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Abstract Background The risk of developing breast

cancer is strongly correlated with the overall exposure to

oestrogen and most tumours are more or less dependent on

oestrogen for their growth. A great majority of breast

cancers occur after menopause when the ovaries have

ceased to be functional, yet breast tumours in postmeno-

pausal women maintain high intratumoural oestrogen

concentrations, primarily through enzymatic conversion of

androgenic precursors. Patients with a hormone dependent

tumour generally receive the anti-oestrogen tamoxifen that

mediate its anti-tumour effect by competing with oestrogen

for binding to the oestrogen-receptor (ER). We therefore

propose that the levels of oestrogen producing enzymes

may affect the prognosis in postmenopausal breast cancer

patients treated with tamoxifen. Methods We measured the

mRNA and protein levels of aromatase and sulfatase by

real-time PCR (n = 161) and immunohistochemistry

(n = 131) in postmenopausal women with breast cancer.

Results A significant better recurrence-free survival was

detected in patients with weak or high protein expression of

stromal aromatase (P = 0.0008), as also demonstrated by a

decreased relative risk (RR = 0.50, CI = 0.33–0.76,

P = 0.003). When we combined patients with weak and

high stromal aromatase and selected only ER-positive

patients, the improved prognosis was even more evident

(P = 0.0000) and was shown to be a significant prognostic

factor in a multivariate Cox-model (HR = 0.15, CI =

0.06–0.39, P = 0.000). The mRNA expression of aroma-

tase and sulfatase, as well as the protein expression of

sulfatase revealed no prognostic significance. Conclusion

Protein expression of stromal aromatase may serve as a

significant prognostic marker in ER-positive patients.
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Introduction

Breast cancer is the most frequently diagnosed cancer in

western women [1–3] and approximately 2/3 of postmen-

opausal patients have oestrogen-dependent carcinomas [4].

Tamoxifen given for five years is standard endocrine

therapy in oestrogen-receptor (ER) positive breast cancers

with a reduction of both recurrence and mortality [5–8].

Still, at least one third of ER-positive breast cancers can be

defined as de novo or primary resistant and in addition

almost 50% of all ER-positive mammary carcinoma fail to

respond to tamoxifen even though they initially were sen-

sitive [8, 9]. The mechanisms underlying the resistance to

tamoxifen are complex and not fully understood. However,

since tamoxifen mediates its anti-tumour effects by com-

peting with oestrogen for binding to the ER [10, 11] one
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such mechanism of treatment failure could be the con-

centration of oestrogens in the tumour. The circulating

levels of oestrogens are low in postmenopausal women, but

the mammary gland produce concentrations that are higher

than in serum [12]. In breast cancers of postmenopausal

women local oestrogen levels have shown to be up to

20 times higher than in plasma, which may depend on the

tumours ability to produce factors stimulating the local

production of oestrogens from circulating precursors [13].

Two major pathways are considered to be involved in

the local synthesis of oestrogens. One is aromatisation of

androstenedione to oestrone or testosterone to oestradiol by

the enzyme aromatase. The other is conversion of oestrone-

sulfate to oestrone by the enzyme sulfatase. The latter

seems to have greater impact on the local level of oestro-

gens, since oestrone-sulfate is the major circulating form of

plasma oestrogen [14–19]. Moreover, the level of sulfatase

expression and activity in human breast tumours has been

shown to be higher than that of aromatase [12, 20–24].

In the current study it was hypothesised that the local

levels of enzymes participating in the biosynthesis of

oestrogens may influence the outcome of breast cancer

patients treated with tamoxifen. Both mRNA and protein

expression levels of aromatase and sulfatase were screened

for and correlated with clinicopathologic factors to eluci-

date their prognostic role.

Materials and methods

Patients

The present study included 161 postmenopausal patients

with a breast cancer in stage II or III, diagnosed between

1985 and 1994 in the South East Health Care Region of

Sweden. The daily dose of tamoxifen was 40 mg. Oestro-

gen-receptor (ER) and progesterone-receptor (PgR) content

was measured in clinical routine practice by isoelectric

focusing before 1988, and later on with enzyme immuno-

assay (EIA). Samples with concentrations of C0.1 fmol/lg

(or C0.3 fmol/lg with EIA) were classified as positive.

The mean follow-up time was 9.5 years (range: 0.08–

16.9 years, median: 11 years). The local ethical committee

in Linköping, Sweden approved the study.

RNA isolation

Fresh frozen breast cancer tissues (*30 mg) were

homogenised using a micro-dismembrator (B Braun,

Melsungen, Germany) and total RNA was isolated utilising

SV Total RNA Isolation System (Promega, Madison, WI,

USA). Briefly, weighed tissues were placed into liquid

nitrogen for about 10 min followed by 35 s of disruption

and homogenisation at 2900 rpm. The disrupted tissue was

immediately transferred to 225 ll of SV RNA Lysis Buf-

fer, and then 350 ll of RNA Dilution Buffer was added to

the lysate before heating at 70�C for 3 min. After centri-

fugation, 175 ll of the clear lysate was taken for further

procedures according to the manufacturer’s instruction.

The purified RNA was eluted in nuclease-free water and

stored at -70�C until use.

cDNA synthesis

Total RNA was reversed transcribed into cDNA in a final

volume of 20 ll using. SuperScriptTMII Reverse Trans-

criptase (InvitrogenTM, Life Technologies, Stockholm,

Sweden). For aromatase and sulfatase each cDNA syn-

thesis mixture contained: 1–5 lg of total RNA, 4 ll of 59

first strand buffer (InvitrogenTM Life Technologies,

Stockholm, Sweden), 1 ll of 10 mM dNTP Mix (Invitro-

genTM Life Technologies, Stockholm, Sweden), 13 units of

RNAguard RNase Inhibitor (Amersham Biosciences,

Uppsala, Sweden), 200 units of reverse transcriptase,

0.25 lg random primers (InvitrogenTM Life Technologies,

Stockholm, Sweden), water up to 20 ll. The following

thermal conditions were recommended; 42�C for 50 min

followed by an inactivation at 70�C for 15 min.

Real-time PCR

A relative quantification method was applied for measuring

the mRNA levels of aromatase and sulfatase using a

standard curve, which was constructed with four-fold serial

dilutions of cDNA from human Breast Cancer Total RNA

(Ambion1. Standard curves were produced for the two

target genes and for an endogenous control (i.e. b-actin) in

each run. The target message in unknown samples was

quantified to determine a relative measure of the starting

quantities. A relative quantity was calculated by dividing

the mean Ct-value of the gene of interest with the mean

Ct-value of the endogenous control. The data output was

then expressed as a fold-difference of expression levels.

PCR assays were constructed in 23 ll in duplicates for

each sample and standard curve dilution using a 96-well

reaction plate in ABI PRISMTM 7700 Sequence Detector

(PE Applied Biosystems, Stockholm, Sweden). The PCR

reaction mixture for each double assay (50 ll) of aroma-

tase mRNA and sulfatase mRNA was composed of 25 ll of

qPCR MasterMix Plus (Eurogentec SA LIEGE Science

Park, Ougrée, Belgium), 2.5 ll of primers (stock: 18 lM)

and probe (stock: 5 lM) mixture for aromatase, sulfatase,

and b-actin respectively (Assays-on-DemandTM Gene
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Expression Products, Applied Biosystems, Stockholm,

Sweden), 9 ll of cDNA, and water up to 50 ll. Primers

and probe mixture for b-actin gene detection was Pre-

Developed TaqMan1 Assay Reagents, Human B-actin

(209) (Applied Biosystems, Stockholm, Sweden). Settings

for the PCR thermal profile were: 50�C for 2 min and 95�C

for 10 min followed by 40 cycles of 95�C for 15 s and

60�C for 60 s. The Sequence Detection System version

1.7a made all desired calculations.

Tissue microarray and immunohistochemistry

Formalin-fixed and paraffin-embedded tumour material

was available for 131 of the 161 patients included in the

study. Morphologically representative areas were selected

and assembled in a tissue microarray. In brief, three

0.8 mm cylindrical cores from each breast cancer specimen

were placed in a recipient paraffin block with a maximal of

243 cores, including liver as control. The tissue microarray

blocks were then cut with a microtome into 4 lm thick

sections and mounted onto glass slides. The slides were

deparaffinised with xylene, rehydrated in decreasing series

of ethanol and finally rinsed in distilled water. Antigen

retrieval was accomplished by placing the slides in 10 mM

citrate buffer (pH 6.0), incubate in high pressure cooker,

followed by cooling and washing in phosphate buffer saline

(PBS)/0.2% BSA at pH 7.4. After quenching endogenous

peroxidase activity with 3% H2O2 in methanol, the slides

were incubated with serum-free protein blocking solution

(DakoCytomation, Glostrup, Denmark) for 10 min in order

to block non-specific immunostaining. Separate slides were

incubated with primary antibodies at 4�C over night;

mouse polyclonal antibody against a partial recombinant

sulfatase (1:300 dilution, Abnova Corporation, Taipei,

Taiwan) and mouse monoclonal antibody against human

aromatase (1:5 dilution, Acris Antibodies, Hiddenhausen,

Germany). After washing with PBS/0.2% BSA, the slides

were incubated with respective secondary anti-body

(EnVision HRP anti-rabbit or anti-mouse DAKO) for

30 min. Bound antibodies were stained with diam-

inobenzidine and counterstained with haematoxillin. The

slides were finally dehydrated in series of ethanol and

mounted.

Immunohistochemical scoring

Two observers (PW and SW) first evaluated the slides

independently and then an additional scoring was per-

formed simultaneously. The distribution of immunoreactivity

was estimated as proportion of staining. If more than 1/3 of

the sections were stained the sample was defined as

positive (1). Staining intensity of the immunoreactions was

recorded as 0, negative; 1, weak; 2, strong. The proportion

and intensity scores were then put together to obtain a total

score (proportion of staining + the staining intensity),

which ranged from 0 to 4. The final categorisation revealed

three groups: negative (total score 0), weak (total score 1–

2), and strong (total score 3–4). Patients were excluded

when tissues were non-representative or missing. All

immunohistochemical evaluations were performed without

knowledge of tumour characteristics and clinical outcome.

Aromatase protein expression was found in the cytoplasm

of carcinoma cells and/or in the stroma surrounding the

tumour cells. Sulfatase was detected in the cytoplasm of

breast cancer cells whereas the stroma was negative.

Statistical analyses

Statistical Package for Social Sciences (SPSS) Advanced

ModelsTM 12.0 software was used for the statistical anal-

yses. To examine the relationship between the mRNA/

protein expression and tumour characteristics and to cal-

culate the mRNA/protein expression levels and the relative

risk of recurrence we used Pearson’s v2 and correlation (R)

tests. In the v2 tests weak and strong staining for protein

expression of aromatase were grouped together and defined

as positive expression. The survival curves of recurrences

were estimated using the Kaplan–Meier method and the

differences between survival rates for patients with dif-

ferent expression levels was assessed by Log-Rank test.

Further, we performed a multivariate Cox-model in order

to adjust for the tumour characteristics between the dif-

ferent expression profiles. Differences between groups

were judged significant at confidence levels greater than

95% (P \ 0.05).

Results

Real-time PCR and immunohistochemistry

Messenger RNA expression of sulfatase and aromatase was

detected in all of the 161 tumours and to discriminate

between the expression levels patients were divided

according to the median. Protein expression of sulfatase

was detected in cancer epithelial cells in 123 cases and no

patient was without immunoreactivity. The staining was

therefore divided into two categories: 1, weak staining

(76 cases); and 2, strong staining (47 cases). Aromatase

protein expression was found in the cytoplasm of carci-

noma cells (122 cases) and in the stroma (124 cases). 70

patients showed expression of aromatase in both cell

structures. The immunoreactivity for aromatase was
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divided into three categories; 0, negative staining; 1, weak

staining; and 2, strong staining. No correlation could be

seen between mRNA and protein expression levels (data

not shown).

Tumour characteristics

The association between mRNA/protein expression and

tumour characteristics including tumour size, lymph node

status, oestrogen (ER) and progesterone receptors (PgR),

and S-phase fraction is shown in Tables 1 and 2. Patients

with high expression of sulfatase mRNA had more often a

tumour with S-phase fraction less than 10 % (P = 0.03)

(Table 1). No significant relationship between aromatase

mRNA expression and any of the clinicopathological fac-

tors could be seen, even though there was a trend for an

association between high mRNA expression of aromatase

and ER-positivity (P = 0.09).

The protein expression of cancer epithelial aromatase

showed a significantly positive correlation to lymph-node

status and S-phase fraction (P = 0.04 and P = 0.02,

respectively) (Table 2). There was also a negative corre-

lation between epithelial aromatase and tumour size

(P = 0.02). Stromal aromatase expression showed bor-

derline significance for an association with PgR-status and

S-phase fraction. Those with positive expression of stromal

aromatase were more often PgR-positive (P = 0.06) and

had tumours with low S-phase fraction (P = 0.06).

Recurrence-free survival and relative risk of recurrence

Recurrence-free survival (RFS) was defined as the time

from initial surgery to the clinically documented date of

local or distant recurrences, or breast cancer related death.

The relative risks of having a relapse among ER-positive

and ER-negative postmenopausal breast cancer patients in

relation to sulfatase and aromatase mRNA or protein

expression are shown in Table 3. Patients with a positive

expression of stromal aromatase showed a significantly

decreased risk of recurrence or breast cancer related death

(RR = 0.50, CI = 0.33–0.76, P = 0.003). In the Kaplan–

Meier estimates of the total population (both ER-positive

and ER-negative cases) patients with a weak or high pro-

tein expression of aromatase in the stroma had a

significantly better prognosis than those without expression

(P = 0.0008) (Fig. 1). For epithelial aromatase we could

see a tendency for a dose response series, with a better

prognosis in patients in the higher range of expression

(Fig. 2). When we combined patients with weak and high

stromal aromatase and selected only ER-positive patients

the improved prognosis was even more evident

(P = 0.0000) (Fig. 3). We also calculated the prognostic

value of aromatase in ER-positive patients with a tumour

positive or negative for PgR. Patient’s positive for both ER

and PgR showed a significantly better RFS compared to

those lacking PgR, if the tumour was positive for stromal

aromatase (P = 0.05). In a multivariate Cox-model

(adjusted for tumour size, nodal status, and S-phase frac-

tion) high stromal aromatase was demonstrated to be a

significant prognostic factor (All patients: HR = 0.35,

CI = 0.16–0.76, P = 0.008, ER-positive patients: HR =

0.15, CI = 0.06–0.38, P = 0.000).

No significant difference could be seen among the other

expression parameters, even if patients with high sulfatase

protein expression tended to have a better RFS (P = 0.09).

Discussion

Today, there is substantial evidence that breast cancer tis-

sues contain enzymes necessary for the local biosynthesis

of oestrogen from circulating precursors, which is believed

to play an important role in the development and

Table 1 Tumour characteristics and mRNA expression of sulfatase

and aromatase in ER-positive and ER-negative postmenopausal breast

cancer patients calculated with Pearson v2 (unless otherwise

specified)

Characteristics mRNA expression [n (%)]

Sulfatase (n = 161) Aromatase (n = 160)

Low High Low High

Tumour size

B20 mm 25 (30.5) 20 (25.3) 22 (27.2) 23 (29.1)

[20 mm 57 (69.5) 59 (74.7) 59 (72.8) 56 (70.9)

P-value 0.47 0.78

Lymph nodes

Negative 23 (28.8) 20 (27.0) 21 (26.6) 22 (29.7)

Positive 57 (71.2) 54 (73.0) 58 (73.4) 52 (70.3)

P-value 0.81 0.67

Oestrogen receptor

Negative 20 (24.4) 12 (15.2) 20 (24.7) 11 (13.9)

Positive 62 (75.6) 67 (84.8) 61 (75.3) 68 (86.1)

P-value 0.14 0.09*

Progesterone receptor

Negative 33 (40.7) 28 (35.4) 32 (40.0) 28 (35.4)

Positive 48 (59.3) 51 (64.6) 48 (60.0) 51 (64.6)

P-value 0.49 0.55

S-phase fraction

B10 % 31 (46.3) 40 (65.6) 35 (52.2) 35 (58.3)

[10 % 36 (53.7) 21 (34.4) 32 (47.8) 25 (41.7)

P-value 0.03* 0.49

* Pearson’s correlation (R)
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progression of hormone dependent breast cancer, espe-

cially in the postmenopausal patient [12, 17, 25–30]. In the

current investigation, we measured the mRNA and protein

levels of enzymes involved in local oestrogen synthesis

(i.e., aromatase and sulfatase) in postmenopausal women

with breast cancer. We found that expression of aromatase

in the surrounding stroma was a significant prognostic

factor in ER-positive patients, with an improved relapse

free survival in cases with positive expression. In support

to our findings several researchers have described that

breast cancer patients who had tumours expressing aro-

matase showed a prolonged RFS in comparison to those

lacking or having a low expression [31–33]. In the present

study, as well as in a report by Yamamoto et al. [31], there

was also a trend for a better RFS in patients with high

expression of cancer epithelial sulfatase although not sta-

tistically significant (P = 0.09). Others have however

reported opposite results both in relation to clinical and

pathological factors as well as RFS [20, 30, 34, 35]. One of

the suggestions due to the varying results is the use of

different commercial antibodies with variable sensibility

[36, 37], but it may also be a consequence of the use of

diverse treatment strategies in different patient cohorts.

The results of aromatase and sulfatase protein expression in

the current patient cohort were in contrary to our initial

hypothesis where those with a high expression of aroma-

tase and sulfatase were expected to relapse earlier as they

retain the capacity of oestrogen synthesis given the tumour

a growth advantage. However, since all patients received

tamoxifen our results of aromatase and sulfatase may

reflect an oestrogen dependency and the improved prog-

nosis might therefore be the consequence of tamoxifen

response. This hypothesis is partly supported by our

observation that ER-positive patients with tumours co-

expressing PgR had prolonged RFS compared to those

lacking PgR, because PgR is induced by oestrogens at the

transcriptional level and is recognised to be associated with

a better prognosis and treatment response.

When using immunohistochemistry on tumour speci-

men’s aromatase expression was found both in the stroma

and in tumour epithelial cells, which is in agreement with

what others have seen [29, 38–42]. Interestingly, we found

that protein expression of stromal but not cancer epithelial

aromatase was related to breast cancer prognosis. This

observation is supported by activity studies showing a

higher enzyme activity of aromatase in the stroma

Table 2 Tumour characteristics and protein expression of sulfatase and aromatase in ER-positive and ER-negative postmenopausal breast

cancer patients calculated with Pearson v2 (unless otherwise specified)

Characteristics Protein expression [n (%)]

Tumour epithelial sulfatase (n = 123) Tumour epithelial aromatasea (n = 122) Stromal aromatasea (n = 124)

1 2 0 1 0 1

Tumour size

B20 mm 26 (34.2) 15 (31.9) 6 (18.2) 37 (41.6) 8 (28.6) 35 (36.5)

[20 mm 50 (65.8) 32 (68.1) 27 (81.8) 52 (58.4) 20 (71.4) 61 (63.5)

P-value 0.79 0.02* 0.44

Lymph nodes

Negative 19 (26.4) 15 (31.9) 14 (43.8) 21 (24.4) 10 (35.7) 25 (27.2)

Positive 53 (73.6) 32 (68.1) 18 (56.2) 65 (75.6) 18 (64.3) 67 (72.8)

P-value 0.51 0.04* 0.38

Oestrogen receptor

Negative 14 (18.4) 14 (29.8) 7 (21.2) 21 (23.6) 9 (32.1) 20 (20.8)

Positive 62 (81.6) 33 (70.2) 26 (78.8) 68 (76.4) 19 (67.9) 76 (79.2)

P-value 0.14 0.78 0.21

Progesterone receptor

Negative 31 (40.8) 20 (42.6) 15 (45.5) 36 (40.4) 16 (57.1) 36 (37.5)

Positive 45 (59.2) 27 (57.4) 18 (54.5) 53 (59.6) 12 (42.9) 60 (62.5)

P-value 0.85 0.62 0.06*

S-phase fraction

B10% 44 (71.0) 22 (62.9) 23 (85.2) 41 (61.2) 10 (50.0) 55 (72.4)

[10% 18 (29.0) 13 (37.1) 4 (14.8) 26 (38.8) 10 (50.0) 21 (27.6)

P-value 0.41 0.02* 0.06*

a Weak and strong staining was grouped together and defined as 1. * Pearson’s correlation (R)
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compared to normal epithelium and cancer epithelial cells

[23, 43]. Several investigations of aromatase protein

expression and its correlation to patient outcome have been

carried out without discriminating between stromal and

epithelial localisation [32, 33, 44], which generate diffi-

culties in comparing results between studies.

We also measured the mRNA levels of sulfatase and

aromatase and did not find any significant correlation

between mRNA and protein levels. Furthermore, the

Table 3 Risk ratios of ER-

positive and ER-negative

postmenopausal breast cancer

patients with and without

relapse, in relation to mRNA

and protein expression of

sulfatase and aromatase

a Patients with hypothesised

‘‘low-risk’’ expression pattern

were used as reference

CI = Confidence Interval. For

aromatase protein expression,

weak and strong staining was

grouped together as positive

Patients with

relapse (n)

Patients with

no relapse (n)

Risk ratioa

(95% CI)

P-value

mRNA expression

Sulfatase

Low 27 55 1.0 0.19

High 34 45 1.31 (0.88–1.95)

Aromatase

Low 33 48 1.0 0.39

High 27 52 0.84 (0.56–1.26)

Protein expression

Tumour epithelial sulfatase

Weak 34 42 1.0 0.10

Strong 14 33 0.67 (0.40–1.10)

Tumour epithelial aromatase

Negative 15 18 1.0 0.19

Positive 29 60 0.72 (0.44–1.16)

Stromal aromatase

Negative 17 11 1.0 0.003

Positive 29 67 0.50 (0.33–0.76)

0         2         4         6         8        10        12       14  
Time from diagnosis (years)

0,0

0,2

0,4

0,6

0,8

1,0

Negative staining

Weak staining

Strong stainingP = 0.0008

(n = 76)
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(n = 28)
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Fig. 1 Recurrence-free survival in ER-positive and ER-negative

patients with immunohistochemical staining of stromal aromatase.

P-value between negative and weak staining was 0.0001, P-value

between negative and strong staining was 0.08, and P-value between

weak and strong staining was 0.33

0         2         4          6          8        10       12       14

Time from diagnosis (years)
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Fig. 2 Recurrence-free survival in ER-positive and ER-negative

patients with immunohistochemical staining of tumour epithelial

aromatase. P-value between negative and weak staining was 0.34,

P-value between negative and strong staining was 0.05, and P-value

between weak and strong staining was 0.19
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mRNA levels showed no significant influence on the RFS

in the postmenopausal breast cancer patients examined.

Nevertheless, we did find a trend for a relationship between

high aromatase mRNA levels and ER-positivity, which is

in accordance with reports by Brodie et al. [40] and Salhab

et al. [35]. However, despite a substantial amount of data

there is no consensus concerning the relationship between

the expression of sulfatase or aromatase and risk of disease

recurrence, or clinicopathological parameters [18, 31–35,

42, 45].

When we compared the protein expression of aromatase

and sulfatase with clinicopathological parameters we found

that high aromatase in cancer epithelial cells correlated

significantly with lymph-node positivity and low expres-

sion with low S-phase. This is to some extent logical, since

high aromatase would generate more oestrogen and pro-

mote tumour growth and the tumour might in turn be more

prone to metastasise. The correlation between expression

of stromal aromatase and the presence of PgRs seems

reasonable since it is in accordance with the concept of

PgR being an indicator of oestrogen activity and signifies

that ER in the tumour is biologically active.

In conclusion, emerging data implies that breast cancer is

regulated by the interaction with stromal cells surrounding

the tumour and it is also well known that this tumour-

stromal cross-talk regulates aromatase gene expression by

the production of various factors such as PGE2, COX2,

TNFa, IL-6 and IL-11 [46–50]. It is therefore of importance

to elucidate the signalling mechanisms underlying the

communication between stromal- and epithelial cell com-

partments in breast cancer for further knowledge of breast

cancer and anti-oestrogen response. In support with the

present results we suggest that stroma aromatase may have

a significant role in this complex context.
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