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A novel 17�-hydroxysteroid dehydrogenase (17�-
HSD) chronologically named type 12 17�-HSD
(17�-HSD12), that transforms estrone (E1) into es-
tradiol (E2) was identified by sequence similarity
with type 3 17�-HSD (17�-HSD3) that catalyzes the
formation of testosterone from androstenedione in
the testis. Both are encoded by large genes span-
ning 11 exons, most of them showing identical size.
Using human embryonic kidney-293 cells stably
expressing 17�-HSD12, we have found that the
enzyme catalyzes selectively and efficiently the
transformation of E1 into E2, thus identifying its
role in estrogen formation, in contrast with 17�-
HSD3, the enzyme involved in the biosynthesis of
the androgen testosterone in the testis. Using real-
time PCR to quantify mRNA in a series of human
tissues, the expression levels of 17�-HSD12 as well
as two other enzymes that perform the same trans-

formation of E1 into E2, namely type 1 17�-HSD
and type 7 17�-HSD, it was found that 17�-HSD12
mRNA is the most highly expressed in the ovary
and mammary gland. To obtain a better under-
standing of the structural basis of the difference in
substrate specificity between 17�-HSD3 and 17�-
HSD12, we have performed tridimensional struc-
ture modelization using the coordinates of type 1
17�-HSD and site-directed mutagenesis. The re-
sults show the potential role of bulky amino acid
F234 in 17�-HSD12 that blocks the entrance of
androstenedione. Overall, our results strongly sug-
gest that 17�-HSD12 is the major estrogenic 17�-
HSD responsible for the conversion of E1 to E2 in
women, especially in the ovary, the predominant
source of estrogens before menopause. (Molecu-
lar Endocrinology 20: 437–443, 2006)

THE 17�-HYDROXYSTEROID dehydrogenases (17�-
HSDs) are the key enzymes responsible for the

formation and inactivation of sex steroids (1–5). The
hydrogenation catalyzed at position 17� of the steroid
backbone by reductive 17�-HSDs leads to active an-
drogens and estrogens whereas removal of the hydro-
gen by oxidative 17�-HSD inactivates the steroids. A
particular property of members of this family is that
they possess very different primary structures (an av-
erage of only �20% amino acid identity) despite being
highly specific for substrates having closely related
structures. Additional regulation of 17�-HSD activity is
also achieved by the specificity of tissue distribution of
three 17�-HSDs, thus permitting each tissue to control
intracellular steroid levels according to local needs.
Such local intracellular formation of steroids in periph-

eral target tissues from the adrenal precursor dehy-
droepiandrosterone has been called intracrinology (6,
7). To date, 12 types of 17�-HSDs have been de-
scribed. The first and best-characterized 17�-HSD is
type 1 (8, 9), which catalyzes the transformation of
estrone (E1) into estradiol (E2). This enzyme is ex-
pressed at high levels in the placenta where it acts as
a partner of aromatase, which catalyzes the transfor-
mation of androstenedione (4-dione) into E1, the sub-
strate of type 1 17�-HSD (17�-HSD1). 17�-HSD1 is
also the first mammalian steroidogenic enzyme to
have been crystallized (10).

Type 7 17�-HSD (17�-HSD7) was also identified as
an enzyme catalyzing the transformation of E1 into E2
(11, 12). This enzyme also possesses a 3�-ketosteroid
reductase activity catalyzing the transformation of di-
hydrotestosterone into 5�-androstane-3�,17�-diol (2,
13–15). A form 2 of 17�-HSD7 has also been charac-
terized (16). More recently, 17�-HSD7 was also de-
scribed as a 3�-ketosteroid reductase (12) involved in
cholesterol metabolism. The high expression level of
this enzyme in the liver is in agreement with this role.

Recently, based only upon sequence similarity with-
out any information about substrate specificity, we
have identified a thus far uncharacterized but potential
17�-HSD that we named chronologically type 12 17�-
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HSD (17�-HSD12) (GenBank accession nos.
AF078850 and NM_016142). Independently, Moon
and Horton (17) have shown that the enzyme pos-
sesses ketoacyl-coenzyme A (CoA) reductase activity
and is involved in fatty acid metabolism. In the present
report, using human embryonic kidney (HEK)-293 cells
stably expressing 17�-HSD12, we show that this en-
zyme catalyzes selectively the transformation of E1
into E2. Comparison of the expression levels and tis-
sue distribution of 17�-HSD12 with the expression of
types 1 and 7 17�-HSDs strongly suggests that this
enzyme is the major estrogen-producing 17�-HSD in
the ovary as well as in estrogen-sensitive tissues such
as the mammary gland. Furthermore, structure-func-
tion relationship analysis using sequence alignment,
modelization, and site-directed mutagenesis indicates
that this enzyme is a homolog of type 3 17�-HSD
(17�-HSD3), the enzyme responsible for testosterone
(testo) biosynthesis from 4-dione in the testis (18).

RESULTS

Sequence Homology between 17�-HSD12 and
17�-HSD3

Using the sequences available in GenBank, we first com-
pared the genomic structures of types 3 and 12 17�-
HSDs. As illustrated in Fig. 1, these two genes show very
similar genomic structures: 11 exons spanning large
chromosomal regions (240 kb for 17�-HSD12 and 103
kb for 17�-HSD3). Whereas exons 2, 3, 4, 7, 8, 9, and 10

possess the same number of nucleotides, exons 5 and 6
of 17�-HSD12 contain three additional and nine missing
nucleotides, respectively. In addition, 17�-HSD12 shows
longer 5�- and 3�-untranslated regions. Indeed, the first
and last exons of 17�-HSD12 possess additional 0.2-
and 1.2-kb sequences.

Amino acid sequence alignment (Fig. 2) shows that 17�-
HSD3 and 17�-HSD12 share 41% identity with a con-
served active site (YXXXK) and a slightly modified cofactor-
binding motif. Both genes show GXXXGXL instead of
GXXXGXG as described for 17�-HSD (10). Such data
strongly suggest that 17�-HSD3 and 17�-HSD12 are du-
plicated genes located in different chromosomes, 17�-
HSD3 being found in chromosome band 9q22 whereas
17�-HSD12 is located at chromosome band 11q11.

Substrate Specificity of Human 17�-HSD12

We have used 17�-HSD12 stably expressed in HEK-
293 cells to characterize the substrate specificity of
the enzyme in intact cells. As illustrated in Fig. 3,
17�-HSD12 catalyzes mainly the transformation of E1
into E2 (37% transformation), whereas the transforma-
tion of 4-dione to testo is very low (5%) under similar
conditions. Under the same experimental conditions,
17�-HSD3 transforms 63% of 4-dione into testo and
only 5% of E1 into E2 (data not shown). Comparison of
17�-HSD12 activity with that of types 1 and 7 17�-
HSD (Table 1) shows that 17�-HSD12 possesses sim-
ilar Michaelis-Menten constant (Km) and maximum ve-
locity (Vmax) values with 17�-HSD7, whereas they are
much higher and lower, respectively, than those of

Fig. 1. Schematic Representation of the Genomic Structure of 17�-HSD3 and 17�-HSD12
The exons are boxed and numbered I–XI. Exon sizes are indicated below (17�-HSD3) and above (17�-HSD12) the boxes.

Chromosomal localizations are also indicated.
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17�-HSD1. This could be related to the fact that types
7 and 12 17�-HSD are microsomal enzymes, whereas
17�-HSD1 is cytoplasmic.

F234, a Potential Amino Acid Critically Involved in
Substrate Specificity

To obtain a better understanding on the structural
basis of the difference in substrate specificity between
17�-HSD12 and 17�-HSD3, we have performed mod-
elization of the tridimensional structures of 17�-
HSD12 and 17�-HSD3 using the coordinates of type 1
17�-HSD (1fds) and the Insight II software (Accelrys,
San Diego, CA) (Fig. 4). We have thus identified valine
at position 196 and alanine at position 234, both lo-
cated in the substrate-recognition domain of the en-
zyme, as potential amino acids responsible for the
different substrate specificities of 17�-HSD12 com-
pared with 17�-HSD3. The corresponding amino acids
in 17�-HSD3 are W192 and A230. The latter has a
much smaller size and could thus allow the entrance of
C19-steroids. Moreover, the large size of F234 could
prevent the entrance of C19-steroids while allowing
the passage of C18-steroids. To verify this hypothesis,

Fig. 2. Comparison of the Amino Acid Sequences of 17�-HSD3 and 17�-HSD12
Amino acids are presented in conventional single-letter code and numbered on the right. Dashes and stars represent identical

and missing amino acids, respectively. The consensus sequences for cofactor binding and active sites are underlined.

Table 1. Kinetic parameters of human types 1, 7, and 12
17�-HSD

Enzyme Km (�M) Vmax (nmol product/h/106

cells)

17�-HSD1 0.2 � 0.05 110 � 15
17�-HSD7 4.0 � 0.3 83 � 9
17�-HSD12 3.5 � 0.5 56 � 7

Kinetic constants were determined using HEK-293 cells sta-
bly expressing human types 1, 7 and 12 17�-HSD and
[14C]E1 as substrate.

Fig. 3. Substrate Specificity of HEK-293 Cells Stably Trans-
fected with 17�-HSD12

The experiments were performed in intact transfected cells
in culture using 0.1 �M of the indicated 14C- or 3H-labeled
steroid substrate. A, Thin-layer chromatography showing the
conversion of E1 to E2 by nontransfected (NT) and stably
transfected (T) cells. B, 4-dione, conversion of 4-dione to
testo; T, conversion of testo to 4-dione; E1, conversion of E1
to E2; E2, conversion of E2 to E1; ADT, conversion of andro-
sterone (ADT) to 5�-androstane-3�,17�-diol (3�-diol); DHT,
conversion of dihydrotestosterone (DHT) to 3�-diol. The in-
cubation of control HEK-293 cells with the same substrates
serves as control and the values obtained are subtracted in
the present figure from those obtained with transfected cells.
The data are expressed as means � SEM of triplicate mea-
surements.
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we have performed site-directed mutagenesis to sub-
stitute F234 in 17�-HSD12 and A230 in 17�-HSD3. As
illustrated in Fig. 5, the F234A change in 17�-HSD12
allowed the enzyme to catalyze the transformation of
4-dione to testo at an increased efficiency comparable
to the transformation of E1 to E2, whereas the con-
version of 4-dione to testo was almost completely
abolished in the 17�-HSD3 A230F mutant. On the
other hand, the substitutions W192V and V196W in
17�-HSD12 and in 17�-HSD3 do not alter the activity
of the mutated enzymes.

Tissue Distribution of 17�-HSD12

Using quantitative real-time PCR, we have determined
the tissue distribution of 17�-HSD12 mRNA in some
estrogen-sensitive tissues, namely the mammary gland,
ovary, uterus, vagina, cervix, and placenta. As illustrated
in Fig. 6, 17�-HSD12 mRNA is highly and selectively
expressed in the mammary gland and ovary. It can also
be seen in this figure that 17�-HSD1, the enzyme thus far
thought to be the one responsible of E2 formation in the
ovary and peripheral tissues, is usually expressed at a
much lower level in all tissues except the placenta. 17�-
HSD7, on the other hand, the other enzyme that trans-
forms E1 into E2, is expressed at moderate but usually
higher levels than 17�-HSD1 in the tissues studied, with
the exception of the placenta.

Fig. 4. Schematic Representation of the Possible Steric Hin-
drance due to a Bulky F234 that Prevents the Transformation
of 4-dione by 17�-HSD12

17�-HSD12 was modeled using the coordinates of 17�-
HSD1 and the Insight II program. A, The two amino acids
V196 and F234 potentially involved in substrate specificity
are shown with electronic density, whereas the structures of
E1 and 4-dione lay over the entrance of the active site. B,
Model showing the substitution of F234 in 17�-HSD12 by a
less bulky A234, which tolerates the entrance of 4-dione.

Fig. 5. Effects of V196W and F234A Amino Acid Substitu-
tions in 17�-HSD12 Activity and the Corresponding W192V
andA230F Amino Acid Substitutions in 17�-HSD3

A, HEK-293 cells were transiently transfected with ex-
pression vectors encoding 17�-HSD12 (Wild Type) and
mutants with a substitution of Val for Trp at amino acid
position 196 (V196W) and a substitution of Phe for Ala at
amino acid position 234 (F234A). B, Similarly, HEK-293
cells were also transiently transfected with expression vec-
tors encoding 17�-HSD3 (Wild Type) and mutants with a
substitution of Trp for Val at amino acid position 192
(W192V). The ability of transfected cells to convert E1 to E2
and 4-dione to T (testo) were determined as described in
Materials and Methods.
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DISCUSSION

Although being chronologically the third enzyme discov-
ered that catalyzes the transformation of E1 into E2, the
present data strongly suggest that 17�-HSD12 is the
most important source of E2 in women. In fact, compar-
ison of the mRNA expression levels of 17�-HD12 with
types 1 and 7 17�-HSDs in a series of human tissues
shows that 17�-HSD12 is expressed more abundantly
than types 1 and 7 17�-HSD in the mammary gland,
ovary, and uterus, thus suggesting that 17�-HSD12 is
the main enzyme responsible for the formation of active
estrogen in these important tissues. Moreover, the find-
ing of such a high level of expression of 17�-HSD12 in
the human ovary is particularly important because the
ovary is the main source of estrogens in women before
menopause. After menopause, on the other hand, all the
estrogens are made locally in peripheral target tissues,
and the specific level of expression of 17�-HSDs in each
cell type controls the cell-specific formation of E2 (7, 19).
On the other hand, 17�-HSD1 is the major enzyme ex-
pressed in the placenta (Fig. 6), whereas 17�-HSD7 is
more highly expressed in the liver (11).

As illustrated in Fig. 7, the availability of three estro-
genic 17�-HSDs permits the tissue and even the cell-
specific fine control of the transformation of E1 into E2. In

the main pathway of sex steroid formation, dehydroepi-
androsterone is converted into 4-dione by 3�-HSD and
then 4-dione is converted into E1 by aromatase, thus
providing the required amounts of E1 as substrate for the
formation of E2 in a cell-specific fashion according to
local physiological needs. Additional fine control of es-
trogen action is added by the cell-specific expression of
estrogen receptor (ER�) and ER� and the action of a
series of coactivators and corepressors of ER action (20).

A recent report from Moon and Horton (17) shows that
17�-HSD12 possesses 3-ketoacyl-CoA reductase activ-
ity and is thus involved in fatty acid elongation. This does
not contradict our findings because many HSDs are mul-
tifunctional enzymes (2, 3), which can accept many sub-
strates and exert different activities in different tissues,
their activity and role depending upon the substrate
available. Although the 3-ketoacyl-CoA reductase activ-
ity observed by Moon and Horton (17) seems to be much
weaker than the 17�-HSD activity observed in the
present report, it should not be inferred that such fatty
acid biosynthetic activity is less important. Indeed, al-
though it is generally accepted that an isoenzyme that
possesses higher affinity and/or higher activity will have
a more important physiological role, this concept is
straightforward for unicellular organisms in which sub-
strates compete for one enzyme, or in which one sub-

Fig. 6. Comparison of mRNA Expression Levels of 17�-
HSD1, 17�-HSD7, and 17�-HSD12 Using Quantitative Real-
Time PCR

Total RNA of the indicated tissues was obtained commer-
cially. Quantitative real-time PCR quantification using SYBR
green was performed as described in Materials and Methods.
The expression level is indicated as the number of copies/�g of
total RNA. The data are expressed as means � SEM of duplicate
measurements. Solid, striped, and open bars represent 17�-
HSD12, 17�-HSD1, and 17�-HSD7, respectively. Gl, Gland.

Fig. 7. Schematic Representation of the Pathway Going
from Dehydroepiandrosterone (DHEA) to E2

Note the common catalytic activity of types 1, 7, and 12
17�-HSDs, the three enzymes that are responsible for the trans-
formation of E1 into E2. Subsequent to the fine cell-specific
tuning of E2 formation by the 17�-HSDs, the estrogen binds to
ER� and/or ER� to recruit cell-specific coactivators and/or
corepressors, thus forming specific complexes leading to acti-
vation or repression of estrogen-sensitive gene expression.
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strate is used by multiple enzymes. In the case of differ-
entiated tissues or organs, both the concentration level
and affinity of the substrate and activity of the enzyme
are key parameters. A high substrate concentration can
compensate for a low concentration or activity of the
enzyme. As an example, although human type 2 3�-HSD
possesses a 10-fold lower affinity and activity than type
1 3�-HSD (21), mutations in the type 2 3�-HSD gene
leads to adrenal congenital hyperplasia (22), because it is
the only form expressed in the adrenals. Similarly, al-
though 17�-HSD1 catalyzes more efficiently the trans-
formation of E1 to E2 than types 7 and 12 17�-HSD, it is
not guaranteed that 17�-HSD1 plays a more important
physiological role than types 7 and 12 17�-HSD.

Our finding that 17�-HSD12, a homolog of 17�-HSD3,
the enzyme playing a crucial role in the male testis, is an
estrogenic 17�-HSD and, therefore, plays a crucial role
in the female, points to some parallelism with types 1 and
2 5�-reductases, two homologous genes sharing ap-
proximately 45% amino acid identity. In fact, studies
using knockout mice (23) have shown that type 1 5�-
reductase is important for female physiology, whereas
type 2 5�-reductase is more important for the male. In
this context, it is noteworthy that inactivating mutations
in both 17�-HSD3 and type 2 5�-reductase genes will
lead to male pseudohermaphroditism (18, 24). It seems
that genes involved in sex steroid metabolism are dupli-
cated and diverge to acquire sex-specific function. Our
modelization and site-directed mutagenesis data (Figs. 4
and 5) suggest that during evolution, a change of A to F
at position 234 confers the estrogenic specificity to 17�-
HSD12 due to the larger size of F234, which prevents the
entrance of 4-dione.

In addition to the extremely fine control of E2 formation
achieved by the specific expression of types 1, 7, and 12
17�-HSD separately or in tandem in each cell type, such
a multiplicity of enzymes performing the same task pro-
tects against mutations potentially occurring in one or
even two of the 17�-HSDs. Such a high degree of plas-
ticity in the formation of E2 indicates the crucial impor-
tance of E2 formation, which is protected against muta-
tions in one and even two of the three genes having the
same role in a large series of human tissues. Such a
multiplicity of enzymes having similar catalytic activity
provides the basis for the high degree of precision that
evolution has achieved for an optimal control of periph-
eral E2 formation and action.

MATERIALS AND METHODS

Isolation of Human 17�-HSD12 and Construction of
pCMVneo-HSD17B12 Vector

Using oligonucleotide primers (5�-ggg-aat-tcg-cca-tgg-aga-
gcg-ctc-tcc-ccg-ccg-ccg-gct-t-3� and 5�-ggt-cta-gag-ctt-
agt-tct-tct-tgg-ttt-tct-tca-gat-agt-gag-3�) derived from a
GenBank sequence having accession no. NM_016142, we
have amplified by RT-PCR a cDNA fragment containing the
entire coding region of 17�-HSD12. The cDNA fragment was
then inserted into a pCMVneo vector downstream from a

cytomegalovirus promoter. The resulting pCMVneo-
HSD17B12 vector was sequenced to verify its integrity and
stably transfected into HEK-293 cells as described elsewhere
(25). The positive clones were selected according to their
ability to transform E1 into E2.

Site-Directed Mutagenesis

The change from V to W and F to A at amino acid positions
196 and 234 in 17�-HSD12 and a change from W to V and A
to F at amino acid positions 192 and 230 in 17�-HSD3 were
performed using the oligonucleotide primers, 5�-cat-gct-ccc-
ttg-gcc-act-ctt-gac-3�, 5�-gtg-tcc-tgc-cat-acg-ccg-tag-cta-
caa-aac t-3� and 5�-ccc-tgt-ttc-ctg-tgc-ctc-tct-act-c-3�, 5�-
gtg-ctg-acc-cca-tat-ttt-gtc-tcg-act-gca-atg-3�, respectively,
using the QuikChange Site-Directed Mutagenesis kit (Strat-
agene, La Jolla, CA). The integrity of the constructs was
verified by sequencing of the inserted DNA fragment using
the T7 sequencing kit (GE HealthCare, Baie d’Urfé, Quebec,
Canada). Plasmid DNA was prepared using the Qiagen Mega
Kit (QIAGEN, Chatsworth, CA). Oligonucleotide primers were
synthesized with a DNA synthesizer ABI-394 (PerkinElmer-
Cetus, Emerville, CA).

Enzymatic Assays

The measurement of enzymatic activities was performed in
intact cells as previously described (26). Briefly, 0.1 �M of the
14C-labeled steroid (Dupont, Inc., Mississauga, Ontario, Can-
ada) was added to freshly changed culture medium in a six-well
culture plate. To determine the kinetic constants, nonlabeled E1
is added when necessary. After incubation, the steroids were
extracted twice with 2 ml of ether. The organic phases were
pooled and evaporated to dryness. The steroids were then
dissolved in 50 �l of dichloromethane, applied to Silica gel 60
thin layer chromatography plates (Merck, Darmstad, Germany),
before separation by migration in the toluene-acetone (4:1, vol/
vol) solvent system. Substrates and metabolites were identified
by comparison with reference steroids and revealed by autora-
diography and quantified using the PhosphorImager System
(Molecular Dynamics, Inc., Sunnyvale, CA).

Quantitative Real-Time PCR

Most of human total RNA preparations described in this study
were obtained from Ambion, Inc. (Austin, TX), except for total
RNA of adrenals and liver that were obtained from CLON-
TECH Laboratories, Inc. (Palo Alto, CA) and Stratagene (La
Jolla, CA), respectively. Quantification of mRNA was per-
formed using 30 pg of the initial total RNA and a fluorescent-
based real-time PCR quantification on the LightCycler Real-
time PCR apparatus (Hoffman-La Roche, Inc., Nutley, NJ).
Reagents were obtained from the same supplier and were
used as described by the manufacturer. Specific primer pairs
used for amplification were: 17�-HSD1:5�-TTC-TTT-GTC-CCC-
TGG-GTC-TGT-GT-3� and 5�-ATG-GGG-GTC-TCA-CTG-TGT-
TGC-T-3�; 17�-HSD7: 5�-TCC-ACC-AAA-AGC-CTG-AAT-
CTC-TC-3� and 5�-GGG-CTC-ACT-ATG-TTT-CTC-AGG-C-3;
and 17�-HSD12: 5�-GGC-TGG-TCT-TGA-AAT-CGG-CAT-3�
and 5�-TGC-CAC-TGC-CAG-ATG-AAA-TGT-T-3.

The conditions for the PCRs were: denaturation at 94 C for
15 sec, annealing at 55 C for 10 sec, and elongation at 72 C
for 35 sec. The data were normalized using the mRNA ex-
pression levels of a housekeeping gene, namely ATP5o (sub-
unit O of ATPase) as internal standard. Atp5o has been
shown to have stable expression levels from embryonic life
through adulthood in various tissues (27). The mRNA expres-
sion levels are expressed as numbers of copies/�g total RNA
using a standard curve of Cp vs. logarithm of the quantity.
The standard curve is established using known cDNA
amounts of 0, 102, 103, 104, 105, and 106 copies of cDNA and
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a LightCycler 3.5 program provided by the manufacturer
(Hoffman-La Roche, Inc.).
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