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ABSTRACT

Sex steroid hormones such as estrogens and androgens are involved in the
development and differentiation of the breast tissue. The activity and concentration
of sex steroids is determined by the availability from the circulation, and on local
conversion. This conversion is primarily mediated by aromatase, steroid sulfatase,
and 17B-hydroxysteroid dehydrogenases. In postmenopausal women, this is the
primary source of estrogens in the breast. Up to 70-80% of all breast cancers
express the estrogen receptor-a, responsible for promoting the growth of the
tissue. Further, 60-80% express the androgen receptor, which has been shown
to have tissue protective effects in estrogen receptor positive breast cancer,
and a more ambiguous response in estrogen receptor negative breast cancers.
In this review, we summarize the function and clinical relevance in cancer for
17B-hydroxysteroid dehydrogenases 1, which facilitates the reduction of estrone
to estradiol, dehydroepiandrosterone to androstendiol and dihydrotestosterone to
3a- and 3B-diol as well as 17B-hydroxysteroid dehydrogenases 2 which mediates the
oxidation of estradiol to estrone, testosterone to androstenedione and androstendiol
to dehydroepiandrosterone. The expression of 17B-hydroxysteroid dehydrogenases
1 and 2 alone and in combination has been shown to predict patient outcome, and
inhibition of 17B-hydroxysteroid dehydrogenases 1 has been proposed to be a prime
candidate for inhibition in patients who develop aromatase inhibitor resistance or
in combination with aromatase inhibitors as a first line treatment. Here we review
the status of inhibitors against 17B-hydroxysteroid dehydrogenases 1. In addition,
we review the involvement of 17B-hydroxysteroid dehydrogenases 4, 5, 7, and 14 in
breast cancer.

INTRODUCTION

is dependent on the circulating concentrations of the
respective steroid, but also on local conversion.

The effect of sex steroids on breast tissue in genetic
females is normally primarily mediated by estrogens,

Sex steroid hormones such as estrogens and
androgens are involved in the development and

differentiation of several tissues and organs, including
bone, cardiovascular, brain and gender-specific sites
such as testis, prostate, endometrium, and ovaries.
Steroids continuously assert their influence based on
relative concentration and exposure time, which in turn

with estradiol being the most active estrogen. Estrogen
signaling results in breast growth, and changes in estrogen
exposure occur naturally in the different stages of life,
such as puberty and pregnancy. The effect of androgens
in breast tissue, with dihydrotestosterone (DHT) being
the most potent, are in direct opposition to those of
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estrogens, mediating tissue homeostasis, and protection
against proliferative signals and can lead to breast atrophy.
Sufficient androgen concentrations prevent the formation
of breasts, even in genetic females, in certain disorders
such as adrenal tumors. The balance of estrogens and
androgens thus determine the future of the breast in any
individual, and uncontrolled estrogen signaling is the
most widely accepted risk factor for breast cancer [1].
The primary site of estrogen production in premenopausal
women is the ovaries, while most androgens are
synthesized in the adrenal glands [2]. In postmenopausal
women, the ovarian production of estrogens is greatly
diminished, and adrenal androgens and sulfated estrogens
become the primary circulating steroids. As a result of this
shift, the primary source of active estrogen in any tissue
becomes the product of local conversion. This conversion
in the breast tissue is primarily mediated by a number of
enzymes, including aromatase, steroid sulfatase (STS) and
17B-hydroxysteroid dehydrogenase (HSD17B) (Figure 1)
[3-9]. The relative expression of the different enzymes,
combined with the availability of substrates, mediates the
balance and thus the final effect of the sex steroids in the
local tissue.

BREAST CANCER

Breast cancer is the malignant growth of cells in the
breast tissue, most frequently the epithelium of the duct
or lobule. During their lifetime, 10% of women will be
diagnosed with breast cancer. Many breast cancers are
steroid hormone dependent, and estrogen and androgen
signaling have been shown to be the primary sex steroid
hormones involved in regulating tumor growth and
progression, with 70-80% of all breast cancers expressing
estrogen receptor (ER)a [10, 11] and 60-80% expressing
the androgen receptor (AR) [12, 13]. Estrogen signaling
by ERa in breast cancer cells results in proliferation
and survival signals while suppressing the expression
of antiproliferative and apoptotic targets [14, 15].
Additionally, there is a second form of ER, known as
ERB (or ERB1), which has growth inhibitory properties in
breast cancer and can bind to ERa, forming heterodimers
which have reduced transcription potential [15]. Further,
ERB splice variants ERB2, ERB3, ERB4, and ERBS, have
reduced ligand binding capacity, and function through
heterodimer formation with ERB1 or ERa, modulating
their activity and function. This topic is further discussed
by Haldosen et al., and Sareddy et al., [16, 17]. The
primary form of ER in healthy breast and most breast
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Figure 1: Schematic representation of the enzymatic conversion of sex steroids in breast tissue. DHEA =
dehydroepiandrosterone. DHEA-S = dehydroepiandrosterone-sulfate. DHT = dihydrotestosterone. E1 = estrone. E2 = estradiol. E1-S =
estrone—sulfate. E2-S = estradiol-sulfate. HSD3B1 = hydroxysteroid 3 beta-1. HSD17B = hydroxysteroid 17-beta dehydrogenase. STS =
steroid sulfatase. SRD5A1 & 2 = steroid 5 alpha-reductase 1 and 2.
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cancers is ERa, and as a result, most estrogen signaling is
mediated through ERa signaling in breast cancer [15, 18].
Androgens, on the other hand, signal through AR. In ERa-
positive tissues, such as healthy breast and ERa-positive
breast cancer, androgens are reported to be primarily anti-
proliferative and are associated with improved outcome
[19-23]. The role of androgens in ERa-negative disease is
more controversial, showing either improved or worsened
patient outcome when expressed. This discrepancy likely
depends on confounding factors such as the presence of
AR splice variants, V-7 in particular [24, 25], the presence
of HER2 [26], the presence of FOXA1 [27], variations in
the grade of the cohorts studied, and differing AR protein
cut-off values [23, 28, 29]. In ERa-negative disease,
clinical trials evaluating the effect of antiandrogens in
AR-positive patients are showing promising results
from treatment with antiandrogens bicalutamide and
enzalutamide [30]. This review will focus on the HSD17B
family, which modulates 17p-hydroxysteroid activity
through reduction or oxidation of the carbon at the 17"
position, and whose expression levels are frequently
altered in breast cancer [6, 31-34].

HSD17BS

The HSD17B family was first reported in the
50°s when enzymes mediating conversation of 17f3-
hydroxysteroids (androgens and estrogens) in the placenta
were discovered [34]. In the 90°s the first members of the
HSD17B family were cloned, sequenced and their function
documented [3-7]. The enzymes of the HSD17B family
are numbered in the order in which they were discovered.
To date, 14 members have been identified, and with the
exception of HSD17B5, which is an aldo-keto reductase
(AKR), they are all part of the short-chain dehydrogenase/
reductase (SDR) family. The HSD17Bs share a relatively
low sequence homogeneity, approximately 20-30%.
Despite this, there is a substantial overlap in enzymatic
activity between family members, with HSD17B1, 3, 5, 7
and 12 catalyzing reduction and 2, 4 and 14 the oxidation
of 17B-hydroxysteroids. The primary differences between
the different reductive and oxidative members are the
preferred substrate and their pattern of expression. Since
the reduced forms of both androgens and estrogens
(testosterone and estradiol (E2), respectively) have
higher binding affinity to their respective receptors than
their oxidized counterparts (androstenedione and estrone
(E1) respectively), the oxidizing reaction is considered
protective against the effects of sex hormones. In light of
this, it is unsurprising that the enzymes which catalyze the
oxidizing reactions are more widely expressed than the
reductive counterparts, and are sometimes reduced or lost
in cancer [3-7, 35-38]. The reducing forms of HSD17B
enzymes are primarily expressed in the testis and ovaries
but are also upregulated in some cancers [39-43].

HSD17B1 AND 2

HSD17B1 was the first type of HSD17B enzyme
discovered, the gene HSD17B1 is localized to 17q11-q21
and encodes a 6 exon protein composed of 328 amino
acids with a molecular mass of 34.95 kDa. The enzyme
is expressed in the cytoplasm [6]. HSD17B1 is active as
a homodimer composed of two subunits. The enzyme
catalyzes reactions that increase the estrogenic activity of
its ligands. The primary role of HSD17B1 is to mediate
the reduction of El to E2, and HSD17B1 has been
shown to be the most active enzyme in regards to E2
production [39]. HSD17B1 also catalyzes the reduction
of Dehydroepiandrosterone (DHEA) to androstenediol,
which has reduced androgenic and increased estrogenic
activity [44, 45]. More recently, it has also been shown
to metabolize DHT into 3B-diol and 3a-diol [46], both
of which have much lower affinity for AR and increased
affinity for ERP and to some degree ERa compared to
DHT [47-49]. Maintenance of low DHT concentration
in the breast tissue is important for ERa-positive breast
cancer since increased DHT concentrations will result in
inhibition of proliferation [50, 51]. HSD17B1 is primarily
expressed in the placenta and ovary [6], but it is also
expressed at lower levels in breast epithelium [35, 36].

HSDI17B2 is localized to 16q24.1-q24.2 and encodes
a 6 exon protein composed of 387 amino acids with a
molecular mass of 42.785 kDa. The enzyme contains an
endoplasmatic reticulum retention motif, which indicates
this is a likely site for the protein to mediate its function
[5]. HSD17B2 catalyzes the oxidation of E2 to El,
testosterone to androstenedione and androstenediol to
DHEA [52]. HSD17B2 is expressed in placenta, lung,
liver, pancreas, kidney, prostate, colon, small intestine,
endometrium [6] and breast epithelial cells [35].

ROLE OF HSD17B1 AND HSD17B2 IN
BREAST CANCER

In the healthy breast, the oxidative reaction of
estradiol catalyzed by HSD17B2 is preferred over the
reductive reaction [35, 36]. In vitro, and in vivo studies
using cell lines in rats and mice, as well as clinical studies
have shown that the preferential reaction is reductive,
and HSD17B1 expression has been found to be increased
in breast cancer compared with unchanged tissue. This
change is accompanied by increased E2 levels [53-57]. In
postmenopausal patients, the circulating E1 is decreased,
and the ratio of E2/E1 becomes higher in the tumor tissue.
This is accompanied by increased HSD17B1 mRNA
expression levels, but no change in aromatase or sulfatase
levels [58]. Using HSD17B1 expressing mice xenografts,
Husen et al demonstrated that E1 induced tumor growth
could be greatly inhibited by administration of HSD17B1
inhibitors [59]. A similar study was conducted where
inhibition of HSD17B1 activity prevented the proliferation
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of breast cancer cells in vitro, and reduced tumor volume
and E2 plasma concentration in human breast cancer cell
lines grown in vivo using mice and rat models [57]. More
recently, studies using breast cancer cells where HSD17B1
was downregulated also show a significant reduction
in proliferation and lowered E2 concentrations, and
accompanied by increased DHT levels, likely as a result
of the loss of E1 to E2 and DHT to 3a/3B-diol conversion
by HSD17B1 [39, 46, 60]. This reduced proliferation
could be the result of DHT-mediated growth inhibition
since the addition of E2 did not completely rescue the
proliferation [60], and the role of DHT in reducing breast
cancer cell proliferation has been previously reported [39,
46]. Finally, Aka et al. recently demonstrated an estrogen
independent function of HSD17B1, where it favors an
anti-apoptotic gene profile when expressed, which in
estrogen-independent cells could reduce proliferation [61].

The expression of HSD17B2 in breast cancer is
important in its capacity to oxidize E2 into E1 and protect
the tissue from its activity, and HSD17B2 expression
was shown to be reduced in breast cancer compared with
benign tumors [56, 62]. Furthermore, HSD17B2 mRNA
expression has been shown to be inversely correlated to E2
levels in breast cancer [54] and to the majority of adverse
clinical factors studied [63-65]. The role of HSD17B2 in
ERa-negative breast cancer is likely different since its
expression has been shown to be increased [53]. Recently,
HSD17B2 expression has been shown to be significantly
higher in invasive lobular carcinoma (ILC) than in
invasive ductal carcinoma (IDC), and it was accompanied
by reduced tumor size when expressed [66].

THE CLINICAL RELEVANCE OF HSD17B1
AND HSD17B2

The clinical relevance of HSD17B1 has been
highlighted in several patient cohorts. Oduwole et al
show that in a primarily post-menopausal cohort, patients
with tumors expressing HSD17B1 mRNA or protein had
significantly shorter overall and disease-free survival than
the other patients [40]. In a study conducted in our lab,
two different post-menopausal cohorts showed that a high
HSD17B1 to HSD17B2 ratio, as well as high HSD17B1
on its own was associated with worse prognosis and
increased risk of recurrence in patients with ERa-positive
tumors [65, 67]. Patients with high tumoral HSD17B2
expression or a high HSD17B2 to HSD17B1 ratio had
improved prognosis on their own and was associated with
reduced risk of recurrence in patients with ERa-positive
tumors. Additionally, increased HSD17B1 expression was
associated with increased risk of recurrence after 5 years
[65, 67]. When analyzing copy number variation of the
HSD17B1 gene it was shown that increased copy number
was correlated with decreased breast cancer survival [68].
The ratio of HSD17B1 to HSD17B2 has been shown to
be a good indicator of tamoxifen treatment benefit, as

post-menopausal patients with tumors expressing a high
HSD17B1/HSD17B2 protein ratio have less benefit from
tamoxifen treatment [69], likely as a result of increased
E2 levels which can compete with tamoxifen, limiting
its ability to prevent estrogen signaling [39, 52, 69].
Further, in ERa-positive pre-menopausal breast cancer
patients who received tamoxifen treatment, low HSD17B1
expression was associated with reduced risk of recurrence
[70].

INHIBITORS OF HSD17B1 AND HSD17B2

Several authors have proposed the use of HSD17B1
inhibitors for breast cancer, either as a single treatment,
conceivably once resistance to aromatase inhibitors has
arisen, or in combination with other treatments [46, 71,
72]. The primary result of such inhibition would be the
reduction of E2 levels and increased DHT levels in the
tissues that express HSD17B1 [39, 44-46], and as such,
side effects should be more limited than current anti-
hormonal treatments due to the limited tissue expression of
HSD17BI1 in placenta, ovary [6] and breast epithelium [35,
36]. However, it is worth noting that different HSD17B
enzymes, as well as compensatory mechanisms for the
loss of the HSD17B1 mediated conversion of E1>E2,
DHEA>androstenediol, and DHT>3p/3a-diol may result
in variations in the systemic hormonal balance, beyond the
effect in the breast tissue, following HSD17B1 inhibition.
These changes would have to be evaluated during in vivo
and clinical testing in order to validate the implications.

There are two primary forms of inhibitors available,
steroidal and nonsteroidal [73, 74]. Several steroidal
and non-steroidal compounds have been tested, and
have shown to be able to reduce HSD17B1 activity in
vitro, but the list of in vivo validated inhibitors is much
shorter. Studies of the steroidal compound STX1040
on human breast cancer cells in mice and rat models
showed that it reduced E1 induced tumor growth and E2
plasma concentration [57]. The non-steroidal compound
B10720511 was shown to reduce tumor weight in
mice by 60% when given in combination with E1 [59].
The compound PBRM [3-(2-bromoethyl)-16p-(m-
carbamoylbenzyl)-17p-hydroxy-1,3,5(10)-estratriene]
results in reduced T47D tumor burden in mice treated
with E1 to levels which were similar to E1 untreated
controls [75]. Despite a plethora of tested inhibitors, there
is currently no clinically used HSD17B1 inhibitors, and
more testing is needed to find suitable candidates.

CONTROL OF EXPRESSION AND
REGULATION OF HSD17B1 AND HSD17B2

The genetic aspects of HSD17B1 regulation are
partially characterized, and HSD17B1 has been shown to
have a promotor in the 5’ flanking region from -78 to +9,
and a silencer element located -113 to -78. Further, the
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binding sites of transcription factors specificity protein
(SP)1 and SP3 are present at -52 to -43, and regulate
30-60% of promotor activity. Additionally, activating
protein (AP)2 binds at -62 to -53 and mediate a decrease
in SP1 and SP3 binding, and a GATA3 binding site in
the HSD17B1 silencer region was found to be associated
with downregulated promotor activity [76]. The impact
of HSD17B polymorphisms appears limited. A recent
meta-analysis on the impact of HSD17B1 polymorphism
rs605059 shows that it might confer genetic cancer
susceptibility in Caucasians, but authors propose more
studies are needed [77]. On the other hand, the SNP
rs4445895 T was shown to be associated with lower
intratumoral HSD17B2 mRNA levels and inversely
correlated with E2 levels [78], indicating that HSD17B2
polymorphisms may have clinical relevance.

There have been several studies showing the impact
of different therapeutic compounds on the HSD17B1 and
HSD17B2 expression. It has been reported that progestins,
used as a treatment for endometriosis or included in
hormone replacement therapy can influence the oxidative
and reductive capacity of tissues, and medrogestone,
20-dihydro-dydrogesterone, and nomegestrol acetate all
reduce HSD17B1 activity by 35-51% in cell lines tested
[36, 55]. In the strongly progesterone receptor (PgR)
positive breast cancer cell line T-47D, progesterone,
levonorgestrel, and medroxyprogesterone acetate were
shown to up-regulate HSD17B1 and HSD17B5 expression
and down-regulate HSD17B2 expression, with smaller
effects seen on HSD17B1 expression in the moderately
positive MCF7 [79]. Recently the progestin Dienogest
was shown to down-regulate both HSD17B1 and
aromatase expression in endometriosis patients, if this is
also applicable in breast cancer remains to be seen [80].
In addition, HSD17B1 has long been known to be under
the positive stimulatory influence of growth factors like
insulin-like growth factors Types I and II and retinoic acid
and immunological factors like interleukin 1 (IL-1), IL-6
and tumor necrosis factor a (TNFa) and it is possible that
the cells of the immune system are an important source
of the factors that modulate the expression and activity of
HSD17Bl is breast tumors [53]. In postmenopausal ERa-
positive breast cancer patients, the HSD17B1 expression
was shown to be increased following steroidal aromatase
inhibitor exemestane treatment. The authors hypothesized
that this increase may be a response to estrogen depletion
in an attempt by the breast tissue to increase local estrogen
concentration using estrogen producing pathways other
than aromatase [81]. Similar findings were made in
lung cancer cell lines A549 and LK87 where aromatase
inhibitor treatment resulted in increased HSD17Bl1
expression [82]. In breast cancer cell line T-47D, which
is ERa- and AR-positive, treatment with the aromatase
inhibitor exemestane was shown to result in increased
HSD17B2 expression, a change which was associated with
increased DHT expression. Both DHT and exemestane

directly upregulated HSD17B2 expression in an AR-
dependent manner and this effect was counteracted by E2
[83]. Furthermore, treatment with inhibitors of Salpha-
reductase type I and type II in prostate cancer cell lines
resulted in increased HSD17B1 [84], suggesting a role of
DHT in up-regulating HSD17B1 expression in prostate
cancer cells. HSD17B1 has been shown to be under the
regulation of microRNAs 210 and 518c in placental
cells [85] and microRNAs-10b, 145, 342, 17, 26a and
106b have been predicted to interact with HSD17B1 and
HSD17B2 in breast cancer [86]. As of the writing of this
review, no publications experimentally examining the role
of miRNAs in regard to HSD17B1 and 2 in breast cancer
has been published.

HSD17B1 AND HSD17B2 IN OTHER FORMS
OF CANCER

Besides their role in breast cancer, which is
relatively well-documented, HSD17B1 and HSD17B2
are also involved in several other forms of cancer. In this
section colon cancer, lung cancer and prostate cancer will
be discussed.

In the healthy colon, HSD17B2 is normally
expressed in the epithelial cells of the colon lumen, and
to a lesser extent in the crypt epithelium [87]. HSD17B2
and ERP are widely expressed at relatively high levels,
while HSD17B1 and ERa are weakly expressed or not
expressed at all. Aromatase expression is relatively low
in healthy colon tissue, and is unchanged in colon cancer
patients, suggesting that it is not involved in colon cancer
pathogenesis [88]. Further, in the colon, E1 but not E2
has been shown to inhibit proliferation [87]. In the
healthy colon, the proliferating cells of the colon crypts
normally express no HSD17B2 and gain HSD17B2 as
they differentiate and migrate towards the colon lumen
[64]. Colon cancer reverts to the proliferative phenotype
of the crypt, as there is a reduction in the oxidative
activity compared with matched controls, accompanied
by the loss of HSD17B2 and 4 expression. As a result, the
E2 to E1 ratio is increased in colon cancer. This change
is accompanied by increased proliferation [87, 89].
Additionally, ERp is reduced in colon cancer, which has
been shown to be a prognostic marker for worse prognosis
[88]. It has been shown that distal colon carcinoma may
not mimic proximal colon cancer and that HSD17B2
expression may be an independent factor of poor prognosis
in distal colon cancer [64, 90].

In non-small cell lung cancer (NSCLC) the
expression of HSD17B1 is increased as compared with
healthy tissue [91]. Moreover, HSD17B1 is correlated to
higher stage and increased E2 concentration, meanwhile
HSD17B2 expression is correlated to lower stage and to
increased E1 concentration [82]. NSCLC cell lines capable
of catalyzing the E1 to E2 conversion were shown to be
HSD17B1 positive, which supports a role of HSD17B1 as

www.impactjournals.com/oncotarget

Oncotarget



mediator of this conversion [92]. Further, HSD17B1 is an
independent negative prognostic factor [82, 91].

The healthy prostate expresses HSD17B2 and
the amount of HSDI17B2 expression is reduced in
prostatic carcinoma compared to benign hyperplasia
[93]. In prostate cancer, HSD17B2 SNPs rs4243229
and rs7201637 were associated with progression in
both Caucasian and Taiwanese cohorts studied [94].
Additionally, SNPs rs1364287, rs2955162, rs1119933,
rs9934209 were also associated with prognosis in terms
of progression in a Caucasian cohort [95]. No expression
of HSD17B1 has been reported in prostate cancer, and
the primary reductive HSD17B in prostate cancer is
HSD17B5. Moreover, higher HSD17BS expression is
correlated with advanced stage of disease [42, 96, 97]

OTHER HSD17B ENZYMES

While this review focused on the roles of HSD17B1
and HSD17B2, in breast cancer, this section will briefly
describe other family members of note, with a focus on
their role in breast cancer.

HSD17B4 is expressed in virtually all human tissues,
similar to HSD17B2. It mediates the transformation of E2
to E1 and androstenediol to DHEA when expressed [3],
however, its activity is reported to be much lower than of
HSD17B2 and its importance in steroid formation in the
human remains to be established [98].

HSD17BS5 is expressed in healthy ovarian tissue
and healthy breast ductal epithelium. It is overexpressed
in several forms of cancer, including breast cancer [40,
41], prostate cancer [42] and ovarian cancer [43]. This
enzyme catalyzes the conversion of testosterone from
androstenedione and facilitates the inactivation of DHT
and progesterone [4, 40]. High HSD17BS5 expression has
been shown to be correlated with worse prognosis [40] and
increased risk for late relapse in ERa-positive patients who
were recurrence-free after 5 years [99]. Further, HSD17B5
expression is correlated with So-reductase expression in
breast cancer [41].

HSD17B6 is primarily involved in the prostate,
mediating the conversion of DHT to 3a and 3f3-diol [100].
This is supported by the fact that HSD17B6 and ERP are
often colocalized in prostate tissue [101]. In triple negative
breast cancer, it was shown to be associated with improved
outcome, likely by promoting ERP signaling [102].

HSD17B7 is expressed in the ovary, placenta,
breast tissue, testis, liver, and brain [37]. It catalyzes the
conversation of E1 to E2 and reduction of DHT [7, 39].
Knocking down HSD17B7 expression in breast cancer
cell lines resulted in a marked reduction in proliferation,
suggesting it may be a potential target for treatment of
ERa-positive breast cancer [39].

HSD17B14, being primarily oxidative in nature,
is expressed in the endometrium, ovaries, breast, testis,
GI, kidney and retina [38]. HSD17B14 uses NAD as a

cofactor and was shown to catalyze the conversion of
E2 to El and androstenediol to DHEA [32, 103]. More
recent experiments have put this into question since very
low steroid converting activity was measured compared to
cells expressing HSD17B2 [38]. It is expressed in breast
cancer patients. High HSD17B14 mRNA expression can
predict improved recurrence-free survival and breast
cancer-specific survival [99]. Further, HSD17B14 has
been shown to predict the effect of tamoxifen treatment in
terms of recurrence-free survival in ERa-positive lymph
node negative breast cancer patients [104].

CONCLUDING REMARKS

Steroid hormones are pivotal in determining
the future of tissues exposed to them, and HSD17Bs,
especially 1 and 2, are important components in mediating
the local concentrations of steroids in tissues where they
are expressed. The evidence is mounting that they are
involved in several forms of cancer, and the expression
pattern of HSD17Bs differs greatly in cancer as opposed to
healthy tissue. Their role in breast cancer is highlighted by
the frequently lost expression of the oxidative protective
HSD17B2 and 4, combined with increased expression
of HSD17B1, 5 and 7. As a result, the tissue is exposed
to increased concentrations of proliferative estrogens
and reduced anti-proliferative androgens, resulting in
disease progression. The implications for HSD17B1
as a treatment target have been known for a while, but
the successful development of an inhibitor which can be
brought into clinical trial is unfortunately not yet achieved.
Future analysis of the cause of the changes in HSD17B
expression between disease and health, could provide
an alternate avenue of treatment, if it would open the
possibility restoring a tissue protective HSD17B pattern
in disease tissue. Further, analysis of the expression of
HSD17Bs has been shown to be predictive of treatment
and prognostic in several cancers, and as such would be
a candidate for routine examination in a clinical setting.

Abbreviations

AKR: aldo-keto reductase; AP: activating protein;
AR: androgen receptor; DHT: dihydrotestosterone;
DHEA:  Dehydroepiandrosterone; ~ El:  estrone;
E2: estradiol; ER: estrogen receptor; HSDI17B:
17B-hydroxysteroid dehydrogenase; IDC: invasive
ductal carcinoma; ILC: invasive lobular carcinoma; IL-1:
interleukin 1; NAD: Nicotinamide adenine dinucleotide;
PBRM:  3-(2-bromoethyl)-16p-(m-carbamoylbenzyl)-
17B-hydroxy-1,3,5(10)-estratriene; PgR: progesterone
receptor; SDR: short-chain dehydrogenase/reductase; SP:
specificity protein; STS: steroid sulfatase; TNFa.

www.impactjournals.com/oncotarget

30557

Oncotarget



Author contributions

EH, OS and AJ defined the scope of the review. EH
conducted background research and wrote the review. OS
and AJ provided language input and revision to the final
manuscript.

CONFLICTS OF INTEREST

There is no conflict of interest for any of the authors
at the time of submission.

FUNDING

This work was funded by generous grants by the
Swedish Cancer Society, grant number (150349, www.
cancerfonden.se).

REFERENCES

1. Dimitrakakis C, Bondy C. Androgens and the breast. Breast
Cancer Res. 2009; 11: 212. doi: 10.1186/bcr2413.

2. Miller WL, Auchus RJ. The molecular biology,
biochemistry, and physiology of human steroidogenesis and
its disorders. Endocr Rev. 2011; 32: 81-151. doi: 10.1210/
er.2010-0013.

3. Adamski J, Normand T, Leenders F, Monte D, Begue A,
Stehelin D, Jungblut PW, de Launoit Y. Molecular cloning
of a novel widely expressed human 80 kDa 17 beta-
hydroxysteroid dehydrogenase IV. Biochem J. 1995; 311 (
Pt 2): 437-43.

4. Dufort I, Rheault P, Huang XF, Soucy P, Luu-The V.
Characteristics of a highly labile human type 5 17beta-
hydroxysteroid dehydrogenase. Endocrinology. 1999; 140:
568-74. doi: 10.1210/endo.140.2.6531.

5. Wu L, Einstein M, Geissler WM, Chan HK, Elliston KO,
Andersson S. Expression cloning and characterization of
human 17 beta-hydroxysteroid dehydrogenase type 2, a
microsomal enzyme possessing 20 alpha-hydroxysteroid
dehydrogenase activity. J Biol Chem. 1993; 268: 12964-9.

6.  Miettinen MM, Mustonen MV, Poutanen MH, Isomaa VV,
Vihko RK. Human 17 beta-hydroxysteroid dehydrogenase
type 1 and type 2 isoenzymes have opposite activities in
cultured cells and characteristic cell- and tissue-specific
expression. Biochem J. 1996; 314 ( Pt 3): 839-45.

7. Nokelainen P, Peltoketo H, Vihko R, Vihko P. Expression
cloning of a novel estrogenic mouse 17 beta-hydroxysteroid
dehydrogenase/17-ketosteroid reductase (m17HSD7),
previously described as a prolactin receptor-associated
protein (PRAP) in rat. Mol Endocrinol. 1998; 12: 1048-59.
doi: 10.1210/mend.12.7.0134.

8. Goto J, Fishman J. Participation of a nonenzymatic

transformation in the biosynthesis of estrogens from
androgens. Science. 1977; 195: 80-1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Roy AB. The sulphatase of ox liver. VI. Steroid sulphatase.
Biochem J. 1957; 66: 700-3.

Niemeier LA, Dabbs DJ, Beriwal S, Striebel JM, Bhargava
R. Androgen receptor in breast cancer: expression in
estrogen receptor-positive tumors and in estrogen receptor-
negative tumors with apocrine differentiation. Mod Pathol.
2010; 23: 205-12. doi: 10.1038/modpathol.2009.159.

Qi JP, Yang YL, Zhu H, Wang J, Jia Y, Liu N, Song Y1,
Zan LK, Zhang X, Zhou M, Gu YH, Liu T, Hicks DG, et al.
Expression of the androgen receptor and its correlation with
molecular subtypes in 980 chinese breast cancer patients.
Breast Cancer (Auckl). 2012; 6: 1-8. doi: 10.4137/BCBCR.
S8323.

Park S, Koo J, Park HS, Kim JH, Choi SY, Lee JH, Park
BW, Lee KS. Expression of androgen receptors in primary
breast cancer. Ann Oncol. 2010; 21: 488-92. doi: 10.1093/
annonc/mdp510.

Moinfar F, Okcu M, Tsybrovskyy O, Regitnig P, Lax SF,
Weybora W, Ratschek M, Tavassoli FA, Denk H. Androgen
receptors frequently are expressed in breast carcinomas:
potential relevance to new therapeutic strategies. Cancer.
2003; 98: 703-11. doi: 10.1002/cner.11532.

Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR,
Katzenellenbogen BS. Profiling of estrogen up- and down-
regulated gene expression in human breast cancer cells:
insights into gene networks and pathways underlying
estrogenic control of proliferation and cell phenotype.
Endocrinology. 2003; 144: 4562-74. doi: 10.1210/en.2003-
0567.

Lipovka Y, Konhilas JP. The complex nature of estrogen
signaling in breast cancer: enemy or ally? Biosci Rep. 2016.
doi: 10.1042/BSR20160017.

Haldosen LA, Zhao C, Dahlman-Wright K. Estrogen
receptor beta in breast cancer. Mol Cell Endocrinol. 2014;
382: 665-72. doi: 10.1016/j.mce.2013.08.005.

Sareddy GR, Vadlamudi RK. Cancer therapy using natural
ligands that target estrogen receptor beta. Chin J Nat Med.
2015; 13: 801-7. doi: 10.1016/S1875-5364(15)30083-2.

Chan HJ, Petrossian K, Chen S. Structural and functional
characterization of aromatase, estrogen receptor, and their
genes in endocrine-responsive and -resistant breast cancer
cells. J Steroid Biochem Mol Biol. 2016; 161: 73-83. doi:
10.1016/j.jsbmb.2015.07.018.

Castellano I, Allia E, Accortanzo V, Vandone AM, Chiusa
L, Arisio R, Durando A, Donadio M, Bussolati G, Coates
AS, Viale G, Sapino A. Androgen receptor expression is a
significant prognostic factor in estrogen receptor positive
breast cancers. Breast Cancer Res Treat. 2010; 124: 607-17.
doi: 10.1007/s10549-010-0761-y.

Park S, Koo JS, Kim MS, Park HS, Lee JS, Lee JS, Kim
SI, Park BW, Lee KS. Androgen receptor expression is
significantly associated with better outcomes in estrogen
receptor-positive breast cancers. Ann Oncol. 2011; 22:
1755-62. doi: 10.1093/annonc/mdq678.

www.impactjournals.com/oncotarget

30558

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Park S, Park HS, Koo JS, Yang WI, Kim SI, Park BW.
Higher expression of androgen receptor is a significant
predictor for better endocrine-responsiveness in estrogen
receptor-positive breast cancers. Breast Cancer Res Treat.
2012; 133: 311-20. doi: 10.1007/s10549-011-1950-z.

Qu Q, Mao Y, Fei XC, Shen KW. The impact of
androgen receptor expression on breast cancer survival: a
retrospective study and meta-analysis. PloS one. 2013; 8:
€82650. doi: 10.1371/journal.pone.0082650.

Vera-Badillo FE, Templeton AJ, de Gouveia P, Diaz-Padilla
I, Bedard PL, Al-Mubarak M, Seruga B, Tannock IF, Ocana
A, Amir E. Androgen Receptor Expression and Outcomes
in Early Breast Cancer: A Systematic Review and Meta-
Analysis. J Natl Cancer Inst. 2013. doi: 10.1093/jnci/djt319.
Hon JD, Singh B, Sahin A, Du G, Wang J, Wang VY,
Deng FM, Zhang DY, Monaco ME, Lee P. Breast cancer
molecular subtypes: from TNBC to QNBC. Am J Cancer
Res. 2016; 6: 1864-72.

Hickey TE, Irvine CM, Dvinge H, Tarulli GA, Hanson AR,
Ryan NK, Pickering MA, Birrell SN, Hu DG, Mackenzie
PI, Russell R, Caldas C, Raj GV, et al. Expression
of androgen receptor splice variants in clinical breast
cancers. Oncotarget. 2015; 6: 44728-44. doi: 10.18632/
oncotarget.6296.

Ni M, Chen Y, Lim E, Wimberly H, Bailey ST, Imai Y,
Rimm DL, Liu XS, Brown M. Targeting androgen receptor
in estrogen receptor-negative breast cancer. Cancer Cell.
2011; 20: 119-31. doi: 10.1016/j.ccr.2011.05.026.

Guiu S, Charon-Barra C, Vernerey D, Fumoleau P,
Campone M, Spielmann M, Roche H, Mesleard C, Arnould
L, Lemonnier J, Lacroix-Triki M. Coexpression of androgen
receptor and FOXA 1 in nonmetastatic triple-negative breast
cancer: ancillary study from PACSO0S trial. Future Oncol.
2015; 11: 2283-97. doi: 10.2217/fon.15.102.

Hu R, Dawood S, Holmes MD, Collins LC, Schnitt SJ, Cole
K, Marotti JD, Hankinson SE, Colditz GA, Tamimi RM.
Androgen receptor expression and breast cancer survival in
postmenopausal women. Clin Cancer Res. 2011; 17: 1867-
74. doi: 10.1158/1078-0432.CCR-10-2021.

Hilborn E, Gacic J, Fornander T, Nordenskjold B, Stal
O, Jansson A. Androgen receptor expression predicts
beneficial tamoxifen response in oestrogen receptor-alpha-
negative breast cancer. Br J Cancer. 2016; 114: 248-55. doi:
10.1038/bjc.2015.464.

Narayanan R, Dalton JT. Androgen Receptor: A Complex
Therapeutic Target for Breast Cancer. Cancers (Basel).
2016; 8. doi: 10.3390/cancers8120108.

Jansson A. 17Beta-hydroxysteroid dehydrogenase enzymes
and breast cancer. The Journal of steroid biochemistry and
molecular biology. 2009; 114: 64-7.

Lukacik P, Kavanagh KL, Oppermann U. Structure and
function of human 17beta-hydroxysteroid dehydrogenases.
Molecular and cellular endocrinology. 2006; 248: 61-71.
Mindnich R, Moller G, Adamski J. The role of 17 beta-

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

hydroxysteroid dehydrogenases. Molecular and cellular
endocrinology. 2004; 218: 7-20.

Langer LJ, Engel LL. Human placental estradiol-17 beta
dehydrogenase. 1. Concentration, characterization and
assay. J Biol Chem. 1958; 233: 583-8.

Vihko P, Harkonen P, Oduwole O, Torn S, Kurkela R,
Porvari K, Pulkka A, Isomaa V. 17 beta-hydroxysteroid
dehydrogenases and cancers. J Steroid Biochem Mol Biol.
2002; 83: 119-22.

Pasqualini JR, Chetrite GS. Hormonal enzymatic systems
in normal and cancerous human breast: control, prognostic
factors, and clinical applications. Horm Mol Biol Clin
Investig. 2012; 9: 25-63. doi: 10.1515/hmbci-2012-0018.
Krazeisen A, Breitling R, Imai K, Fritz S, Moller G,
Adamski J. Determination of cDNA, gene structure and
chromosomal localization of the novel human 17beta-
hydroxysteroid dehydrogenase type 7(1). FEBS Lett. 1999;
460: 373-9.

Sivik T, Vikingsson S, Green H, Jansson A. Expression
patterns of 17beta-hydroxysteroid dehydrogenase 14 in
human tissues. Horm Metab Res. 2012; 44: 949-56. doi:
10.1055/5-0032-1321815.

Zhang CY, Wang WQ, Chen J, Lin SX. Reductive 17beta-
hydroxysteroid dehydrogenases which synthesize estradiol
and inactivate dihydrotestosterone constitute major and
concerted players in ER+ breast cancer cells. J Steroid
Biochem Mol Biol. 2015; 150: 24-34. doi: 10.1016/].
jsbmb.2014.09.017.

Oduwole OO, LiY, Isomaa VV, Mantyniemi A, Pulkka AE,
Soini Y, Vihko PT. 17beta-hydroxysteroid dehydrogenase
type 1 is an independent prognostic marker in breast cancer.
Cancer Res. 2004; 64: 7604-9. doi: 10.1158/0008-5472.
CAN-04-0446.

Suzuki T, Miki Y, Takagi K, Hirakawa H, Moriya T, Ohuchi
N, Sasano H. Androgens in human breast carcinoma. Med
Mol Morphol. 2010; 43: 75-81. doi: 10.1007/s00795-010-
0494-3.

Fankhauser M, Tan Y, Macintyre G, Haviv I, Hong
MK, Nguyen A, Pedersen JS, Costello AJ, Hovens CM,
Corcoran NM. Canonical androstenedione reduction is the
predominant source of signaling androgens in hormone-
refractory prostate cancer. Clin Cancer Res. 2014; 20: 5547-
57. doi: 10.1158/1078-0432.CCR-13-3483.

Chura JC, Ryu HS, Simard M, Poirier D, Tremblay
Y, Brooker DC, Blomquist CH, Argenta PA. Steroid-
converting enzymes in human ovarian carcinomas.
Mol Cell Endocrinol. 2009; 301: 51-8. doi: 10.1016/.
mce.2008.07.015.

Lin SX, Yang F, Jin JZ, Breton R, Zhu DW, Luu-The
V, Labrie F. Subunit identity of the dimeric 17 beta-
hydroxysteroid dehydrogenase from human placenta. J Biol
Chem. 1992; 267: 16182-7.

Zhu DW, Lee X, Breton R, Ghosh D, Pangborn W, Daux
WL, Lin SX. Crystallization and preliminary X-ray

WWW

.impactjournals.com/oncotarget

30559

Oncotarget



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

diffraction analysis of the complex of human placental 17
beta-hydroxysteroid dehydrogenase with NADP+. J Mol
Biol. 1993; 234: 242-4.

Aka JA, Mazumdar M, Chen CQ, Poirier D, Lin SX.
17beta-hydroxysteroid dehydrogenase type 1 stimulates
breast cancer by dihydrotestosterone inactivation in addition
to estradiol production. Mol Endocrinol. 2010; 24: 832-45.
doi: 10.1210/me.2009-0468.

Sikora MJ, Cordero KE, Larios JM, Johnson MD, Lippman
ME, Rae JM. The androgen metabolite Salpha-androstane-
3beta,17beta-diol (3betaAdiol) induces breast cancer
growth via estrogen receptor: implications for aromatase
inhibitor resistance. Breast Cancer Res Treat. 2009; 115:
289-96. doi: 10.1007/s10549-008-0080-8.
Picciarelli-Lima P, Oliveira AG, Reis AM, Kalapothakis
E, Mahecha GA, Hess RA, Oliveira CA. Effects of 3-beta-
diol, an androgen metabolite with intrinsic estrogen-like
effects, in modulating the aquaporin-9 expression in the rat
efferent ductules. Reprod Biol Endocrinol. 2006; 4: 51. doi:
10.1186/1477-7827-4-51.

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad
J, Nilsson S, Gustafsson JA. Comparison of the ligand
binding specificity and transcript tissue distribution of
estrogen receptors alpha and beta. Endocrinology. 1997;
138: 863-70. doi: 10.1210/endo.138.3.4979.

Greeve MA, Allan RK, Harvey JM, Bentel JM. Inhibition
of MCF-7 breast cancer cell proliferation by S5alpha-
dihydrotestosterone; a role for p21(Cipl/Wafl). J Mol
Endocrinol. 2004; 32: 793-810.

Dauvois S, Geng CS, Levesque C, Merand Y, Labrie
F. Additive inhibitory effects of an androgen and the
antiestrogen EM-170 on estradiol-stimulated growth of
human ZR-75-1 breast tumors in athymic mice. Cancer Res.
1991; 51: 3131-5.

Labrie F, Luu-The V, Lin SX, Labrie C, Simard J, Breton
R, Belanger A. The key role of 17 beta-hydroxysteroid
dehydrogenases in sex steroid biology. Steroids. 1997; 62:
148-58.

Purohit A, Tutill HJ, Day JM, Chander SK, Lawrence
HR, Allan GM, Fischer DS, Vicker N, Newman SP,
Potter BV, Reed MJ. The regulation and inhibition of
17beta-hydroxysteroid dehydrogenase in breast cancer.
Mol Cell Endocrinol. 2006; 248: 199-203. doi: 10.1016/j.
mce.2005.12.003.

Haynes BP, Straume AH, Geisler J, A’Hern R, Helle H,
Smith IE, Lonning PE, Dowsett M. Intratumoral estrogen
disposition in breast cancer. Clin Cancer Res. 2010; 16:
1790-801. doi: 10.1158/1078-0432.CCR-09-2481.

Pasqualini JR. The selective estrogen enzyme modulators in
breast cancer: a review. Biochim Biophys Acta. 2004; 1654:
123-43. doi: 10.1016/j.bbcan.2004.03.001.

Sasano H, Suzuki T, Nakata T, Moriya T. New development

in intracrinology of breast carcinoma. Breast Cancer. 2006;
13: 129-36.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Day JM, Foster PA, Tutill HJ, Parsons MF, Newman
SP, Chander SK, Allan GM, Lawrence HR, Vicker N,
Potter BV, Reed MJ, Purohit A. 17beta-hydroxysteroid
dehydrogenase Type 1, and not Type 12, is a target for
endocrine therapy of hormone-dependent breast cancer. Int
J Cancer. 2008; 122: 1931-40. doi: 10.1002/ijc.23350.
Miyoshi Y, Ando A, Shiba E, Taguchi T, Tamaki Y,
Noguchi S. Involvement of up-regulation of 17beta-
hydroxysteroid dehydrogenase type 1 in maintenance of
intratumoral high estradiol levels in postmenopausal breast
cancers. Int J Cancer. 2001; 94: 685-9.

Husen B, Huhtinen K, Saloniemi T, Messinger J, Thole
HH, Poutanen M. Human hydroxysteroid (17-beta)
dehydrogenase 1 expression enhances estrogen sensitivity
of MCF-7 breast cancer cell xenografts. Endocrinology.
2006; 147: 5333-9. doi: 10.1210/en.2006-0778.

Xu D, Lin SX. Mimicking postmenopausal steroid
metabolism in breast cancer cell culture: Differences in
response to DHEA or other steroids as hormone sources.
J Steroid Biochem Mol Biol. 2015. doi: 10.1016/.
jsbmb.2015.07.009.

Aka JA, Calvo EL, Lin SX. Estradiol-independent
modulation of breast cancer transcript profile by 17beta-
hydroxysteroid dehydrogenase type 1. Mol Cell Endocrinol.
2016. doi: 10.1016/j.mce.2016.08.026.

English MA, Stewart PM, Hewison M. Estrogen metabolism
and malignancy: analysis of the expression and function of
17beta-hydroxysteroid dehydrogenases in colonic cancer.
Mol Cell Endocrinol. 2001; 171: 53-60.

Suzuki T, Moriya T, Ariga N, Kancko C, Kanazawa M,
Sasano H. 17Beta-hydroxysteroid dehydrogenase type
1 and type 2 in human breast carcinoma: a correlation to
clinicopathological parameters. Br J Cancer. 2000; 82: 518-
23. doi: 10.1054/bjoc.1999.0956.

Oduwole OO, Makinen MJ, Isomaa VV, Pulkka A,
Jernvall P, Karttunen TJ, Vihko PT. 17Beta-hydroxysteroid
dehydrogenase type 2: independent prognostic significance
and evidence of estrogen protection in female patients with
colon cancer. J Steroid Biochem Mol Biol. 2003; 87: 133-
40.

Gunnarsson C, Olsson BM, Stal O, Southeast Sweden
Breast Cancer G. Abnormal expression of 17beta-
hydroxysteroid dehydrogenases in breast cancer predicts
late recurrence. Cancer Res. 2001; 61: 8448-51.

Yoda T, McNamara KM, Miki Y, Takagi M, Rai Y, Ohi
Y, Sagara Y, Tamaki K, Hirakawa H, Ishida T, Suzuki T,
Ohuchi N, Sasano H. Intratumoral androgen metabolism
and actions in invasive lobular carcinoma of the breast.
Cancer Sci. 2014; 105: 1503-9. doi: 10.1111/cas.12535.
Gunnarsson C, Hellqvist E, Stal O. 17beta-Hydroxysteroid
dehydrogenases involved in local oestrogen synthesis have
prognostic significance in breast cancer. British journal of
cancer. 2005; 92: 547-52.

Gunnarsson C, Ahnstrom M, Kirschner K, Olsson

WWW

.impactjournals.com/oncotarget

30560

Oncotarget



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

B, Nordenskjold B, Rutqvist LE, Skoog L, Stal O.
Amplification of HSD17B1 and ERBB2 in primary breast
cancer. Oncogene. 2003; 22: 34-40.

Jansson A, Delander L, Gunnarsson C, Fornander T, Skoog
L, Nordenskjold B, Stal O. Ratio of 17HSD1 to 17HSD2
protein expression predicts the outcome of tamoxifen
treatment in postmenopausal breast cancer patients. Clin
Cancer Res. 2009; 15: 3610-6. doi: 10.1158/1078-0432.
CCR-08-2599.

Kallstrom AC, Salme R, Ryden L, Nordenskjold B, Jonsson
PE, Stal O. 17ss-Hydroxysteroid dehydrogenase type 1 as
predictor of tamoxifen response in premenopausal breast
cancer. Eur J Cancer. 2010; 46: 892-900. doi: 10.1016/j.
¢jca.2009.12.016.

Miralinaghi P, Schmitt C, Hartmann RW, Frotscher M,
Engel M. 6-Hydroxybenzothiophene ketones: potent
inhibitors of 17beta-hydroxysteroid dehydrogenase type 1
(17beta-HSD1) owing to favorable molecule geometry and
conformational preorganization. ChemMedChem. 2014; 9:
2294-308. doi: 10.1002/cmdc.201402050.

Starcevic S, Turk S, Brus B, Cesar J, Lanisnik Rizner T,
Gobec S. Discovery of highly potent, nonsteroidal 17beta-
hydroxysteroid dehydrogenase type 1 inhibitors by virtual
high-throughput screening. J Steroid Biochem Mol Biol.
2011; 127:255-61. doi: 10.1016/j.jsbmb.2011.08.013.

He W, Gauri M, Li T, Wang R, Lin SX. Current
knowledge of the multifunctional 17beta-hydroxysteroid
dehydrogenase type 1 (HSD17B1). Gene. 2016. doi:
10.1016/j.gene.2016.04.031.

Lin SX, Poirier D, Adamski J. A challenge for medicinal
chemistry by the 17beta-hydroxysteroid dehydrogenase
superfamily: an integrated biological function and inhibition
study. Curr Top Med Chem. 2013; 13: 1164-71.

Ayan D, Maltais R, Roy J, Poirier D. A new nonestrogenic
steroidal inhibitor of 17beta-hydroxysteroid dehydrogenase
type I blocks the estrogen-dependent breast cancer tumor
growth induced by estrone. Mol Cancer Ther. 2012; 11:
2096-104. doi: 10.1158/1535-7163.MCT-12-0299.

Piao YS, Peltoketo H, Vihko P, Vihko R. The proximal
promoter region of the gene encoding human 17beta-
hydroxysteroid dehydrogenase type 1 contains GATA, AP-
2, and Sp1 response elements: analysis of promoter function
in choriocarcinoma cells. Endocrinology. 1997; 138: 3417-
25. doi: 10.1210/endo.138.8.5329.

Shi L, Yang X, Dong X, Zhang B. Polymorphism of
HSD17B1 Ser312Gly with Cancer Risk: Evidence from
66,147 Subjects. Twin Res Hum Genet. 2016; 19: 136-45.
doi: 10.1017/thg.2016.6.

Straume AH, Knappskog S, Lonning PE. Effects of SNP
variants in the 17beta-HSD2 and 17beta-HSD7 genes and
17beta-HSD7 copy number on gene transcript and estradiol
levels in breast cancer tissue. J Steroid Biochem Mol Biol.
2014; 143: 192-8. doi: 10.1016/j.jsbmb.2014.02.003.

Sivik T, Jansson A. Progesterone and levonorgestrel

80.

81.

82.

83.

84.

85.

86.

87.

88.

regulate expression of 17betaHSD-enzymes in progesterone
receptor positive breast cancer cell line T47D. Biochem
Biophys Res Commun. 2012; 422: 109-13. doi: 10.1016/j.
bbrc.2012.04.116.

Mori T, Ito F, Matsushima H, Takaoka O, Koshiba A,
Tanaka Y, Kusuki I, Kitawaki J. Dienogest reduces
HSD17betal expression and activity in endometriosis. J
Endocrinol. 2015; 225: 69-76. doi: 10.1530/JOE-15-0052.

Chanplakorn N, Chanplakorn P, Suzuki T, Ono K, Chan
MS, Miki Y, Saji S, Ueno T, Toi M, Sasano H. Increased
estrogen sulfatase (STS) and 17beta-hydroxysteroid
dehydrogenase type 1(17beta-HSD1) following neoadjuvant
aromatase inhibitor therapy in breast cancer patients. Breast
Cancer Res Treat. 2010; 120: 639-48. doi: 10.1007/s10549-
010-0785-3.

Verma MK, Miki Y, Abe K, Suzuki T, Niikawa H, Suzuki
S, Kondo T, Sasano H. Intratumoral localization and
activity of 17beta-hydroxysteroid dehydrogenase type 1
in non-small cell lung cancer: a potent prognostic factor.
J Transl Med. 2013; 11: 167. doi: 10.1186/1479-5876-11-
167.

Takagi K, Miki Y, Nagasaki S, Hirakawa H, Onodera Y,
Akahira J, Ishida T, Watanabe M, Kimijima I, Hayashi
S, Sasano H, Suzuki T. Increased intratumoral androgens
in human breast carcinoma following aromatase inhibitor
exemestane treatment. Endocr Relat Cancer. 2010; 17: 415-
30. doi: 10.1677/ERC-09-0257.

Biancolella M, Valentini A, Minella D, Vecchione L,
D’Amico F, Chillemi G, Gravina P, Bueno S, Prosperini G,
Desideri A, Federici G, Bernardini S, Novelli G. Effects of
dutasteride on the expression of genes related to androgen
metabolism and related pathway in human prostate cancer
cell lines. Invest New Drugs. 2007; 25: 491-7. doi: 10.1007/
$10637-007-9070-7.

Ishibashi O, Ohkuchi A, Ali MM, Kurashina R, Luo SS,
Ishikawa T, Takizawa T, Hirashima C, Takahashi K,
Migita M, Ishikawa G, Yoneyama K, Asakura H, et al.
Hydroxysteroid (17-beta) Dehydrogenase 1 Is Dysregulated
by Mir-210 and Mir-518c That Are Aberrantly Expressed
in Preeclamptic Placentas A Novel Marker for Predicting
Preeclampsia. Hypertension. 2012; 59: 265-73. doi: Doi
10.1161/Hypertensionaha.111.180232.

Sieuwerts AM, De Napoli G, van Galen A, Kloosterboer
HJ, de Weerd V, Zhang H, Martens JW, Foekens JA, De
Geyter C. Hormone replacement therapy dependent changes
in breast cancer-related gene expression in breast tissue of
healthy postmenopausal women. Mol Oncol. 2011; 5: 504-
16. doi: 10.1016/j.molonc.2011.09.003.

English MA, Kane KF, Cruickshank N, Langman MJ,
Stewart PM, Hewison M. Loss of estrogen inactivation in
colonic cancer. J Clin Endocrinol Metab. 1999; 84: 2080-5.
doi: 10.1210/jcem.84.6.5772.

Foster PA. Oestrogen and colorectal cancer: mechanisms
and controversies. Int J Colorectal Dis. 2013; 28: 737-49.
doi: 10.1007/s00384-012-1628-y.

WWW

.impactjournals.com/oncotarget

30561

Oncotarget



89.

90.

91.

92.

93.

94.

95.

96.

English MA, Hughes SV, Kane KF, Langman MJ, Stewart
PM, Hewison M. Oestrogen inactivation in the colon:
analysis of the expression and regulation of 17beta-
hydroxysteroid dehydrogenase isozymes in normal colon
and colonic cancer. Br J Cancer. 2000; 83: 550-8. doi:
10.1054/bjoc.2000.1324.

Miettinen M, Mustonen M, Poutanen M, Isomaa V,
Wickman M, Soderqvist G, Vihko R, Vihko P. 17Beta-
hydroxysteroid dehydrogenases in normal human mammary
epithelial cells and breast tissue. Breast Cancer Res Treat.
1999; 57: 175-82.

Drzewiecka H, Galecki B, Jarmolowska-Jurczyszyn
D, Kluk A, Dyszkiewicz W, Jagodzinski PP. Increased
expression of 17-beta-hydroxysteroid dehydrogenase type
1 in non-small cell lung cancer. Lung Cancer. 2015; 87:
107-16. doi: 10.1016/j.lungcan.2014.12.012.

Drzewiecka H, Jagodzinski PP. Conversion of estrone to
17-beta-estradiol in human non-small-cell lung cancer
cells in vitro. Biomed Pharmacother. 2012; 66: 530-4. doi:
10.1016/j.biopha.2012.02.006.

Elo JP, Akinola LA, Poutanen M, Vihko P, Kyllonen
AP, Lukkarinen O, Vihko R. Characterization of 17beta-
hydroxysteroid dehydrogenase isoenzyme expression in
benign and malignant human prostate. Int J Cancer. 1996;
66: 37-41.

Levesque E, Huang SP, Audet-Walsh E, Lacombe L, Bao
BY, Fradet Y, Laverdiere I, Rouleau M, Huang CY, Yu
CC, Caron P, Guillemette C. Molecular markers in key
steroidogenic pathways, circulating steroid levels, and
prostate cancer progression. Clin Cancer Res. 2013; 19:
699-709. doi: 10.1158/1078-0432.CCR-12-2812.

Audet-Walsh E, Bellemare J, Lacombe L, Fradet Y, Fradet
V, Douville P, Guillemette C, Levesque E. The impact
of germline genetic variations in hydroxysteroid (17-
beta) dehydrogenases on prostate cancer outcomes after
prostatectomy. Eur Urol. 2012; 62: 88-96. doi: 10.1016/j.
eururo.2011.12.021.

Gianfrilli D, Pierotti S, Pofi R, Leonardo C, Ciccariello
M, Barbagallo F. Sex steroid metabolism in benign and
malignant intact prostate biopsies: individual profiling
of prostate intracrinology. Biomed Res Int. 2014; 2014:
464869. doi: 10.1155/2014/464869.

97.

98.

99.

100.

101.

102.

103.

104.

Nakamura Y, Suzuki T, Nakabayashi M, Endoh M,
Sakamoto K, Mikami Y, Moriya T, Ito A, Takahashi S,
Yamada S, Arai Y, Sasano H. In situ androgen producing
enzymes in human prostate cancer. Endocr Relat Cancer.
2005; 12: 101-7. doi: 10.1677/erc.1.00914.

Labrie F, Luu-The V, Labrie C, Belanger A, Simard J,
Lin SX, Pelletier G. Endocrine and intracrine sources
of androgens in women: inhibition of breast cancer
and other roles of androgens and their precursor
dehydroepiandrosterone. Endocr Rev. 2003; 24: 152-82.
doi: 10.1210/er.2001-0031.

Jansson AK, Gunnarsson C, Cohen M, Sivik T, Stal O.
17beta-Hydroxysteroid Dehydrogenase 14 Affects Estradiol
Levels in Breast Cancer Cells and is a Prognostic Marker in
Estrogen Receptor-Positive Breast Cancer. Cancer research.
2006; 66: 11471-7.

Zhang A, Zhang J, Plymate S, Mostaghel EA. Classical
and Non-Classical Roles for Pre-Receptor Control of DHT
Metabolism in Prostate Cancer Progression. Horm Cancer.
2016; 7: 104-13. doi: 10.1007/512672-016-0250-9.

Muthusamy S, Andersson S, Kim HJ, Butler R, Waage L,
Bergerheim U, Gustafsson JA. Estrogen receptor beta and
17beta-hydroxysteroid dehydrogenase type 6, a growth
regulatory pathway that is lost in prostate cancer. Proc
Natl Acad Sci U S A. 2011; 108: 20090-4. doi: 10.1073/
pnas.1117772108.

McNamara KM, Oguro S, Omata F, Kikuchi K, Guestini
F, Suzuki K, Yang Y, Abe E, Hirakawa H, Brown KA,
Takanori I, Ohuchi N, Sasano H. The presence and impact
of estrogen metabolism on the biology of triple-negative
breast cancer. Breast Cancer Res Treat. 2017; 161: 213-27.
doi: 10.1007/s10549-016-4050-2.

Lukacik P, Keller B, Bunkoczi G, Kavanagh KL, Lee WH,
Adamski J, Oppermann U. Structural and biochemical
characterization of human orphan DHRS10 reveals a novel
cytosolic enzyme with steroid dehydrogenase activity. The
Biochemical journal. 2007; 402: 419-27.

Sivik T, Gunnarsson C, Fornander T, Nordenskjold B,
Skoog L, Stal O, Jansson A. 17beta-Hydroxysteroid
dehydrogenase type 14 is a predictive marker for tamoxifen
response in oestrogen receptor positive breast cancer. PLoS
One. 2012; 7: e40568. doi: 10.1371/journal.pone.0040568.

www.impactjournals.com/oncotarget

30562

Oncotarget



