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Our laboratory has previously cloned and purified an ovarian protein found to be a novel 17�-
hydroxysteroid dehydrogenase type 7 enzyme (HSD17B7) (formerly prolactin receptor-associated
protein) that converts the weak estrogen, estrone, to the highly potent estradiol. The regulation
of this enzyme has not yet been explored. In this report, we show high expression of HSD17B7 in
human ductal carcinoma and breast cancer cell lines and present evidence for a strong up-regu-
lation of this enzyme by estradiol at the level of mRNA, protein expression, and promoter activity
in MCF-7 cells. The effect of estradiol is mediated by estrogen receptor (ER)�, whereas ER�

prevents this stimulation. ER antagonists, ICI 182,780 and 4-hydroxytamoxifen, prevent estradiol-
induced stimulation of the endogenously expressed HSD17B7, suggesting that these inhibitors not
only block estradiol action but also its production. We have identified a �185-bp region of the
hsd17b7 promoter that is highly conserved among rat, mouse, and human and confers regulation
by estradiol in MCF-7 cells. This region is devoid of a classical estradiol-response element but
contains a nuclear factor 1 (NF1) site that is essential for estradiol action. We found that estradiol
stimulates the recruitment and DNA binding of NF1 to this region of the hsd17b7 promoter.
Furthermore, knockdown of NF1 family members, NF1B, NF1A, and NF1X, completely prevents
induction of this gene by estradiol. In summary, our findings demonstrate that estradiol stimulates
HSD17B7 transcriptional activity in breast cancer cells through a novel mechanism requiring NF1
and strongly suggest a positive feedback mechanism to increase local estradiol synthesis causing
growth of estrogen-dependent breast cancers. (Molecular Endocrinology 25: 754–766, 2011)

NURSA Molecule Pages: Nuclear Receptors: ER-� � ER-�; Ligands: 17�-estradiol � Fulvestrant �
4-Hydroxytamoxifen.

17�-Hydroxysteroid dehydrogenase type 7 (HSD17B7)
is a 32-kDa microsomal protein involved in estradiol

production. This enzyme was first discovered in our labora-
tory and named prolactin (PRL) receptor-associated pro-
tein, because it associates specifically with the cytoplas-
mic domain of the short form of the PRL receptor (1).
Prolactin Receptor Associated Protein (known as PRAP)

has been found since to be a novel isoform of 17�-hy-
droxysteroid dehydrogenase that is responsible for the
conversion of estrone, a weak estrogen, to the more po-
tent estradiol (2, 3). To date, 15 different isozymes of
17�-hydroxysteroid dehydrogenase have been cloned (4–
8). They belong to a family of enzymes responsible for the
activation/inactivation of hormones. All require nicotin-
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amide adenine dinucleotide phosphate (NADPH) for ac-
tivity and are short chain dehydrogenases/reductases,
with the exception of HSD17B5. All of these enzymes,
beside types 6 and 9, have been found in humans. The
majority of these isoenzymes use steroids as their sub-
strates (4, 7), and most, including HSD17B7, recognize
specific substrates (2).

HSD17B7 is highly expressed in the ovarian corpus
luteum of every mammalian species examined and is re-
sponsible for luteal estradiol biosynthesis in the ovary (1,
9, 10). Several HSD17B isoforms have also been found to
be of importance in hormone-dependent tumors (11–13).
HSD17B7 was detected by RT-PCR and immunohisto-
chemistry in normal and pathological human breast tissue
(14). The local production of estradiol in breast cancer
cells is presently a subject of great interest, because it is
becoming clear that locally produced estradiol can exac-
erbate growth of hormone-dependent breast tumors. The
local mechanisms responsible for high estradiol concen-
trations observed in the breast are not completely under-
stood (15) but most probably involve increased expres-
sion of enzymes involved in estradiol biosynthesis. Both
P450aromatase, which converts androstenedione to es-
trone, and HSD17B7, which converts estrone to estradiol,
are expressed in the breast (16). Although extensive ef-
forts have been invested in defining regulatory mecha-
nisms for P450aromatase in breast cancer (17, 18), no
information is available to date as to what regulates
HSD17B7 expression. Because it is estradiol, not estrone,
that plays a critical role in the progression of breast cancer
(15, 19–22), the control of HSD17B7 gene expression in
cancer cells can be of great significance (23).

In this investigation, we show that although HSD17B7
is expressed at low levels in normal epithelial cells of
breast ductal tissue, it becomes highly expressed in neigh-
boring cancerous cells. Using breast cancer cells and a
1.16-kb HSD17B7 promoter isolated in our laboratory,
we established that this enzyme is under transcriptional
control by estradiol. We show that this estradiol-medi-
ated stimulation is inhibited by 4-hydroxytamoxifen
(Tam) and ICI 182,780 (ICI) and involves estrogen recep-

tor (ER)� but not ER�. We have also found a novel mech-
anism of estradiol stimulation of hsd17b7 gene mediated
by nuclear factor 1 (NF1) transcription factors.

Results

Purification of His-tagged HSD17B7 in its
native form

When HSD17B7 was first discovered, our laboratory
cloned its cDNA and generated a polyclonal antibody to the
denatured form of the HSD17B7 protein, which has limited
use (9). To generate a polyclonal antibody to the functional
HSD17B7 that has a folded structure, we subcloned its
cDNA into a prokaryotic N-terminal His-tag expression
vector (pPro-Ex-HT). As shown in Fig. 1A, upper panel, we
were able to induce the expression of HSD17B7 in response
to isopropyl-�-D-thiogalactopyranoside (IPTG) in BL21
bacterial cells. The native HSD17B7 was eluted in several
fractions and was subjected to coomassie blue staining (Fig.
1A, lower panel). The three fractions that contained the
highest amount of protein were used for immunizations. We
established by Western blot analysis the antibody specificity
and titer (Fig. 1B). After the fourth immunization, sera from
both rabbits showed very high reactivity with HSD17B7,
even when the dilution factor was as high as 1:100,000 (Fig.
1C). Results shown in Fig. 1D indicate that this antibody,
generated against the native protein, can immunoprecipitate
HSD17B7.

HSD17B7 is expressed in rodent mammary gland
and human breast cancer tissue

In the present investigation, we detected HSD17B7 not
only in ovarian corpus luteum but also in HC-11 cells
(Fig. 2A), a mouse mammary gland-derived epithelial cell
line, and in a human cell line derived from the pleural
effusion of a breast cancer patient, MCF-7. Cell extracts
from nonsteroidogenic tissue (liver, brain, skeletal mus-
cle, and heart) served as negative controls (Fig. 2A).
HSD17B7 was also found in mouse mammary tissue (Fig.
2B). Similar to previous reports, HSD17B7 was detected
in various human breast cancer cell lines (5, 8, 24) (data

FIG. 1. Generation of HSD17B7 polyclonal antibody. A, Expression of His-tagged HSD17B7 in bacteria. Cells were grown in culture and induced
to express His-HSD17B7 with increasing doses of IPTG. His-HSD17B7 proteins were purified on Talon column. The different fractions obtained
were run on SDS-PAGE and stained with Coomassie blue dye. Fraction number denotes individual eluates obtained via sequential elution from the
same set of Talon column as described in Materials and Methods. These eluted proteins were used to generate antibodies in two rabbits. B and C,
Western blot analysis was performed with serially diluted antibodies from first (B) and fourth bleed (C) using proteins from corpora lutea known to
highly express HSD17B7. D, Immunoprecipitation of luteal HSD17B7 with the two antibodies generated to native HSD17B7 protein.
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not shown). HSD17B7 protein expression was examined
in different human breast cancer tissues (provided cour-
tesy of Northwestern University and the Specialized Pro-
gram of Research Excellence Center at the University of
Chicago). Immunohistological studies (Fig. 2C) show
HSD17B7 to be highly expressed in ductal carcinoma.
The detection of HSD17B7 protein in ductal carcinoma in
human tissues demonstrated extensive expression in both
invasive (Fig. 2C, green arrow) and in situ (Fig. 2C, black
arrow) carcinoma. HSD17B7 enzyme was either not de-
tectable or barely detectable in neighboring adjacent
ducts undergoing hyperplasia (Fig. 2C, yellow arrows).

Estradiol stimulates the expression of HSD17B7 in
MCF-7 cells

Because previous work has indicated a role for estradiol
in the stimulation of HSD17B7 in the corpus luteum (1) and
to better understand the regulation of HSD17B7 in human
breast cancer, we examined whether estradiol influences
hsd17b7 gene expression in the ER-positive breast cancer
cell line, MCF-7. Immunocytochemical (Fig. 3A) and West-
ern blot analysis (Fig. 3B) revealed low expression of
HSD17B7 in untreated MCF-7 cells. Estradiol treatment
induced a remarkable increase in the level of HSD17B7 ex-
pression in these cells (Fig. 3B). We also found using both

RT-PCR (Fig. 3C, left panel) and quan-
titative PCR (Q-PCR) (Fig. 3C, right
panel) that estradiol markedly stimulates
the endogenous expression of HSD17B7
mRNA. This stimulation involves ER,
because ER antagonists, ICI and Tam,
blocked the effect of estradiol on
HSD17B7 protein (Fig. 3B) and mRNA
(Fig. 3C) levels. Results generated with
1.16-kb hsd17b7 promoter construct (3)
suggest that estradiol-mediated stimula-
tion of hsd17b gene expression in
MCF-7 cells may be at the level of tran-
scription (Fig. 3D). Although stabiliza-
tion of the mRNA could be another pos-
sibility. An artificial estradiol-responsive
promoter (2xERE pS2) was used as a
positive control (Fig. 3D, right panel).
The specific role of ER in estradiol-in-
duced transcriptional activity was fur-
ther assessed using either ICI or Tam,
both of which acted as antagonists and
reversed the stimulatory effect of estra-
diol (Fig. 3D, left panel), further substan-
tiating the finding that estradiol up-reg-
ulation of hsd17b7 is an ER-mediated
event.

Characterization of estradiol up-regulation
of hsd17b promoter activity and the role of ER�

and ER�

Time-course (Fig. 4A) and dose-response (Fig. 4B)
analysis of estradiol stimulation of the hsd17b7 promoter
indicated that this stimulation is highly sensitive to low
doses of estradiol and becomes apparent within 8 h of
treatment. MCF-7 cells endogenously express ER� and
respond to estradioltreatment with an increase in tran-
scriptional activity of the hsd17b7 promoter. To examine
the effect of ER� expression on the regulation of hsd17b7
by estradiol, MCF-7 cells were transfected with two dif-
ferent amounts of ER� expression vector (Fig. 4C), both
of which completely blocked regulation of hsd17b7 by
estradiol, suggesting that ER� represses the activity of
endogenous ER� on this gene. Interestingly, overexpres-
sion of ER�, which was carried out as a control, showed
that 50 ng/well of ER� could increase the regulation of
hsd17b7 by estradiol, indicating that the level of ER� in
these cells may be a limiting factor. This was confirmed
(Fig. 4D) by transfection of increasing amounts of ER�,
where estradioltreatment causes increase in transcrip-
tional activity of the hsd17b promoter.

FIG. 2. Expression of HSD17B7 protein in mouse mammary gland and human breast
carcinoma tissue. A, Western blot analysis was performed with whole-cell extracts isolated
from corpora lutea (CL) (positive control) and nonsteroidogenic tissues (negative control) as
well as mouse mammary gland-derived epithelial cells (HC-11) and human breast cancer cell
line (MCF-7). B, Mouse mammary gland tissue was prepared for immunohistochemistry as
described in Materials and Methods, and HSD17B7 expression (left panel) was detected using
the specific antibody to HSD17B7 as indicated by the red color. Negative control using
antirabbit IgG and hemotoxylin staining was performed in adjacent cut (right panel). C,
Immunohistochemical detection of HSD17B7 protein in human ductal carcinoma showing
extensive expression in pathological ducts (black arrows) and low expression in adjacent
normal ducts (yellow arrows). Immunohistochemical detection of HSD17B7 protein in ductal
carcinoma in human tissues demonstrates extensive expression in both invasive (green arrow)
and in situ (black arrow) carcinoma. HSD17B7 is not expressed in adjacent normal ducts
(yellow arrow).
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Localization of the hsd17b7 promoter region that
is responsive to estradiol

To determine the response elements necessary for estra-
diol stimulation of the hsd17b7 promoter, we have gener-
ated truncated constructs by 5� deletion. After transfection
with 1.16-kb and 5� truncated hsd17b7 promoters, MCF-7
cells were treated for 24 h with 10�9

M estradiol. Estradiol
stimulated the 1.16-kb as well as two truncated hsd17b7
promoters (Fig. 5A). However, deletion of the region be-
tween �185 and �115 bp abolished the effect of estradiol,
suggesting that this 70-bp region is necessary for estradiol-
mediated stimulation. ICI and Tam antagonized estradiol
stimulation of the �185-bp fragment of the hsd17b7 pro-

moter (Fig. 5B). Analysis of this region of
the promoter with the Transcription El-
ement Search Software revealed that this
region is highly conserved among hu-
man, rat, and mouse. To narrow down
the site important for estradiol action,
we performed further truncations and
internal deletions of the �185-bp pro-
moter (Fig. 5C). Internal deletion of the
piece of DNA between �140 and
�115 bp (Fig. 5C) significantly re-
duced, but did not completely prevent,
stimulation of the promoter by estra-
diol, suggesting that multiple estradiol-
responsive regulatory regions may ex-
ist in this promoter.

Recent studies have shown that the
mechanism of estradiol activation of
some target genes can involve interaction
of ER� with other DNA-bound tran-
scriptional factors, such as specificity
protein 1 (Sp1) proteins (25–28). A num-
ber of estrogen-responsive genes contain
Sp1 sites adjacent to an imperfect estra-
diol-response element (ERE) or to an
ERE half-site (29). At these sites, ER� is
able to bind directly to DNA and/or en-
hance Sp1 binding to its recognition site
(reviewed in Refs. 25 and 30). Within the
�185- to �115-bp region of the
hsd17b7 promoter, we found one half-
ERE as well as two Sp1 sites. Interest-
ingly, all three sites were found in the
�185-bp fragment. However, mutation
of the ERE half-site and Sp1-binding
sites either alone or in combination did
not have any effect on estradiol stimula-
tion of this promoter (Fig. 5D). We
tested several different mutations to each
Sp1 and half-ERE sites, and each one

had the same results. These results indicating that although
these sites in other genes can mediate estradiol action do not
confer responsiveness of hsd17b7 to estradiol.

Transcription factors necessary for estradiol
stimulation of hsd17b7

To examine whether the �185- to �140-bp region does
in fact bind protein in an estradiol-stimulated manner, a gel
shift mobility assay was performed with an oligo spanning
�160 to �140 bp (Fig. 6). Similar data using an oligo span-
ning �185 to �140 was obtained (data not shown). We
found that estradiol stimulated the formation of a protein/

FIG. 3. Estradiol (E2) up-regulates HSD17B7 expression and transcriptional activity in MCF-7
cells. A, MCF-7 cells were cultured on chamber slides, treated with either estradiol (10�9 M) or
vehicle (V) (0.1% ethanol) and prepared for immunocytochemistry as described in Materials and
Methods. Cells treated with vehicle (upper panel) or estradiol (lower panel) were stained with
polyclonal antibody to HSD17B7 (1:200, final dilution). Nuclei were stained with 4�,6-diamino-2-
phenylindole. Red, HSD17B7; blue, nucleus. Scale bars, 20 �m. B, MCF-7 cells were cultured with
either estradiol or vehicle, in the presence or absence of ICI or Tam for 24 h. HSD17B7 protein
levels were examined by Western blotting, and densitometer data are shown in right panel. C,
mRNA expression was determined by either RT-PCR (left panel) or Q-PCR (right panel). D, left
panel, 1.16-kb hsd17b7 (0.5 �g/well) promoter was transfected into MCF-7 cells using
Lipofectamine 2000. 2xERE pS2 promoter (0.5 �g/well) was used as control (right panel). Cells were
treated with or without inhibitors, and luciferase activity was determined. Results in each panel are the
mean � SEM from three independent experiments performed in triplicate (*, P � 0.05).
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DNA complex in a time-dependent manner and that this
complex was blocked by excess unlabeled oligo, indicating
that transcription factor binding in response to estradiol is
specific for this nucleotide sequence. No supershift was seen
with Sp1 or ER� antibodies, confirming the importance of

this region but the lack of Sp1/ERE involvement. Although
we had expected that estradiol mediates its action through
Sp1/ERE sites, these data suggest that the regulation of
hsd17b7 by estradiol must involve another, potentially
novel regulatory mechanism.

FIG. 5. Localization of estrogen response element in hsd17b7 promoter. A, Truncated constructs were generated by 5� deletion and transfected
(0.5 �g/well) into MCF-7 cells. B, Cells transfected with �185-bp promoter were cultured in the presence or absence of ICI or Tam for 24 h. C,
Internal deletion in the context of �185-bp promoter was examined in the presence or absence of estradiol. D, Mutation analysis of Sp1 and half-
ERE putative binding sites in the �185-bp hsd17b7 promoter. In each case, cells were harvested after a 24-h treatment with estradiol, and
reporter activity was measured. Results are the mean � SEM for three independent experiments performed in triplicate (*, P � 0.05).

FIG. 4. Characterization of estradiol up-regulation of hsd17b7 promoter activity and the role of ER� and ER�. MCF-7 cells were transfected with
hsd17b7 promoter (0.5 �g/well). Five hours after transfection, time course (A) and dose response of estradiol action (B) were examined. C,
hsd17b7 promoter (0.5 �g/well) was transfected with different doses of either ER� or ER� expression vectors, and reporter activity was measured.
D, hsd17b7 promoter (0.5 �g/well) was cotransfected with increasing doses of ER� expression vector. In all transfections, the total amount of DNA
was balanced with the appropriate empty vector. After transfection, cells were treated for 24 h with estradiol, and reporter activity was measured.
Results are the mean � SEM from three independent experiments performed in triplicate (*, P � 0.05).

758 Shehu et al. Regulation of HSD17B7 by Estradiol Mol Endocrinol, May 2011, 25(5):754–766



Further analysis of the �185- to �140-bp proximal
region of hsd17b7 revealed putative binding sites for Ets
like gene 1 (Elk-1), early growth response-1 (Egr-1), and
NF1. As shown in Fig. 7A, Elk-1 protein levels were up-
regulated by estradiol. ICI and Tam reversed this re-
sponse. Egr-1, a known target of estradiol in MCF-7 cells

(reviewed in Ref. 25), was also stimulated by estradiol in our
hands. Mutation of the response elements to both Elk-1 and
Egr-1 in the �185-bp promoter did not prevent this stimu-
lation (Fig. 7B). Supershift assays using antibodies to Sp1,
Elk-1, and Egr-1 established that these transcription factors
are not part of the protein-DNA complex stimulated by
estradiol (data not shown). These results suggest that al-
though Elk-1 and Egr-1 are up-regulated by estradiol, their
binding to their respective DNA sites does not appear to play a
role in estradiol-induced stimulation of the hsd17b7 promoter.

The NF1 family is composed of four members encoded
by distinct genes, NF1A, NF1B, NF1C, and NF1X (31),
producing distinct protein products, which can form homo-
or heterodimers (32). In addition, all four NF1 mRNAs can
be differentially spliced to yield a multitude of proteins with
subtle differences in their transactivation capacities (33–35).
NF1 transcription factors are ubiquitously expressed in
most tissues and possess a constitutive DNA-binding capa-

FIG. 6. Protein/DNA complex stimulated by estradiol (E2). Gel shift
mobility assay was performed with either cold or 32P-labeled oligo
spanning �160 to �140 bp with nuclear extracts from MCF-7 cells
treated with estradiol at different time points. DNA/protein complexes
were run on acrylamide gel as described in Materials and Methods.
The findings in this gel shift are representative of three independent
experiments. C, Control.

FIG. 7. Transcription factors necessary for estradiol (E2) stimulation of hsd17b7. A, MCF-7 cells were treated with either estradiol or vehicle (V) in
the presence or absence of ICI or Tam for 24 h. Cell extracts were subjected to Western blot analysis with Elk-1, Egr-1, and NFI antibodies.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for loading control. B, �185-bp hsd17b7 promoter constructs containing either
intact or mutated Egr-1, Elk-1, and NF1 sites were transfected into MCF-7 cells. Cells were treated with estradiol and harvested after 24 h.
Reporter activity was measured. C, upper panel, Protein-protein interactions were determined using DNA affinity precipitation assay analysis.
Nuclear extract from MCF-7 cells treated with either estradiol or vehicle were incubated with biotinylated-labeled oligos containing NF1-binding
sites. The precipitated DNA/protein complexes were subjected to immunoblotting with specific antibodies to pan NF1 proteins. The blot was
reprobed for ER� and Tata-binding protein. C, lower panel, ChIP assay was performed in MCF-7 cells treated with either estradiol or vehicle using
pan NF1 antibody. A nonspecific IgG antibody served as negative control. Q-PCR was then carried out on immunoprecipitated chromatin for 70-bp
region containing the NF1 in the hsd17b7 gene (*, P � 0.05). D, MCF-7 cells were cotransfected with �185-bp promoter and with NF1(s) siRNA.
A negative siRNA was used as control. Results are the mean � SEM from three independent experiments performed in triplicate (*, P � 0.05).
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bility. These proteins act as regulators in viral DNA replica-
tion, gene transcription, cell proliferation, and development.
It is difficult to pinpoint which NF1 proteins may be in-
volved in the regulation of hsd17b7 gene due to their high
degree of sequence homology, functional similarity, and
complex interactions as well as the large number of NF1
family proteins. Therefore, in this study two different pan
antibodies to NF1 were used, and similar results were ob-
tained with both. Western blot analysis using whole-cell ex-
tracts from MCF-7 cells treated with or without estradiol indi-
cated that estradiol does not affect total NF1 expression (Fig.
7A). Densitometer analysis is included in Supplemental Fig. 1,
published on The Endocrine Society’s Journals Online web site
at http://mend.endojournals.org. Mutation of the distal NF1
site (Fig. 7B) also did not prevent estradiol stimulation of the
hsd17b7 promoter. However, mutation of the proximal NF1
site (Fig. 7B) led to total inhibition of estradiol stimulation.

To examine whether NF1 can bind to the proximal
NF1 response element, short biotinylated DNA oligos
containing the proximal NF1 sequence were used for
DNA affinity precipitation assay. Mutated NF1 oligos
were used as control as shown in Supplemental Fig. 2. We
found that estradiol induced NF1 and ER� binding to the
DNA region (Fig. 7C). Studies using chromatin immuno-
precipitation (ChIP) assay and primers that amplify a re-
gion of 70 bp, from �185 to �115 bp, suggest that es-
tradiol stimulated the recruitment of NF1 to the DNA
motif, further suggesting that NF1 is a major transcrip-
tion factor responsible for estradiol stimulation of
hsd17b7 promoter. The importance of NF1-mediated es-
tradiol induction of hsd17b7 was further confirmed using
RNA interference method to knockdown NF1 or individual
NF1 family members (Fig. 7D). MCF-7 cells were cotrans-
fected with �185-bp promoter and small interfereing
(si)NF1 or siControl (siNegative) oligos. siRNA to total
NF1 inhibited NF1 expression (Supplemental Fig. 2) and
abolished the estradiol up-regulation of hsd17b7 (Fig. 7D).
Further studies using siRNA to each member of NF1 com-
plex (NF1B, NF1C, NF1A, and NFX1) showed that knock-
down of NF1B, NF1A, and NFX1 abolish the stimulation
by estradiol. Taken together, these results demonstrate that
the ability of estradiol to stimulate expression of hsd17b7
requires a novel mechanism involving NF1 recruitment to
an essential NF1 response element in the gene promoter.

Discussion

Local estradiol production plays a pivotal role in the de-
velopment and progression of hormone-dependent breast
cancers (15, 22, 36). Human breast cancer tissues contain
all the enzymes involved in the last steps of estradiol bio-
synthesis, including the rate-limiting step aromatase, es-

trone sulfatase, and 17�-hydroxysteroid dehydrogenase
(37, 38). Sulfotransferases, which convert estradiol into
the biologically inactive estrogen sulfates, are also present
in this tissue (39). There is a great deal of interest in
determining the role these enzymes play in producing es-
tradiol in cancer cells, because this hormone plays a sig-
nificant role in etiology of hormone-dependent breast
cancer. HSD17B family of enzymes control the last step in
the formation of highly potent estradiol, are highly ex-
pressed in many breast cancer cases, and are of great signif-
icance in the pathology of the breast (15, 22, 36). To date,
three HSD17B enzymes have been identified to play a sig-
nificant role in the production of the highly active estra-
diol, and these are HSD17B1 (17, 40–45), HSD17B7 (8,
11), and HSD17B12 (14). Before the discovery of
HSD17B7 and HSD17B12, HSD17B1 was the only en-
zyme known to convert estrone to estradiol. It was orig-
inally cloned from human placenta (46) and found to be
expressed in many breast cancer cases (17, 40–45, 47).
This enzyme was thought to be the main player in the
local production of estradiol in breast cancer (42, 44).
However, Labrie and co-workers (14) reported that
HSD17B7 and HSD17B12, and not HSD17B1, are com-
monly expressed in human breast cancer. HSD17B12 is
the last discovered enzyme shown to catalyze the conver-
sion of estrone to estradiol (48, 49). It is ubiquitously
expressed with the highest levels in liver, muscle, and
kidney cells. It is also expressed in ovarian, mammary
gland, and breast cancer cells (48, 49). There is a great
deal of interest in determining the role that these three
enzymes play in producing estradiol in cancer cells and in
generating antagonists to these enzymes (12, 13, 24, 49,
50). However, there is currently no information about
what stimulates their expression in cancer cells. In this
investigation, we found that the expression of hsd17b7
gene is up-regulated by estradiol, suggesting that estradiol
can sustain its own production in breast cancer cells. Re-
cent studies by Kinoshita and Chen (51) and Andò and
co-workers (52) show that estradiol amplifies its own
signal by up-regulating aromatase activity in MCF-7 cells,
and this estradiol/ER-mediated effect is suppressed by an-
tiestrogens (51, 52). Therefore, by regulating expression
of enzymes responsible for its own metabolism (biosyn-
thesis and degradation), estradiol can create a potent
feed-forward loop to further increase local estrogen levels
and drive growth of hormone-dependent breast tumors.

Estradiol induces different mechanisms of action in
breast cancer, and central to these mechanisms are two
types of ERs, ER� and ER�. Both receptors are coex-
pressed in the majority of human breast cancers. It is now
becoming apparent that progression of disease is depen-
dent not only on individual expression and action of ER�
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and ER� (53) but also on the interaction and ratio of the
two receptors (54–56). It is well established that ER� has
mitogenic activity in human breast cancer. In our studies,
endogenous expression of ER� leads to up-regulation of
hsd17b7 gene, and overexpression of this receptor further
up-regulated estradiol action. Similar results to ours have
previously been reported for other estradiol-responsive
genes activated through nuclear or nongenomic pathways of
estrogen action (31, 57), and this is apparently related to limit-
ing levels of ER� in the cells. The repression of hsd17b7 pro-
moter’s activity by ER� is also in agreement with its repressive
action on other genes (16, 36, 54–56, 58, 59). Interestingly,
ER� expression in breast cancer is correlated with positive
prognosis (35), and the mechanism of ER�-mediated hsd17b7
repression deserves further investigation, because this receptor
may prevent positive estradiol feed forward in breast cancer.

Given the fact that estradiol stimulates the growth of
ER-positive breast cancer, antiestrogens have been estab-
lished as an important endocrine therapy for breast can-
cer treatment (60). Tamoxifen, one of the antiestrogens, is
broadly used to prevent estradiol/ER–mediated stimulation
of cell growth in breast cancer, and many genomic studies
have been done to show its effect on different genes (34, 36).
From the results of this investigation, tamoxifen appears to
antagonize not only estradiol action but also the local pro-
duction of estradiol in ER�-expressing breast cancer cells.

It is clear from this investigation that estradiol induc-
tion of hsd17b7 transcriptional activity involves ER and
resides within a small �185-bp promoter that is devoid of
classical palindromic sequences of ERE sites. We identified a
variety of putative binding sites in the hsd17b7 promoter
region. However, only three, Sp1, Elk-1, and Egr-1, are
known to regulate estradiol-responsive genes (25, 30, 61).
To our dismay, mutation of these sites in the �185-bp pro-
moter region did not prevent estradiol stimulation of the
hsd17b7 promoter. This, however, does not eliminate them
as factors involved in regulation of hsd17b7, because they
might act indirectly through protein-protein interactions.

Interestingly, despite the lack of estradiol stimulation
of NF1 expression, we found the proximal NF1 site in
hsd17b7 promoter to be essential for estradiol-mediated
activation. Estradiol markedly enhanced the occupancy
of NF1 at the proximal site of the promoter. Studies with
other steroid receptors have demonstrated that NF1 is
recruited after displacement of the transcriptional repres-
sive complex (62). In our studies, in the uninduced state,
NF1 sites might not be accessible for estradiol/ER com-
plex to bind to hsd17b7 gene. Estradiol binding to ER and
other coactivators might stabilize and facilitate NF1 bind-
ing to the basal transcriptional machinery resulting in
hsd17b7 promoter activation. Because each member of
NF1 protein family has similar palindromic DNA-binding

specificities, it makes it difficult to attribute specific molec-
ular functions to individual NF1 proteins. Nevertheless, our
results suggest a key role for NF1-B, NF1A, and NFX1. NF1
transcription factors may also have a broader role in the
regulation of hsd17b7 in tissues other than breast cancer.
Indeed, deletion of hsd17b7 by our laboratory (63), and dis-
ruption of three out of four members of the NF1 family (64),
caused severe neurological defects and fetal death (65, 32, 35).

In addition to estradiol, PRL is thought to induce
breast cancer (66, 67). Interestingly, both PRL and estra-
diol are involved in either stabilizing or stimulating
HSD17B7. The association of the short form of the PRL
receptor with HSD17B7 leads to the tyrosine phosphoryla-
tion of the enzyme by Janus kinase 2 and its stabilization,
enhancing the cells’ capacity to convert estrone into estradiol
(1, 68). Furthermore, PRL stimulation of ER expression
(69–72) might render the cell more sensitive to estradiol.

In summary, all the results taken together suggest the
working hypothesis (Fig. 8) that there is a powerful feed-
back mechanism between estradiol and HSD17B7, the
enzyme that converts estrone to estradiol. Estradiol stim-
ulates the transcriptional activity of hsd17b7 in cancer
cells by activating ER� and recruiting at least one tran-
scription factor, NFI, to a specific NF-1-binding site
within the short �185-bp promoter region. Because
HSD17B7 is stabilized by its association with the PRL
receptor and because it is stimulated by estradiol,
HSD17B7 might well be one common molecule used by
PRL and estradiol to exacerbate breast tumorigenesis
through a common signaling cascade.

FIG. 8. Proposed model for HSD17B7 enzyme in cancer cells.
HSD17B7 is expressed in breast cancer cells, where it can cause the
conversion of estrone produced by breast fat cells to the potent
estradiol. In turn, estradiol stimulates HSD17B7 gene expression
through acting through ER� and a defined region of the promoter
containing NF1-binding site, stimulates HSD17B7 gene expression,
leading to a positive feed-forward loop. Because HSD17B7 binds to
and is stabilized by the PRL receptor, and is stimulated by estradiol, this
enzyme may well be one common molecule used by PRL and estradiol
to induce breast cancer. Jak2, Janus kinase 2.
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Materials and Methods

Materials
Benita Katzellenbogen generously supplied the human

pCMV-ER� and pCMV-ER� expression vectors and 2xERE
pS2 reporter vector. MCF-7 cells were provided by Randall
Jaffe.

Purification of His-tagged HSD17B7
DH5� bacterial cells transformed with HSD17B7 in the

pProEx-HT plasmid were grown in a 500 ml culture of lysogeny
broth medium at 37 C overnight; 10 ml of this overnight
culture were placed into 1 liter of fresh, prewarmed lysogeny
broth and grown at 30 C for 4 h. IPTG was then added to a
final concentration of 0.6 mM to induce expression of His-
tagged HSD17B7. The time of incubation with IPTG to max-
imal expression of HSD17B7 was shown to be 2–3 h, so
incubation was stopped 3 h after the addition of IPTG. The
culture was centrifuged to obtain the bacterial pellet, which was
then frozen at �80 C overnight. Talon resin (CLONTECH,
Mountain View, CA) was used for purification under native
conditions according to the manufacturer’s protocol. Because
HSD17B7 is a microsomal protein, we used the nondenatur-
ing detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate (10 mM), cofactor NADPH (40 �M), and very
stringent salt washes to purify this protein. The pellet was re-
suspended in lysis buffer [50 mM sodium phosphate (pH 8.0),
300 mM NaCl, and 10 mM imidazole] with lysozyme (1 mg/ml)
and with 1 �M NAD� (NADPH) as cofactor. This was incu-
bated for 30 min on ice and then subjected to sonication to lyse
the cells. It was then centrifuged (10,000 � g for 30 min) to
sediment the cellular debris. The supernatant was then incu-
bated overnight at 4 C with slurry containing the Talon resin to
bind the His-tagged HSD17B7. The next morning, the mixture
was poured into a column and the unbound fraction collected.
Wash buffer [50 mM sodium phosphate (pH 8.0), 300 mM NaCl,
and 20 mM imidazole] was used to elute weakly bound proteins,
and finally elution buffer [50 mM sodium phosphate (pH 8.0),
300 mM NaCl, and 250 mM imidazole] was used to elute the
fusion protein.

Generation of polyclonal antibody to native
HSD17B7 enzyme

Needle injections and serum collection were performed at
University of Illinois at Chicago Biological Research Laboratory
according to institutional guidelines for animal care and han-
dling. Female New Zealand white rabbits (The Jackson Labo-
ratory, Bar Harbor, ME) were used for immunization as de-
scribed previously (9). The specificity of the antibody was tested
by probing a Western blot containing HSD17B7 protein puri-
fied as described above and whole-cell extract from d 15 of
pregnancy. The antibody recognized a single band of the correct
size for HSD17B7 (Fig. 1).

Tissue preparation and histology
Mammary gland and breast cancer tissue were sectioned as

previously described (63) and were incubated overnight at 4 C
with a primary polyclonal antibody to HSD17B7 (1:150 dilu-
tion) and then incubated with a secondary biotinylated goat
antirabbit IgG according to manufacturer’s instructions (Vec-
tastain ABC kit; Vector Laboratories, Burlingame, CA). Perox-

idase activity was developed with Nova Red solution (Vector
Laboratories), and sections were counterstained with hematox-
ylin (Vector Laboratories). Appropriate controls were per-
formed by preabsorbing HSD17B7 antibody in 0.1 M sodium
phosphate buffer (1:150 dilution) with a corpora lutea-enriched
microsomal fraction overnight at 4 C.

Cell culture and treatments
MCF-7 cells, which are estrogen-sensitive cells derived from

the pleural effusion of a breast cancer patient, were cultured in
DMEM (Invitrogen, Herndon, VA) supplemented with 10%
fetal bovine serum (FBS) (HyClone, Logan, UT) and 1� pen/
strep solution (CellGro, Herndon, VA) at 37 C in a 5% CO2,
humidified atmosphere. At least 3 d before the experiments,
maintenance media were replaced by treatment media, con-
sisting of phenol red-free DMEM supplemented with 5%
charcoal-dextran-treated (CDT) serum (CDT-FBS; HyClone)
and antibiotics. To examine the effects of estradiol on
HSD17B7 mRNA expression, estradiol dose-response exper-
iments were performed. Unless listed otherwise, estradiol treat-
ments were 10�9 M for 24 h, whereas the concentration of
estradiol inhibitors, Tam and ICI, was 100-fold higher than that
of estradiol. The control group always received ethanol (0.1%)
as vehicle. After treatment, cells were washed twice with cold
PBS and stored at �80 C before RNA and protein were ex-
tracted or luciferase assay was performed.

Transfection
For transient transfections, 105 cells were seeded in 24-well

plates and cultured in phenol red-free media containing 5%
CDT-FBS. In general, cells were 80–90% confluent at the start
of transfection. Cells were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufactur-
er’s protocol. Unless otherwise mentioned, 0.5 �g of the pro-
moter construct were added for optimum transfection effi-
ciency. Expression vectors were transfected at different doses as
indicated in each experiment. In all transfections, the total
amount of DNA was balanced with the appropriate empty vec-
tor. After treatment, cells were washed twice with cold PBS and
stored at �80 C for reporter assays.

Reporter assays
Luciferase activity was measured by first preparing cell ly-

sates in 1� reporter lysis buffer (Promega, Madison, WI). Lu-
ciferase activity driven by the hsd17b7 promoter constructs was
measured by combining the lysate with firefly luciferase assay
substrate (Promega) according to manufacturer’s protocol. Lu-
ciferase activity was normalized to total protein levels in each
well, because �-galatosidase and Renilla activities are regulated
by estradiol.

Immunocytochemistry
MCF-7 cells were grown on Lab-Tek chamber slides (Nalge

Nunc International, Rochester, NY) with either estradiol or ve-
hicle for 24 h and processed for immunocytochemistry as de-
scribed previously (32). A polyclonal antibody to HSD17B7
(1:200) and Cy3-conjugated donkey antirabbit IgG (1:800;
Jackson ImmunoResearch, West Grove, PA) were used as pri-
mary and secondary antibodies, respectively.
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RNA isolation and reverse transcription
RNA was isolated from cells using TRIzol reagent (Invitro-

gen) as described previously (3). One microgram total RNA was
reverse transcribed in a total volume of 20 �l using 200 U
reverse transcriptase, 0.3 �g oligo-(dT)18, and 1 mM deoxy-
nucleotide triphosphate (Invitrogen). The resulting cDNA was
then diluted to a total volume of 100 �l by adding diethylpyro-
carbonate-treated H2O.

Real-time PCR
To generate standard curves for real-time PCR, a series of

dilutions from 1:5 to 1:500 were prepared from RT products; 5
�l aliquots of standards or diluted RT products were combined
with 1� SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) and 50 nM forward and reverse primers.
HSD17B7 and ribosomal phosphoprotein expression was de-
tected using 5�-CTG GAA TGG CTC CGG GCT TTG C-3�
(forward) and 5�-CCT GCC CTC GGA GAC GGC GTCG-3�
(reverse), and 5�-GTG TTC GAC AAT GGC AGC AT-3� (for-
ward) and 5�-GAC ACC CTC CAG GAA GCG A-3� (reverse)
primers, respectively. Reactions were carried out on an ABI
PRISM 7700 Sequence Detection System (PE Applied Biosys-
tems, Foster City, CA) for 40 cycles (95 C for 15 sec, 60 C for 1
min) after initial 10-min incubation at 95 C. Relative expression
levels were calculated using the ��CT (cycle threshold) method
with the ribosomal phosphoprotein mRNA used as an internal
control.

Western blottings
Whole-cell extracts from MCF-7 cells were prepared by lys-

ing cells in RIPA buffer (1� PBS, 1% Nonidet P-40, 0.5% so-
dium deoxycholate, and 1% sodium dodecyl sulfate) containing
1� protease inhibitor (Sigma, St. Louis, MO) and 100 mM so-
dium orthovanadate as described previously (73). Antiserum to
the native HSD17B7 (developed as described above and named
AS-07 or AS-08) was used to examine HSD17B7 expression at
1:10,000 dilution, anti-Elk-1 (sc-355; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) was used at 1:1,000, anti-Egr-1 (sc-
189; Santa Cruz Biotechnology, Inc.) was used as 1:1000, and
anti-NF-1 was used at 1:1000 (sc74445, sc-5567, and sc-870).
�-Actin (ab8227) or glyceraldehyde-3-phosphate dehydroge-
nase (ab9485), purchased from Abcam (Cambridge, MA), was
used as an internal control. After a series of washes, blots were
incubated with a donkey antirabbit secondary antibody linked
to horseradish peroxidase for 1 h. Densitometry was performed
with ImageQuant version 3 software (Molecular Dynamics,
Sunnyvale, CA). The intensity of the HSD17B7 signal was nor-
malized to that of respective internal control.

Mutation of hsd17b7 promoter
The first set of mutations made to the hsd17b7 promoter

consisted of four nucleotides, respectively, being changed to
abolish ERE, Sp1, NF1 sites, or their combinations. Using
�185-bp hsd17b7 promoter as a template, promoter mutations
were made via PCR using the Quick-Change II site-directed
mutagenesis kits (Stratagene, La Jolla, CA) according to the
manufacturer’s protocol. The presence of correct mutations was
confirmed by DNA sequencing. Primers for the mutations are
included in Supplemental Table 1.

Electrophoretic mobility shift assay
Nuclear extracts were prepared from cultured cells as de-

scribed (2, 3). Protein concentration in nuclear extracts was
determined using the bicinchoninic acid protein assay (Pierce,
Madison, WI). Cold competitor probes were added to a final
concentration of 2.5 pmol. Samples were run on a 4% nonde-
naturing polyacrylamide gel in 0.5� Tris borate EDTA buffer at
200 V for 2–3 h. The gels were then dried and analyzed by
autoradiography.

DNA affinity precipitation assay
5�-Biotin end-labeled sense and antisense oligonucleotides

corresponding to the wild-type NF-1-binding sites of the
hsd17b7 promoter were custom made by Integrated DNA Tech-
nologies, Inc. (Carolville, IA). MCF-7 cell nuclear extracts (50
�g) were incubated with 0.2 �g of biotinylated probe in binding
buffer [60 mM KCl, 12 mM HEPES (pH 7.9), 4 mM Tris-HCl,
5% glycerol, 0.5 mM EDTA, 1 mM dithiothreitol, and 1� pro-
tease inhibitor cocktail] on ice for 45 min. The DNA-protein
complexes were then incubated with 40 �l of Strepavidin M270
Dynabeads (Invitrogen), which was preequilibrated in the bind-
ing buffer for 1 h. The incubation was continued for 1 h at 4 C
with gentle rotation. DNA-protein complexes were then washed
six times with the binding buffer. Next, 36 �l of 2� protein
sample buffer were added to the avidin-precipitated DNA-pro-
tein complex, which was then boiled for 5 min to dissociate the
complexes. Western blot analysis was performed with the spe-
cific antibodies to NF1 (sc-5567; Santa Cruz Biotechnology,
Inc.), ER� (RT-1641-P0; Thermo Scientific, Rockford, IL) and
Tata-binding protein (ab818; Abcam).

ChIP assays
MCF-7 cells were seeded in 10-cm plates and grown in phe-

nol red-free media containing 5% CD-stripped calf serum.
When 90% confluent, cells were treated either vehicle or estra-
diol and cross-linking was carried out with 1.5% formaldehyde
for 15 min at room temperature. Cells were lysed and chromatin
sonicated as previously described (74). NF1 antibodies (sc-
5567x and sc-870x) from Santa Cruz Biotechnology, Inc. or
rabbit polyclonal IgG antibody were preincubated with protein
A-coated magnetic beads (Dynabeads; Invitrogen) overnight.
Decross-linking was carried out overnight at 65 C. DNA was
purified using Qiaquick (QIAGEN, Valencia, CA) columns and
eluted in prewarmed water. Using Q-PCR, input was diluted
(1:20, 1:100, 1:250, and 1:2000) to generate a standard curve.
Primers for ChIP Q-PCR are 5�CTG GAA TGG CTC CGG
GCT TTG C-3� (forward) and 5�CCT GCC CTC GGA GAC
GGC GTC G-3� (reverse). These primers amplify 70-bp region,
from �185 to �115 bp, a region deleted in our promoter stud-
ies. Data shown represent the mean � SEM from at least three
independent determinations.

Small interfering RNA transfection
RNAi experiments were performed with Silencer Select Pre-

designed oligos purchased from Ambion, targeting total NF1
(s9478 or s9481), NFIB (s9496 or s9495; Ambion), NFIC
(s9497 or s194650; Ambion), NF1A (s9503 or s9501; Ambion),
or NFX1 (s9525 or s9526; Ambion) mRNAs and siNegative
nontargeting siRNA no. 1 (Santa Cruz Biotechnology, Inc. and
Ambion). MCF-7 cells (100 � 104 per well of 24-well plate)
were transfected in Opti-MemI (Invitrogen) with 20 pmol of
each siRNA oligo using Attractene reagent (QIAGEN) and 0.15
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�g of hsd17b7 reporter plasmid. After a 24-h transfection, me-
dia were changed to treatment media. Luciferase reporter activ-
ity was determined 48 h after transfection.

Statistical analysis
Normalized data from real-time-PCR and promoter studies

were analyzed using one-way ANOVA followed by Tukey test.
Student’s t test was also used when appropriate. A level of P �
0.05 was considered statistically significant.
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sono K, Blumberg B, Kastner P, Mark M, Chambon P, Evans RM
1995 The nuclear receptor superfamily: the second decade. Cell
83:835–839

20. Lonard DM, O’Malley BW 2006 The expanding cosmos of nuclear
receptor coactivators. Cell 125:411–414

21. Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM, Mangelsdorf
DJ 2006 Anatomical profiling of nuclear receptor expression re-
veals a hierarchical transcriptional network. Cell 126:789–799

22. Deroo BJ, Korach KS 2006 Estrogen receptors and human disease.
J Clin Invest 116:561–570

23. Geisler J, Lønning PE 2005 Aromatase inhibition: translation into a
successful therapeutic approach. Clin Cancer Res 11:2809–2821

24. Laplante Y, Rancourt C, Poirier D 2009 Relative involvement of
three 17�-hydroxysteroid dehydrogenases (types 1, 7 and 12) in the
formation of estradiol in various breast cancer cell lines using se-
lective inhibitors. Mol Cell Endocrinol 301:146–153

25. Safe S 2001 Transcriptional activation of genes by 17�-estradiol
through estrogen receptor-Sp1 interactions. Vitam Horm 62:231–
252

26. Schultz JR, Petz LN, Nardulli AM 2003 Estrogen receptor � and
Sp1 regulate progesterone receptor gene expression. Mol Cell En-
docrinol 201:165–175

27. Schultz JR, Petz LN, Nardulli AM 2005 Cell- and ligand-specific
regulation of promoters containing activator protein-1 and Sp1
sites by estrogen receptors � and �. J Biol Chem 280:347–354

28. Petz LN, Nardulli AM 2000 Sp1 binding sites and an estrogen
response element half-site are involved in regulation of the human
progesterone receptor A promoter. Mol Endocrinol 14:972–985

29. Petz LN, Ziegler YS, Schultz JR, Kim H, Kemper JK, Nardulli AM
2004 Differential regulation of the human progesterone receptor
gene through an estrogen response element half site and Sp1 sites. J
Steroid Biochem Mol Biol 88:113–122

30. Safe S, Kim K 2008 Non-classical genomic estrogen receptor (ER)/
specificity protein and ER/activating protein-1 signaling pathways.
J Mol Endocrinol 41:263–275

31. Duan R, Xie W, Li X, McDougal A, Safe S 2002 Estrogen regula-
tion of c-fos gene expression through phosphatidylinositol-3-ki-
nase-dependent activation of serum response factor in MCF-7
breast cancer cells. Biochem Biophys Res Commun 294:384–394

32. Steele-Perkins G, Plachez C, Butz KG, Yang G, Bachurski CJ, Kins-

764 Shehu et al. Regulation of HSD17B7 by Estradiol Mol Endocrinol, May 2011, 25(5):754–766



man SL, Litwack ED, Richards LJ, Gronostajski RM 2005 The
transcription factor gene Nfib is essential for both lung maturation
and brain development. Mol Cell Biol 25:685–698

33. Qian F, Kruse U, Lichter P, Sippel AE 1995 Chromosomal local-
ization of the four genes (NFIA, B, C, and X) for the human tran-
scription factor nuclear factor I by FISH. Genomics 28:66–73

34. Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, Katzenellenbo-
gen BS 2004 Selective estrogen receptor modulators: discrimination
of agonistic versus antagonistic activities by gene expression profil-
ing in breast cancer cells. Cancer Res 64:1522–1533

35. Driller K, Pagenstecher A, Uhl M, Omran H, Berlis A, Gründer A,
Sippel AE 2007 Nuclear factor I X deficiency causes brain malfor-
mation and severe skeletal defects. Mol Cell Biol 27:3855–3867

36. Frasor J, Chang EC, Komm B, Lin CY, Vega VB, Liu ET, Miller LD,
Smeds J, Bergh J, Katzenellenbogen BS 2006 Gene expression pref-
erentially regulated by tamoxifen in breast cancer cells and corre-
lations with clinical outcome. Cancer Res 66:7334–7340

37. Evans TR, Rowlands MG, Law M, Coombes RC 1994 Intratu-
moral oestrone sulphatase activity as a prognostic marker in human
breast carcinoma. Br J Cancer 69:555–561

38. Chetrite GS, Cortes-Prieto J, Philippe JC, Wright F, Pasqualini JR
2000 Comparison of estrogen concentrations, estrone sulfatase and
aromatase activities in normal, and in cancerous, human breast
tissues. J Steroid Biochem Mol Biol 72:23–27

39. Pasqualini JR, Chetrite G, Blacker C, Feinstein MC, Delalonde L,
Talbi M, Maloche C 1996 Concentrations of estrone, estradiol, and
estrone sulfate and evaluation of sulfatase and aromatase activities
in pre- and postmenopausal breast cancer patients. J Clin Endocri-
nol Metab 81:1460–1464

40. Poutanen M, Isomaa V, Lehto VP, Vihko R 1992 Immunological
analysis of 17�-hydroxysteroid dehydrogenase in benign and ma-
lignant human breast tissue. Int J Cancer 50:386–390

41. Ariga N, Moriya T, Suzuki T, Kimura M, Ohuchi N, Satomi S,
Sasano H 2000 17�-Hydroxysteroid dehydrogenase type 1 and
type 2 in ductal carcinoma in situ and intraductal proliferative
lesions of the human breast. Anticancer Res 20:1101–1108

42. Gunnarsson C, Olsson BM, Stål O 2001 Abnormal expression of
17�-hydroxysteroid dehydrogenases in breast cancer predicts late
recurrence. Cancer Res 61:8448–8451

43. Miyoshi Y, Ando A, Shiba E, Taguchi T, Tamaki Y, Noguchi S
2001 Involvement of up-regulation of 17�-hydroxysteroid dehy-
drogenase type 1 in maintenance of intratumoral high estradiol
levels in postmenopausal breast cancers. Int J Cancer 94:685–689

44. Gunnarsson C, Hellqvist E, Stål O 2005 17�-Hydroxysteroid de-
hydrogenases involved in local oestrogen synthesis have prognostic
significance in breast cancer. Br J Cancer 92:547–552

45. Aka JA, Mazumdar M, Chen CQ, Poirier D, Lin SX 2010 17�-
Hydroxysteroid dehydrogenase type 1 stimulates breast cancer by
dihydrotestosterone inactivation in addition to estradiol produc-
tion. Mol Endocrinol 24:832–845

46. Luu The V, Labrie C, Zhao HF, Couët J, Lachance Y, Simard J,
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