.9) between the ages of 30 and 80 with no 
previous diagnosis of cancer other than non-
melanoma skin cancer. Cases were obtained 
either from computerized patient information at 
Yale-New Haven Hospital (YNHH) in New Haven 
County, Connecticut, or from nearby Tolland 
County, Connecticut via hospital records by the 
Rapid Case Ascertainment Shared Resource at 
the Yale Cancer Center. YNHH controls were 
patients who underwent breast-related surgery 
at YNHH for histologically confirmed benign 
breast diseases. Random digit dialing was used 
to obtain controls younger than 65 and the utili-
zation of the Health Care Finance Administra-
tion files was employed to identify controls for 
those subjects age 65 and older at the Tolland 
county site. After approval from each partici-
pant’s hospital and physician, potential subjects 
were contacted by letter and then by telephone, 
and those who agreed to participate were inter-
viewed by a trained interviewer, resulting in par-
ticipation rates of 71% for controls and 77% for 
cases among YNHH subjects, and 61% for con-
trols and 74% for cases among Tolland County 
subjects. Numerous participant characteristics 
including family history of cancer, reproductive 
history, diet, and demographic factors were ob-
tained via a standardized, structured question-
naire. At the conclusion of the interview, blood 
was drawn into sodium-heparinized tubes for 
immediate DNA isolation and subsequent analy-
ses.  Estrogen and progesterone receptor (ER 
and PR) status was determined immunohisto-
chemically at YNHH, as previously described 
[16]. Cases were denoted receptor positive if 
they had an H-score greater than 75.  
 
SNP selection and genotyping 
 
Eight non-synonymous SNPs (nsSNPs) in XPO5 
were identified in the NCBI SNP database 
(rs11544382, rs12173786, rs115544379, 
rs35794454, rs34324334, rs61739889, 
rs61762965, and rs61762966). Of these, five 
had no variation in the HapMap population 
(rs12173786, rs115544379, rs61739889, 
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rs61762965, and rs61762966), and were thus 
excluded from the genotyping pool, leaving 
three SNPs for genotyping in the current study:  
rs34324334 (S241N), rs35794454 (A808V), 
and rs11544382 (M1115T).  Genotyping for all 
SNPs was performed at Yale University’s W.M. 
Keck Foundation Biotechnology Research Labo-
ratory using the Sequenom MassARRAY multi-
plex genotyping platform (Sequenom, Inc., San 
Diego, CA) according to the manufacturer’s pro-
tocol. All samples underwent multiplex PCR fol-
lowed by a single base extension reaction, 
which results in unique primer extensions prod-
ucts for each allele of each SNP.  Samples were 
then analyzed using MALDI-TOF Mass Spec-
trometry and genotypes were assigned based 
on the presence of one or both allele-specific 
products for each SNP using Sequenom’s pro-
prietary software. Duplicate samples from 100 
study subjects were interspersed throughout 
the genotyping assays. The concordance rates 
for QC samples were over 95% for all assays. All 
genotyping calls, including quality control data, 
were re-checked by different laboratory person-
nel and genotyping scores were reproduced 
with 100% accuracy.   
 
Bioinformatic assessment of SNP functionality 
 
nsSNP functionality was assessed by four widely
-used computational tools: SIFT, PolyPhen, 
SNPs3D, and PMut. SIFT (blocks.fhcrc.org/
~pauline/SIFT.html) assesses the conservation 
level of a particular amino acid position in a 
protein [17], while PolyPhen (http://genetics. 
bwh.harvard.edu/pph/) estimates the structural 
and functional impact of an amino acid substi-
tution [18]. SNPs3D (www.snps3d.org) employs 
two methods for determining an nsSNP’s func-
tional impact. One prediction is based on the 
estimated impact on protein stability [19], while 
the other takes conservation of a given amino 
acid within a protein family into account [20]. 
The last computer modeling tool used was PMut 
(mmb2.pcb.ub.es:8080/PMut/), which uses 
neural networks trained using a database of 
disease-associated and neutral SNPs to deter-
mine the predicted impact of an amino acid 
substitution [21]. 
 
Three tools were used to assess the region in 
which the nsSNP resided: Pfam, ProDom, and 
NCBI’s Conserved Domain Search. Pfam 
(pfam.sanger.ac.uk/) is a comprehensive collec-
tion of protein domains and families [22]. Pfam 

families are divided into two groupings, Pfam-A, 
which consists of curated seed alignment, and 
Pfam-B, which are automatically generated from 
the ProDom database. ProDom (prodom. 
prabi.fr/) is another comprehensive database of 
protein domain families created by the global 
comparison of all available protein sequences 
[23]. The last tool employed was NCBI’s con-
served domain search (ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi), which is a collection 
of multiple sequence alignments that represent 
domains conserved in molecular evolution [24]. 
 
CpG island identification and methylation analy-
sis 
 
Using the CpG Island Searcher web tool 
(www.cpgislands.com/), one CpG island was 
identified that spans the promoter region, the 
first exon, and part of the first intron of the 
XPO5 gene (-600 to +808).  The MethPrimer 
program (www.urogene.org//methprimer) was 
then used to design methylation specific PCR 
primers within the identified CpG island region.  
To distinguish methylated and unmethylated 
DNA sequences, genomic DNA samples were 
bisulfite treated using the EZ DNA Methylation 
Kit (Zymo Research, Orange, CA) according to 
the manufacturer’s protocol. Upon bisulfite 
treatment, unmethylated cytosines are con-
verted into uracil, whereas methylated cytosines 
remain unchanged. After the conversion, the 
presence of methylation was determined by 
quantitative PCR using primers specific to the 
methylated or unmethylated sequence, and the 
Power SYBR Green Kit (Applied Biosystems, 
Foster City, CA) according to the manufacturer’s 
protocol.  The primers sequences used to detect 
unmethylated DNA were L: 5’-GGT GTG TTT AGT 
AAT GTA GTT GT-3’; R: 5’-CTA AAT AAA CAA AAC 
AAA AAA CAA A-3’ and the primers sequences 
used to detect methylated DNA were L: 5’-GGC 
GCG TTT AGT AAT GTA GTC-3’; R: 5’-CTA AAT AAA 
CGA AAC GAA AAA CGA A-3’. The methylation 
index was calculated as MI = [1 / (1+2-(CTu-CTme)] 
x 100%, as previously described [25], where 
CTu = the average cycle threshold obtained 
from duplicate qPCRs using the unmethylated 
primers, and CTme = the average cycle thresh-
old obtained using the methylated primers. 
Since radio- and chemotherapy can affect DNA 
methylation, only patients from the breast can-
cer population who had not undergone these 
treatments were included in this portion of the 
analysis (n=81), along with an equal number of 
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randomly selected controls.  Each PCR reaction 
was performed in duplicate using both the un-
methylated and methylated primers, for a total 
of four reactions per subject.  One or more of 
these reactions failed in samples from three of 
the cases, leaving a final sample of 78 cases 
and 81 controls. Untreated cases were com-
pared to treated cases using a chi-square test 
for a variety of patient characteristics to deter-
mine whether the untreated cases used in the 
methylation analysis were representative of all 
cases in the study population.  
 
Expression analysis of XPO5 in breast tumor 
and normal breast tissue 
 
The Atlas of Gene Expression function, imple-
mented in the ArrayExpress database 
(www.ebi.ac.uk/arrayexpress; accessed on May 
20, 2009), was used to search for expression 
array comparisons involving breast tissue drawn 
from breast cancer patients and healthy con-
trols. The keywords used were: Gene, “XPO5”; 
Conditions, “Breast Cancer”; and the results 
were filtered by species to include only Homo 
sapiens. One experiment was identified that 
examined gene expression in breast tumor tis-
sue (N=23), adjacent tissue (N=28), and 
healthy control breast tissue obtained from indi-
viduals undergoing breast reduction mammo-
plasty (N=10). The experimental protocol and 
additional information pertaining to tissue col-
lection for this array can be found under acces-
sion number E-TABM-276 at the ArrayExpress 
database, or from the primary publication [26]. 

Statistical analysis  
 
All statistical analyses were performed using the 
SAS statistical software (SAS Institute, Cary, 
NC), unless otherwise noted.  For the case-
control analyses, allelic distributions for all 
SNPs were tested by goodness-of-fit chi-square 
for compliance with Hardy-Weinberg equilibrium 
(HWE), and no departures from equilibrium were 
detected (P<0.05) among the controls.  Odds 
ratios and 95% confidence intervals were deter-
mined for each SNP-disease association by un-
conditional multivariate logistic regression, in-
cluding the following covariates: age 
(continuous), race, family history of cancer in a 
first-degree relative, BMI study site, menopausal 
status (for all only), and parity. Additional covari-
ates, such as alcohol use and smoking did not 
alter the parameter estimates and were there-
fore excluded from the final model. For the tis-
sue expression data, P-values were determined 
using the Wilcoxon two-sample test for compari-
sons of mean normalized XPO5 expression in 
normal tissue and tumor tissue or adjacent tis-
sue, and the sign rank test for the paired com-
parison of tumor tissue to adjacent tissue.  
 
Results 
 
SNPs rs11544382 and rs34324334 are asso-
ciated with breast cancer risk 
 
No variation was found for rs35794454 and it 
was excluded from further analysis. Adjusted 
odds ratios were calculated for the remaining 

 

Table 1. Association of XPO5 variants with breast cancer risk 
   All     Premenopausal   Postmenopausal 

Genotype Cases Controls OR* Cases Con-
trols 

OR* Cases Con-
trols 

OR* 

 N (%) N (%) (95% CI) N (%) N (%) (95% CI) N (%) N (%) (95% CI) 
rs34324334                   

C/C 353 
(82.9) 

400 
(86.2) 

Ref. 84 
(83.2) 

125  
(79.6) 

Ref. 269 
(82.8) 

275  
(89.6) 

Ref. 

C/T or T/T  73 
(17.1) 

64 
(13.8) 

1.40  
(0.96-2.03) 

17 
(16.8) 

32  
(20.4) 

0.89  
(0.46-1.74) 

56  
(17.2) 

32  
(10.4) 

1.76  
(1.10-2.83) 

rs11544382                   

A/A 351 
(83.6) 

408 
(89.1) 

Ref. 82 
(82.8) 

137  
(86.2) 

Ref. 269 
(83.8) 

271  
(90.6) 

Ref. 

A/G or G/G 69 
(16.4) 

50 
(10.9) 

1.59  
(1.06-2.39) 

17 
(17.2) 

22  
(13.8) 

1.17  
(0.57-2.40) 

52  
(16.2) 

28  
(9.4) 

1.82  
(1.09-3.03) 

*Adjusted for age, race, family history of breast cancer, BMI, menopausal status (all only), parity, and study site   
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two SNPs (rs11544382 and rs34324334). The 
combined variant genotypes of rs11544382 
were significantly associated with breast cancer 
risk (OR=1.59, 95% CI 1.06-2.39), as compared 
to the homozygous common genotype. Stratifi-
cation by menopausal status showed that the 
association was strongest among postmeno-
pausal women (OR=1.82, 95% CI 1.09-3.03) 
(Table 1). Similarly, the combined variant geno-
types for rs34324334 were also found to be 
significantly associated with postmenopausal 
breast cancer risk (OR=1.76, 95% CI 1.10-
2.83).  
 
Protein domains affected by SNPs rs11544382 
and rs34324334  
 
The locations of rs11544382 and rs34324334 
relative to the predicted XPO5 protein domains 
are indicated in Figure 1. Specifically, SNP 
rs11544382 is located in a Pfam-B PB001127 
region and rs34324334 is located in an Ex-
portin-1/Importin-b-like region, which raises the 
possibility that both mutations occur in a func-
tionally conserved region. The results from the 
rs11544382 amino acid alteration were in line 

with four computer programming models we 
used (SIFT, PolyPhen, SNPs3D, Pmut), which all 
predicted such a substitution would be detri-
mental, suggesting that this polymorphism may 
alter XPO5’s protein structure. Utilizing another 
bioinformatics search, ProDom, we found a 
“good quality” (NorMD value=1.723) 266 amino 
acid alignment, PD329401, covering this region 
that is associated with nucleocytoplasmic trans-
porter activity (precision=1.000, probabil-
ity=0.32) and tRNA binding (precision=0.821, 
probability=0.32), lending more evidence to 
support a potential functional impact of 
rs11544382. For rs34324334, however, the 
abovementioned computer modeling programs 
predicted the effect of the SNP to be benign. 

 
Methylation of a CpG rich region upstream of 
XPO5 is associated with breast cancer 
 
In addition to the genetic variation identified in 
XPO5, a CpG island was also identified which 
spans the promoter region, the first exon, and 
part of the first intron of the XPO5 gene (-600 to 
+808). The level of methylation in this region 
was determined by real-time methylation-

Figure 1. Representation of Exportin-5 and location of nsSNPs. Pfam (pfam.sanger.ac.uk) predicts two functionally 
conserved domains in XPO5, the Xpo1 domain, which is important for nuclear exchange, and is located from residues 
109 to 271 (depicted in red), and an automatically generated PfamB domain from residues 771 to 1203.  The multi-
ple species alignment generated by PolyPhen (genetics.bwh.harvard.edu/pph/) is also shown for each SNP.  While 
rs34324334 is not highly conserved, and PolyPhen predicts this mutation to be benign, the amino acid altered by 
rs11544382 is fairly conserved, and the variant allele (T), is not observed in any species.  PolyPhen predicts this SNP 
to be “probably damaging”.   
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specific PCR for 81 controls and 78 cases who 
had not undergone radio- or chemotherapy. 
Cases were classified as having “high”, 
“middle”, or “low” methylation, based on their 
methylation score in relation to the tertile distri-
bution of methylation indices among the con-
trols. Cases were significantly less likely to have 
high methylation indices (OR=0.34, 95% CI: 
0.15-0.81) (Table 2).  The combined “high” and 
“middle” tertiles were also associated with a 
protective role (OR=0.47, 95% CI: 0.24-0.94). 
Overall, there was a significant trend of decreas-
ing breast cancer risk with each increase in me-
thylation tertile (P=0.015). Further stratified 
analysis by menopausal status showed that 
these significant associations were only de-
tected in post-menopausal women. The methy-
lation indices were also compared using the 
Wilcoxon rank sum test, and again, methylation 
was significantly lower among cases (P=0.032). 
Since only cases that had not received radio- or 
chemotherapy were included in this analysis 
due to the potential for such treatments to influ-
ence DNA methylation, a comparison of un-
treated cases to treated cases was conducted 
that revealed no significant differences in any 
patient characteristics (data not shown). 
 
Overexpression of XPO5 in tumor tissues: data 
from a public resource 
 
Since RNA was not available from subjects in 
our case-control population, we determined 
whether XPO5 expression was altered in breast 
cancer patients relative to controls by utilizing 
data from the ArrayExpress microarray data-
base.  One experiment (accession # E-TABM-

276) was identified that included data on XPO5 
gene expression in breast tumor tissue, adja-
cent breast tissue (with normal appearance or 
nonproliferative changes), and tissue from 
healthy controls obtained during breast reduc-
tion mammoplasty. Normalized mean XPO5 
gene expression values for tumor tissue, adja-
cent tissues and healthy controls were: 
185.3±30.9, 71.8±6.2, and 26.0±4.8, respec-
tively (Figure 2). Breast tissue from healthy con-
trols had significantly lower XPO5 gene expres-

 

Figure 2. XPO5 gene expression in breast tissue from 
breast cancer patients and healthy controls. An array 
experiment was identified in the publicly available 
ArrayExpress database (accession #: E-TABM-276) 
that compared XPO5 expression in breast tissue 
from patients with breast carcinoma to XPO5 expres-
sion levels in breast tissue from healthy controls. 
Mean normalized expression (±SEM) was 
185.3±30.9 for invasive carcinomas (N=23), 
71.8±6.2 in tissues adjacent to the tumor (N=28), 
and 26.0±4.8 for healthy control breast tissue 
(N=10). 

Table 2. XPO5 promoter methylation status among breast cancer cases and controls 
MI All                Premenopausal               Postmenopausal 

Tertile Controls Cases OR* Controls     Cases OR* Controls      Cases OR* 
  (%) (%)  (95% CI) (%) (%)  (95% CI) (%) (%)  (95% CI) 

Low 
27 

(33.3) 
36 

(46.1) Ref. 
11 

(45.8) 
9  

(52.9) Ref. 
16 

(28.1) 
27 

(44.3) Ref. 

Mid 
27 

(33.3) 
25 

(32.1) 
0.60  

(0.27-1.33) 
5  

(20.9) 
6  

(35.3) 
1.16  

(0.23-5.94) 
22 

(38.6) 
19 

(31.1) 
0.47  

(0.18-1.20) 

High 
27 

(33.3) 
17 

(21.8) 
0.34  

(0.15-0.81) 
8  

(33.3) 
2  

(11.8) 
0.38  

(0.05-3.13) 
19 

(33.3) 
15 

(24.6) 
0.32  

(0.11-0.88) 
Mid+Hi

gh 
54 

(66.6) 42 
0.47  

(0.24-0.94) 
13 

(54.2) 
8  

(47.1) 
0.77  

(0.19-3.19) 
41 

(72.9) 
34 

(55.7) 
0.40  

(0.17-0.91) 
P for 
Trend     0.015     0.469     0.024 

*Adjusted for age, race, family history of breast cancer, BMI, menopausal status (all only),  parity, and study site 
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sion in comparison to all tissue samples from 
breast cancer cases, including adjacent tissue 
(P=0.0003) and invasive carcinoma samples 
(P<0.0001). Additionally, among cases, XPO5 
expression was significantly lower in adjacent 
tissue compared to invasive carcinoma tissue 
(P=0.0039). 
 
Discussion 
 
There is increasing evidence showing that ex-
pression of miRNAs is deregulated in cancer. 
This deregulation is thought to occur via a num-
ber of different pathways, including transcrip-
tional [27, 28] and epigenetic [29, 30] altera-
tions. Additionally, mutations in the coding re-
gions of miRNAs, as well as DNA copy number 
abnormalities, are thought to contribute to 
miRNA deregulation [31-33]. Finally, dysfunc-
tional or deregulated proteins in the miRNA bio-
genesis pathway may also play a role in human 
tumorigenesis [34, 35].  
 
The current study demonstrates that two non-
synonymous mutations (rs11544382 (M1115T) 
and rs34324334 (S241N)) in an important mi-
croRNA biogenesis gene, XPO5, have significant 
associations with breast cancer risk. These re-
sults are consistent with findings from two previ-
ous studies, which showed a borderline signifi-
cant association between renal cell carcinoma 
and rs11070, a SNP in the 3’ untranslated re-
gion of XPO5, in addition to an association with 
esophageal cancer risk [12, 36]. This SNP, how-
ever, showed no association with bladder can-
cer risk in another recent study [37]. Neverthe-
less, these studies suggest a potential role for 
the microRNA biogenesis gene, XPO5, in human 
cancers. 
 
The two nsSNPs examined in the current study 
may influence XPO5 functionality and may 
therefore be causally related to breast cancer 
development.  Our bioinformatic searches indi-
cate that both SNPs are located in XPO5 func-
tional domains, and are strongly suggestive of 
the deleterious impact of an rs11544382 mis-
sense variant.  Interestingly, the effect of 
rs34324334 missense variation was predicted 
to be benign. However, the fact that 
rs34324334 is located in a highly conserved 
Exportin-1/Importin-b-like region is suggestive 
of its potential functional importance.  Alterna-
tively, it is possible that the rs34324334 mis-
sense variant is itself not causal, but is linked to 

one or more polymorphisms associated with 
breast cancer risk. Unfortunately, the lack of 
supporting experimental evidence precludes the 
drawing of any definitive conclusions with re-
spect to rs34324334’s functional role in breast 
cancer at this point.  Further functional analysis 
is required to determine with greater certainty 
whether either of these SNPs has a true func-
tional impact on XPO5 or whether they are 
merely indicative of the influence of other poly-
morphisms. 
 
It should be noted that a portion of the controls 
used for our genotypic analysis consists of 
women who underwent surgery for benign 
breast conditions.  It is possible that some of 
these women may be at an increased risk of 
developing breast cancer, and assuming that 
the observed genetic associations are true, the 
inclusion of these women into the control popu-
lation might bias our estimates toward the null 
(i.e., the true effect sizes are stronger than 
those observed). 
 
In addition to genetic associations, our epige-
netic analysis further demonstrates that altera-
tions in the methylation pattern of XPO5’s pro-
moter region could be a risk biomarker. To our 
knowledge, there have been no studies linking 
genetic or epigenetic variations in key compo-
nents of the miRNA biogenesis pathway to 
breast cancer tumorigenesis. One potential con-
cern regarding these results is whether the ob-
served epigenetic changes in the surrogate tis-
sue, peripheral blood lymphocytes (PBLs), accu-
rately reflect the changes in the breast tissue. A 
study examining whether methylation status of 
IGF2 in PBLs was representative of the status in 
colon tissue found high agreement between the 
two tissue types (kappa statistic = 86.5%, 
p < 0.0001) [38]. Additionally, a large case-
control study of breast cancer reported signifi-
cant associations between methylation status of 
genes measured from PBLs and cancer risk, 
demonstrating that, in principle, methylation in 
PBLs may be useful biomarkers for risk predic-
tion [39]. Although both studies support the 
concept that methylation status of PBLs may 
serve as a surrogate measure for epigenetic 
alterations at the target tissue, without paired 
RNA and DNA from patient tissue, it is difficult 
to definitively determine the phenotypic impact.  
 
Despite the absence of RNA in our study, our 
methylation findings are consistent with the 
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XPO5 tissue expression levels present in the 
ArrayExpress database (www.ebi.ac.uk/
arrayexpress; [40]).  Since hypermethylation is 
generally associated with decreased gene ex-
pression, and we found decreased methylation 
at the XPO5 promoter to be associated with 
increased breast cancer risk, we would expect 
greater expression of XPO5 in breast tissue 
from individuals with breast cancer.  The tissue 
expression array data was consistent with this 
prediction, as breast tumor tissue had the high-
est level of XPO5 expression, followed by adja-
cent tissue from breast cancer patients, and 
tissue from healthy controls.  This significant 
gradient in gene expression lends further sup-
port to the idea that aberrant XPO5 expression 
may play a role in early tumor development. 
 
Furthermore, altered expression of XPO5 has 
been previously detected in human cancers.  In 
a study of low-grade lung adenocarcinoma, ex-
pression of XPO5 was 2.8-3.0-fold down-
regulated [34]. On the contrary, expressions of 
XPO5 was 1.6-fold up-regulated in high-grade 
prostate cancer [41], which may explain an al-
most global increase of microRNA expression in 
prostate adenocarcinoma. Overexpression of 
XPO5 has been shown to enhance not only 
miRNA expression, but also the inhibition of 
target gene expression [9]. Likewise, reduced 
XPO5 expression has been shown to limit 
miRNA biogenesis [10]. Alterations in miRNA 
levels resulting from aberrant XPO5 expression 
may have a similar impact on a cell’s prolifera-
tive rate, offering a possible mechanism by 
which altered XPO5 promoter methylation pat-
terns could increase an individual’s risk of de-
veloping breast cancer. 
 
As previously mentioned, a key limitation in our 
investigation is the absence of an experimental 
functional component to complement our ge-
netic association and bioinformatics analyses.  
The lack of empirical information on the func-
tional nature of rs11544382 and rs34324334 
variants precluded the possibility of corroborat-
ing our genetic association results with findings 
from our methylation and transcriptional profil-
ing analyses.  A more in-depth examination of 
the functional impact of these genetic variants 
is thus warranted to check for consistency be-
tween the impact of genetic and epigenetic 
XPO5 variations on breast cancer risk.  More-
over, the small size of the subjects eligible for 
our methylation analysis prevented an examina-

tion of potential interactions between XPO5 
polymorphisms and promoter methylation in 
modulating XPO5 function.  As such, further 
efforts should be made to investigate whether, 
and to what degree, XPO5 methylation differs 
under disparate genotypic settings, and whether 
these differences can be informative in predict-
ing XPO5 function and breast cancer risk.  Con-
versely, future studies may also need to con-
sider how different methylation settings can 
enhance or attenuate the phenotypic effects 
conferred by XPO5 polymorphisms. 
 
Conclusions 
 
Overall, our findings suggest that variations, 
both genetic and epigenetic, in the miRNA bio-
genesis gene exportin-5 may significantly influ-
ence breast cancer susceptibility. To our knowl-
edge, no previous work has been conducted to 
investigate the role of XPO5 in breast cancer 
risk. Given increasing evidence implicating an 
important role of altered microRNA expression 
in cancer initiation and progression, the genes 
responsible for microRNA biogenesis may also 
play a central role in tumorigenesis. 
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