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High  plasma  levels  of estradiol  (E2) are  correlated  to  increased  breast  cancer  risk  in postmenopausal
women.  Recently,  a study  reported  two single  nucleotide  polymorphisms  (SNPs)  (rs6493497;  C  →  T  and
rs7176005;  G  →  A)  in the  aromatase  (CYP19)  promoter  1.1 to be  associated  with  elevated  plasma  E2 levels,
most likely  due  to enhanced  transcription.  In  silico predictions  suggested  increased  transcription  factor
binding for the  rs7176005 A  allele.  We  genotyped  46  breast  cancer  patients  for  rs6493497  and  rs7176005
status  and  assessed  the potential  association  between  CYP19  SNP  status  and  (i)  CYP19  mRNA  levels  in
tumour  and  normal  breast  tissue,  and  (ii)  estrogen  levels  in  plasma,  tumour  and  normal  breast  tissue.  In
addition,  we  measured  CYP19  SNP status  and  correlated  it  to plasma  estrogen  levels  in  a  confirmatory
reast cancer
strogens

dataset  of 108  healthy  postmenopausal  women.  We  found  no  correlation  between  either  of  the  two  SNPs
and  CYP19  mRNA  level.  In  the breast  cancer  patients,  the  rs6493497  T/rs7176005  A  variant  haplotype  was
associated  with  low  plasma  estrone  (E1) (p  =  0.038)  and  low  E2 (p  =  0.050)  levels;  however,  no  correlation
was  recorded  between  SNP  status  and  plasma  estrogen  levels  in  the  cohort  of  108  healthy  postmenopausal
women.  Our  findings  indicate  rs6493497  and  rs7176005  status  not  to  enhance  CYP19  transcription  or
increase  estrogen  levels  in postmenopausal  women.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Estrogens play a key role in breast cancer development, and
arly loss of ovarian function substantially reduces breast can-
er risk in premenopausal women [1].  More recent evidence has
inked high plasma estradiol (E2) concentrations to an increased
isk of breast cancer in postmenopausal women [2].  The pivotal
ole of estrogens promoting growth of estrogen receptor positive
ER+) breast cancer is further underlined by the profound antitumor
ffects of endocrine therapy [3].

After menopause, estrogens are produced by peripheral aroma-
isation. The main pathway is aromatisation of androstenedione

nto estrone (E1), with a smaller contribution from aromatisa-
ion of testosterone into E2 [4].  Both reactions are catalyzed by
he aromatase enzyme (CYP19). Currently, aromatase inhibitors

Abbreviations: E2, estradiol; E1, estrone; E1S, estrone sulphate; CYP19, aro-
atase; AI, aromatase inhibitor; SNP, single nucleotide polymorphism; ER, estrogen

eceptor.
∗ Corresponding author at: Department of Oncology, Jonas Lies vei 26, Haukeland
niversity Hospital, N-5021 Bergen, Norway. Tel.: +47 55975000;

ax: +47 55972046.
E-mail address: per.lonning@helse-bergen.no (P.E. Lønning).

960-0760/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2011.08.015
(AIs) represent first line endocrine treatment for postmenopausal
women (reviewed in Ref. [5]).

The aromatase (CYP19) enzyme is a member of the cytochrome
P450 family. The protein is encoded by the CYP19 gene, local-
ized on chromosome15q21.2 [6,7]. CYP19 consists of nine coding
exons (II–X), and several alternative, untranslated first exons that
are expressed under the control of tissue-specific promoters [8,9].
Thus, while CYP19 transcription is regulated by different promoters
in different tissues, the gene codes for a single CYP19 protein only.

In healthy breast adipose tissue CYP19 is expressed at low, but
distinct levels [10], primarily expressed from promoter 1.4 [8].  In
breast cancer tissue, there is a switch in promoter usage, and CYP19
is expressed via promoter II, 1.3 and 1.7, in addition to promoter 1.4
[8]. Thus, alternative promoter use in malignant breast tissue prob-
ably explains elevated total CYP19 mRNA level recorded in breast
cancer as compared with normal breast tissue (reviewed in Ref.
[11]).

Genetic variations in CYP19 have been extensively studied, and
several single nucleotide polymorphisms (SNPs) have been iden-
tified [12]. While conflicting evidence has linked various CYP19

SNPs to elevated enzyme activity [12,13], plasma estrogen levels
[14–17] and breast cancer risk [18–20],  there is no general con-
sensus whether any of these SNPs affect CYP19 enzyme activity.
Ma and co-workers [12] identified 88 CYP19 SNPs, including two

dx.doi.org/10.1016/j.jsbmb.2011.08.015
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:per.lonning@helse-bergen.no
dx.doi.org/10.1016/j.jsbmb.2011.08.015
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Fig. 1. Schematic presentation of the CYP19 promoter 1.1. The 3′-end of exon 1.1 is spliced onto a common splice junction in exon II, immediately upstream of the coding
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egion,  giving rise to a 5′-UTR contiguous with the first coding exon (exon II) [10]
′-splice junction in exon 1.1. The transcription factor binding sites predicted by JASP
y  lines under the sequences. The predicted binding-scores for the various binding

NPs affecting promoter 1.1, the major promoter regulating CYP19
xpression in placental tissue [8,9]. The two SNPs (rs6493497;

 → T and rs6493497; G → A) locates 144 bp and 588 bp upstream
f the 3′-splice junction in exon 1.1, respectively (depicted in Fig. 1).
ecently, the rs6493497 T and rs7176005 A variants were reported
o be associated with elevated total CYP19 enzyme activity in breast
umour tissue, elevated plasma E2 levels and a greater inhibitory
ffect of AIs [21]. Based on their findings, the authors suggested
hese SNPs to possibly increase CYP19 transcription in vivo.

An effect of rs6493497 and rs7176005 status on plasma
nd tissue estrogen levels may  have significant implications to
reast cancer therapy and, potentially, endocrine prevention.
he aim of this study was to confirm the impact of the CYP19
s6493497 T/rs7176005 A haplotype on estrogen levels in post-
enopausal women. To do so, we evaluated the potential impact of

hese two SNPs on transcription factor binding by in silico analyses.
ubsequently, we determined rs6493497/rs7176005 haplotype
tatus and correlated it to (i) CYP19 mRNA levels in tumour and nor-
al  tissue from 46 breast cancer patients and (ii) estrogen levels in

lasma, normal breast and breast cancer tissue previously deter-
ined in the subcohort of 33 postmenopausal patients from the

ame series [22]. Finally, we compared the rs6493497/rs7176005
aplotype status with plasma estrogen levels in a confirmatory
ohort of 108 healthy postmenopausal women.

. Materials and methods

.1. Subjects

The breast cancer patients included in this study have been
escribed previously (see [22] for details). In brief, normal breast
nd breast cancer tissue specimens were collected from 46 breast
ancer patients (13 pre- and 33 postmenopausal women) undergo-

ng mastectomy at Haukeland University Hospital, Bergen, Norway.

omen  using oral hormone replacement therapy or contraceptives
ere excluded. The samples were snap-frozen in liquid nitrogen

mmediately upon removal in the operating theatre, and stored in
s rs6493497 and rs7176005 are located 144 and 588 nucleotides upstream of the
r the rs7176005 wild-type sequence (G), and the variant haplotype (A) are indicated
re summarized in Table 2.

liquid nitrogen until processing. Plasma and tissue estrogen lev-
els in these patients have been reported elsewhere [22]. Here, we
determined rs6493497 and rs7176005 status and CYP19 mRNA lev-
els in benign breast and breast cancer tissue in these patients.

To confirm a potential effect of rs6493497 and rs7176005 sta-
tus on plasma estrogen levels, we determined both SNPs in white
blood cells from a cohort of 108 healthy postmenopausal woman
previously characterized for plasma estrogen values [23].

2.2. Estrogen measurements

Plasma and tissue estrogen levels in the breast cancer patients
and plasma levels in the cohort of healthy women have previ-
ously been reported [22,23]. The samples were analyzed by highly
sensitive and specific radioimmunoassays involving sample pre-
purification steps described in detail elsewhere [24,25].

2.3. DNA extraction

Genomic DNA was extracted using QIAamp DNA Mini Kit (Qia-
gen) according to the manufacturer’s protocol.

2.4. PCR amplification and sequencing

The genomic region covering the CYP19 SNPs rs6493497 and
rs7176005 was  amplified and sequenced using the primers listed in
Table 3. PCR amplification was performed using the DyNazyme EXT
polymerase system (FINNZYMES) in a 50 �L reaction mix  contain-
ing 1 × PCR buffer, 1.5 mM MgCl2, 0.5 mM of each deoxynucleotide
triphosphate, 5% DMSO, 0.2 �M of each primer, 0.5 U DyNazyme
polymerase and ∼5–50 ng genomic DNA. The thermocycling con-
ditions used were an initial denaturation step of 5 min at 94 ◦C,
followed by 30 cycles of denaturation (94 ◦C for 1 min), anneal-

ing (59.1 ◦C for 30 s) and elongation (72 ◦C for 1 min), and a final
elongation step of 7 min  at 72 ◦C. Following amplification, the PCR
product was  treated with ExoSAP-IT® (USB® Products, Affymetrix,
Inc.) at 37 ◦C for 30 min  and 80 ◦C for 15 min  according to the
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Table  1
Distribution of CYP19 SNPs rs6493497 and rs7176005, and correlations to tissue and plasma estrogen levels.

CYP19 exon 1.1 SNPs:
genotypes

Correlation to plasma
estrogensa

Correlation to tumour
breast tissue estrogensa

Correlation to normal
breast tissue estrogensa

rs6493497:
C > T

rs7176005:
G > A

E2 E1 E1S E2 E1 E1S E2 E1 E1S

Breast cancer patients
(n = 33)

CC: n = 27
CT: n = 6

GG: n = 27
GA: n = 6

p = 0.050 p = 0.038 p = 0.119 p = 0.107 p > 0.500 p > 0.500 p > 0.500 p > 0.500 p > 0.500

Healthy women CC: n = 89 GG: n = 89 p > 0.500 p = 0.289 p > 0.500 NAb NAb NAb NAb NAb NAb
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indicate that individuals harbouring the rs7176005 A-allele
could have increased CYP19 transcription directed from this
locus.

Table 2
In silico predictions for transcription factor binding to the rs7176005 G- and A-
alleles.

Transcription factor bindings
sites (predicted by JASPAR)

rs7176005 G Rs7176005 A

Score Score

FOXC1 4.086 4.349
FOXL1 4.478 5.135
BRCA1 5.642 –
HNF1B – 9.381
(n = 108) CT: n = 19 GA: n = 19

a Mann–Whitney rank-test.
b Not available.

anufacturer’s protocol. DNA sequencing was performed in a 10 �L
eaction mix  containing 1 × sequencing buffer, 1 �M primer and

 × BigDye v.1.1 (Applied Biosystems). Capillary electrophoresis
as performed on an automated DNA sequencer (ABI 3730), and

he sequences were analyzed using the Sequence Scanner v. 1.0
oftware (Applied Biosystems).

.5. RNA extraction and cDNA synthesis

Total RNA was extracted from snap-frozen biopsies using Trizol
eagent (Life technologies) according to the manufacturer’s proto-
ol, and dissolved in DEPC-treated deionised water as described
y Knappskog et al. [26]. The RNA concentration in all samples
as determined using a Nanodrop ND1000 spectrophotometer and

djusted to 25 ng/�L. Single strand cDNA was synthesised from
25 ng total RNA, using the Transcriptor reverse transcriptase sys-
em (Roche) according to the manufacturer’s protocol. Both oligoT
16-mers) and random hexamers were used as primers in the cDNA
ynthesis reaction mix.

.6. Quantitative PCR (qPCR)

CYP19 mRNA levels were quantified in duplex reactions
ogether with the ribosomal protein P2 (RPLP2) mRNA, using the
ightcycler 480 instrument (Roche). The amplification primers and
lackBerry-quenched hydrolysis probes (TIB MOLBIOL) that were
sed are listed in Table 3. Amplification was performed using the
C480 Probes Master (Roche) reaction mix, 0.5 �M of each primer,
.125 �M of each hydrolysis probe and 0.5 �L cDNA synthesised
rom 125 ng total RNA. The following thermocycling conditions
ere used: Initial denaturation at 95 ◦C for 5 min, 50 cycles of denat-
ration at 95 ◦C for 10 s, annealing/elongation at 55 ◦C for 30 s, and

 final cooling step at 40 ◦C for 10 s. Water was used as negative
ontrol in each run. For each analysis, the results were converted
nto relative concentrations using an in run standard curve, and the
bserved relative concentrations for CYP19 mRNA were normalised
y RPLP2 mRNA levels. Each analysis was performed in triplicate
uns.

.7. In silico predictions

Putative transcription factor binding sites and binding strength
n the area ±12 nucleotides of SNPs rs6493497 and rs7176005 in
he promoter area of CYP19 exon 1.1 were predicted both for the
ild-type and the variant haplotype, using the JASPAR database

http://jaspar.genereg.net) [27] at 80% profile score threshold
default settings).

.8. Statistical analysis
The statistical analyses were performed using the PASW Statis-
ics 18.0 software package (Chicago, IL, USA). All p-values are given
s two-sided.
3. Results

3.1. Distribution of SNPs rs6493497 and rs7176005

Normal and tumour breast tissue samples from 46 patients (13
pre- and 33 postmenopausal) were available for CYP19 genotyp-
ing. Each of the 13 premenopausal individuals examined harboured
the wild-type sequence for rs6493497 and rs7176005. Among
the postmenopausal women  6 of 33 individuals (18.2%) revealed
heterozygosity for the rs6493497 T-allele and rs7176005 A-allele
(Table 1). The two  SNPs occurred in concert in all 6 indi-
viduals, suggesting they may  constitute a distinct haplotype.
While Wang and co-workers [21] reported these SNPs to be
tightly linked, they did not provide figures for individual hap-
lotypes. We  found no individual homozygous for either the
rs6493497 T or rs7176005 A genotype. Thus, the allele distribution
of the SNPs was in accordance with Hardy-Weinberg equilib-
rium.

3.2. rs7176005 alters CYP19 transcription factor binding in silico

Using the JASPAR database (http://jaspar.genereg.net)
[27], we compared the predicted transcription factor binding
sites and binding strengths for the CYP19 variant haplotype
rs6493497 T/rs7176005 A versus the wild-type sequence
(rs6493497 C/rs7176005 G). Our predictions revealed no sig-
nificant differences in the transcription factor binding scores
between the C- and T-allele of rs6493497. However, the anal-
ysis predicted five additional transcription factor binding sites
for the rs7176005 A-allele compared to the wild-type G-allele,
in addition to increased binding strength for two  of the bind-
ing sites identified in the wild-type allele (see details depicted
in Fig. 1, and binding scores listed in Table 2). These findings
MZF  5–13 – 8.038
MZF 1–4 – 4.846
YY1  – 5.236
SOX9 – 8.311

http://jaspar.genereg.net/
http://jaspar.genereg.net/
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Table  3
Primers and probes used in this study.

Primers/probes Sequences PCR/sequencing

CYP19 exon1.1 Forward1 CTCTCAGCAATACCCACCATTAACC 1. Round PCR
CYP19  exon1.1 Reverse2 GAGTGTCTGATCCCACAGGTTG 1. Round PCR
CYP19  exon1.1 Forward1 CTCTCAGCAATACCCACCATTAACC 2. Round PCR
CYP19  exon1.1 Reverse3 AGATCCCGAGCACAGGAC 2. Round PCR
CYP19  exon1.1 Forward2 TCACCCCCAACACATAGCAC Sequencing
CYP19 forward primer ATCCTCAATACCAGGTCCTGGC qPCR
CYP19 reverse primer AGAGATCCAGACTCGCATGAATTCT qPCR
CYP19 FAM-labelled probe 6FAM-ACCCGGTTGTAGTAGTTGCAGGCACT-BBQ qPCR
RPLP2 forward primer GACCGGCTCAACAAGGTTAT qPCR
RPLP2 reverse primer CCCCACCAGCAGGTACAC qPCR
RPLP2 Cy5-labelled probe Cy5-AGCTGAATGGAAAAAACATTGAAGACGTC-BBQ qPCR

Fig. 2. CYP19 expression related to rs6493497 and rs7176005 SNP-status in breast cancer patients. (A) Normal breast tissue and (B) tumour breast tissue. The samples are
sorted  according to increasing CYP19 mRNA level. Patients harbouring the rs6493497 T/rs7176005 A – haplotype variant are indicated by red bars. No association between
the  haplotype variant and CYP19 mRNA level in either normal breast or tumour breast tissue was observed (p > 0.5).
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ig. 3. CYP19 expression in normal and tumour breast tissue. Patients harbouring 

arbouring the wild-type sequence with black lines. As may  be seen, no consistent tr
issue was observed among patients harbouring the rs6493497 T/rs7176005 A – ha

.3. CYP19 expression level in relation to SNPs rs6493497 and
s7176005 SNP in breast cancer patients

CYP19 mRNA levels in normal and tumour breast tissue were
easured by qPCR. The CYP19 mRNA data for 34 of these breast can-

er patients were included in a previous study [10] and correlated
o tissue estrogen levels but not to CYP19 haplotype status. Here,
e present the CYP19 mRNA levels for the entire patient cohort

n = 46) and correlate expression levels to haplotype status.
CYP19 mRNA levels were not different between individuals

arbouring the rs6493497 T/rs7176005 A – haplotype or those
arbouring the CYP19 wild-type sequence in either normal or
umour breast tissue (See Fig. 2; p > 0.5 for both, and Fig. 3). Similar
ndings were recorded when limiting the analysis to the subgroup
f 33 postmenopausal patients (data not shown). Due to the low
umber of premenopausal patients (n = 13), no separate statistical
nalysis was performed within this subgroup.

.4. SNPs rs6493497 and rs7176005 in relation to plasma and
issue estrogen levels

Plasma and tissue estrogen levels were available from 29 and
1 out of the total group of 33 postmenopausal women. Contrast-

ng our expectations, we observed low levels of both plasma E1
p = 0.038) and E2 (p = 0.050) among individuals harbouring the

s6493497 T/rs7176005 A – haplotype. In contrast, no correlations
ere observed between the variant haplotype and plasma estrone

ulphate (E1S) or tissue E2, E1 and E1S levels (p > 0.10 for all;
able 1).
6493497 T/rs7176005 A – haplotype variant are indicated by red lines, and those
r a higher or lower CYP19 expression level in tumour as compared to normal breast

pe variant or wild-type CYP19.

In order to validate the results obtained from the breast cancer
patients, we genotyped a cohort of 108 healthy postmenopausal
women for whom plasma estrogen levels were available [23]. In
this cohort, 19 out of 108 (21.3%) women were heterozygous for
the rs6493497 T/rs7176005 A – haplotype (Table 1), mirroring an
incidence of 18.2% in our cohort of breast cancer patients. Simi-
lar to what was  recorded among our breast cancer patients, the
SNPs occurred in concert in all the 19 healthy individuals. None
of them were homozygous for the variant haplotype, and the
distribution was in accordance with the Hardy-Weinberg equi-
librium. No difference in plasma levels of either E2, E1 or E1S
(p > 0.20 for all) was observed between individuals harbouring the
rs6493497 T/rs7176005 A – haplotype and those harbouring the
wild-type sequence (Table 1).

4. Discussion

Peripheral tissue aromatisation is the sole pathway of estro-
gen synthesis in postmenopausal women  [4].  While there has been
much interest in CYP19 SNPs as possible explanations to variation
in postmenopausal estrogen levels, so far no major effects have
been recorded [14–17].  Recently, Wang et al. [21] reported two
tightly linked CYP19 SNPs (rs6493497 and rs7176005) to be asso-
ciated with elevated plasma E2 level. The aim of this study was  to
confirm this finding, and to explore the possible impact of these

SNPs on CYP19 transcription.

Conducting in silico predictions, we  detected several transcrip-
tion factor binding sites for the rs7176005 A-allele; five additional
binding sites were generated by the variant haplotype compared
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o the wild-type G-allele. In addition, the A-allele was predicted to
ave a higher affinity than the G-allele for two transcription fac-
ors (summarized in Fig. 1 and Table 2), suggesting that the variant
aplotype might enhance CYP19 transcription, which in turn could
e responsible for increased plasma and tissue estrogen levels.

Analyzing CYP19 mRNA with highly sensitive q-RT-PCR assays
ased on hydrolysis probes, we were able to quantify CYP19 in
he entire patient cohort; the levels were undetectable in two
ndividuals only. We  found no difference in expression levels in
ither normal breast or breast cancer tissue between individuals
arbouring the rs6493497 T/rs7176005 A – haplotype and those
arbouring the CYP19 wild-type sequence. Secondly, we  compared
lasma and tissue estrogen levels to CYP19 rs6493497/rs7176005
aplotype status. In contrast to our expectations, we detected lower
lasma E2 and E1 levels among postmenopausal breast cancer
atients carrying the rs6493497 T/rs7176005 A – haplotype vari-
nt. As this result was not reproduced in the larger cohort of healthy
omen, we believe this finding in the breast cancer cohort to have

ccurred by chance only. Taken together, our results contrast the
ndings of Wang and co-workers, reporting the SNPs to be associ-
ted with elevated plasma E2 [21].

A limitation of our dataset relates to the number of patients
nrolled. Based on the number of healthy individuals examined,
ssuming a one-sided alpha power of 5%, we estimated the chance
f detecting a 30% or 40% average increase in plasma E1 levels
mong individuals carrying the SNPs rs6493497/rs7176005 vari-
nts of 75% and 92%, respectively (beta value). While we may  not
xclude a minor (10–20%) increase in estrogen levels related to
he SNPs, our data argues against a major effect on plasma and
issue estrogen levels. In addition, our finding that breast cancer
atients carrying the SNPs rs6493497/rs7176005 variants actually
xpressed lower plasma levels of both E2 and E1 compared to indi-
iduals carrying the wild type variant add further support to this
onclusion.

As described previously, the expression of CYP19 is controlled by
 number of tissue-specific promoters. The CYP19 SNPs rs6493497
nd rs7176005 are located in the promoter element immediately
pstream of exon 1.1; known as the major placenta specific pro-
oter [8,9]. However, even though promoter 1.1 is the major

romoter regulating CYP19 expression in the placenta, it has been
hown to be active in several other tissues as well [28]. CYP19
s expressed both in normal breast and breast cancer tissue [10].
owever, due to a rapid plasma to tissue transfer rate, the key

actor regulating normal breast as well as breast cancer tissue estro-
en levels is the plasma hormone concentration [29–30].  Thus,
ny factor influencing estrogen synthesis in any body compart-
ent subsequently leading to alterations in plasma estrogen levels

hould influence normal breast and breast cancer tissue estrogen
evels as well.

The possibility exist that SNPs rs6493497 and rs7176005 could
e markers for a general haplotype, involving other SNPs that may

nfluence CYP19 activity. However, data from Ma  and co-workers
ho carefully sequenced the coding as well as non-coding parts,

ncluding the promoter areas of the CYP19 gene in 240 patients
including 60 Caucasians) [12], does not support this hypothesis.

In conclusion, our findings are in contrast with Wang et al. [21],
uggesting that SNPs rs6493497 and rs7176005 do not affect CYP19
ranscription levels in normal breast or breast cancer tissue. Consis-
ent with that, we found no correlation between CYP19 rs6493497
nd rs7176005 haplotype status and either plasma or tissue estro-
en levels in postmenopausal women.
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