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Recent studies proposed a functional coupling between 17�-hydroxysteroid dehydrogenase 3

(17�-HSD3)-dependent testosterone formation and 11�-hydroxysteroid dehydrogenase 1 (11�-

HSD1)-mediated interconversion of glucocorticoids through competition for the luminal pyridine

nucleotide pool. To test this hypothesis, we used human embryonic kidney-293 cells transfected

with 17�-HSD3 and/or 11�-HSD1, in the absence or presence of hexose-6-phosphate dehydroge-

nase that generates reduced nicotinamide adenine dinucleotide phosphate (NADPH) in the en-

doplasmic reticulum and determined enzyme activities. As an endogenous cell model, mouse

MA-10 Leydig cells were used. 17�-HSD3-dependent reduction of �4-androstene-3,17-dione was

affected by neither coexpression with 11�-HSD1 nor overexpression or knockdown of hexose-6-

phosphate dehydrogenase. In contrast, knockdown of glucose-6-phosphate dehydrogenase de-

creased 17�-HSD3 activity, indicating dependence on cytoplasmic NADPH. Upon selective permea-

bilization of the plasma membrane by digitonin, 17�-HSD3 but not 11�-HSD1 was detected by

antibodies against C-terminal epitope tags, suggesting a cytoplasmic orientation of 17�-HSD3. The

cytoplasmic orientation was confirmed using proteinase K digestion of microsomal preparations

and by analysis of glycosylation of wild-type 17�-HSD3 and chimera in which the N-terminal anchor

sequences between 17�-HSD3 and 11�-HSD1 were exchanged. In conclusion, the results demon-

strate a cytoplasmic orientation of 17�-HSD3 and dependence on glucose-6-phosphate dehydro-

genase-generated NADPH, explaining the lack of a direct functional coupling with the luminal

11�-HSD1-mediated glucocorticoid metabolism. (Endocrinology 154: 205–213, 2013)

Androgens play a key role in the regulation of male

sexual development. In the testis, the conversion of

the weak androgen �4-androstene-3,17-dione (AD) to the

potent androgen testosterone is catalyzed by 17�-hydrox-

ysteroid dehydrogenase 3 (17�-HSD3) (1). The formation

of testosterone is essential for further activation by 5�-

reductase, leading to the most potent androgen dihy-

drotestosterone, and also for generation of estradiol by

aromatase. In humans and rodents, 17�-HSD3 is highly

expressed in testis and at a lower level in other tissues,

including prostate, bone, and adipose (1–3). The conse-

quences of impaired 17�-HSD3 function are seen in pa-

tients with loss-of-function mutations who suffer from

male pseudohermaphroditism (1, 4). In addition to genetic

defects, 17�-HSD3 activity may be decreased by the pres-

ence of environmental chemicals or endogenous modula-

tors that either directly inhibit enzyme activity or suppress

its expression (5–8).

Glucocorticoids are important modulators of androgen

action. Elevated glucocorticoid levels caused by stress
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have been associated with reduced male fertility in humans

and rodents (9–11), with a negative correlation between

circulating glucocorticoid and testosterone concentra-

tions (12–15). Experiments with isolated rat Leydig cells

showed that glucocorticoids can directly inhibit testoster-

one synthesis by a glucocorticoid receptor (GR)-depen-

dent mechanism (16, 17).

Recently a functional coupling between 17�-HSD3 and

the glucocorticoid-metabolizing enzyme 11�-hydroxys-

teroid dehydrogenase 1 (11�-HSD1) was proposed as a

possible mechanism by which glucocorticoids might in-

terfere with testosterone production in Leydig cells (18,

19). 11�-HSD1 catalyzes the oxoreduction of inactive 11-

ketoglucocorticoids (cortisone, 11-dehydrocorticoster-

one) into their active forms (cortisol, corticosterone) and

some other carbonyl containing steroidal and nonsteroi-

dal compounds into their respective hydroxyl forms (20).

11�-HSD1 has been shown to function predominantly as

a reductase in intact hepatocytes, adipocytes, and macro-

phage (21–23). Controversial observations were reported

for the reaction direction in Leydig cells (24–26). Recently

some investigators proposed that 11�-HSD1 may func-

tion as a dehydrogenase, thereby generating reduced nic-

otinamide adenine dinucleotide phosphate (NADPH)

upon cortisol/corticosterone oxidation and stimulating

17�-HSD3-dependent reduction of AD (18, 19). This hy-

pothesis implies that 11�-HSD1 and 17�-HSD3 are both

localized within the endoplasmic reticulum (ER) and are

dependent on the luminal NADPH/oxidized nicotinamide

adenine dinucleotide phosphate (NADP�) pool.

We and others demonstrated that 11�-HSD1 has a sin-

gle N-terminal transmembrane helix and that the catalytic

moiety faces the ER-lumen (27–30). Importantly, the oxo-

reductase activity of 11�-HSD1 depends on NADPH sup-

ply in the ER-lumen by hexose-6-phosphate dehydroge-

nase (H6PDH) (31–33). Because the ER membrane has a

very low permeability for pyridine nucleotides, the lumi-

nal NADPH/NADP� pool is independent of that in the

cytoplasm, and its ratio determines the reaction direction

of 11�-HSD1 and other luminal enzymes using NADPH.

H6PDH is fueled by glucose-6-phosphate via a glucose-

6-phosphate transporter in the ER membrane or, alterna-

tively, by fructose-6-phosphate, which can be converted to

glucose-6-phosphate in the ER by an enzyme that remains

to be identified (34).

The hypothesized functional coupling between 17�-

HSD3 and 11�-HSD1 is based on the assumption that the

catalytic domain of 17�-HSD3 is oriented toward the ER-

lumen. Mindnich et al. (35) assigned the intracellular lo-

calization of 17�-HSD3 to the ER membrane; however,

they did not solve its membrane topology. Here we inves-

tigated a potential functional coupling between 17�-

HSD3 and 11�-HSD1 by using mouse MA-10 Leydig cells

expressing endogenous levels of the two enzymes as well

as transfected human embryonic kidney (HEK)-293 cells.

We studied the dependence of the two enzymes on luminal

and cytoplasmic NADPH and determined the membrane

topology of 17�-HSD3.

Materials and Methods

Materials
Cell culture media, oligo-deoxythymidine, and Superscript II

reverse transcriptase were purchased from Invitrogen (Carlsbad,

CA); AD and [1,2-3H]-cortisone from American Radiolabeled

Chemicals (St. Louis, MO); and other steroids from Steraloids

(Newport, RI). SIL G-25 UV254 thin-layer chromatography

(TLC) plates were purchased from Macherey-Nagel (Oensingen,

Switzerland). All other chemicals were from Fluka AG (Buchs,

Switzerland).

Expression constructs
The plasmid for expression of C-terminally myc epitope-tagged

17�-HSD3 was constructed by PCR using a forward primer con-

taining a BamHI restriction endonuclease site followed by a Kozak

consensus sequence (36) upstream of the ATG to initiator codon

(5�-ATCGGATCCGCCATGGGGGACGTCCTGGAAC-3�) and

a reverse primer containing a myc epitope tag for facilitated detec-

tion at the C terminus followed by the stop codon and a XbaI

restriction endonuclease site (5�-ACTTCTAGATCAATCATC

ATCATCTTTATAATCCATACCTGAACCCCTGACCTTGG

TGTTGAGCTTCAG-3�) (5). Attachment of the C-terminal myc

epitope did not affect enzyme activity. The chimeric constructs,

in which the N-terminal transmembrane segment was ex-

changed, were obtained by PCR amplification. Sequences were

exchanged at the beginning of the conserved Rossmann-fold at

residue Lys36 of 11�-HSD1 and at Lys37 of 17�-HSD3. Chi-

meric construct N17–11HSD1 containing amino acids 1–36 of

17�-HSD3 followed by amino acids 36–292 of 11�-HSD1 was

obtained using the forward primer 5�-GAGGATCCGCCATG

GGGGACGTCCTGGAACAGTTCTTCATCCTCACAGGGC

TGCTGGTGTGCCTGGCCTGCCTGGCGAAGTGCGTGAG

ATTCTCCAGATGTGTTTTACTGAACTACTGGAAAGTGA

TTGTCACAGGGGCCAGCAAAGG-3� and the reverse primer

5�-GTTTCTAGACTAATCATCATCATCTTTATAATCCATTCC

GCTTCCGCTTCCGCTTCCGCTTCCGCTTCCGCTTCCGCTT

CCGCTTCCGCTTCCGCTCTTGTTTATGAATCTGTCCATAT

TATAGCTCG-3�. Chimeric construct N11–17HSD3 containing

amino acids 1–35 of 11�-HSD1 followed by amino acids 37–310 of

17�-HSD3 was obtained using the forward primer 5�-GAGGATCC

GCCATGGCTTTTATGAAAAAATATCTCCTCCCCATTCTGG

GGCTCTTCATGGCCTACTACTACTATTCTGCAAACGAGGA

ATTCAGACCAGAGATGCTCCAAGGAAAGAAAGTTTTGCCA

AAGTCTTTCTTGCGG-3� and the reverse primer 5�-GTTTCTAG

ACTAATCATCATCATCTTTATAATCCATTCCGCTTCCGCTT

CCGCTTCCGCTTCCGCTTCCGCTTCCGCTTCCGCTTCCGC

TTCCGCTCCTGACCTTGGTGTTGAGCTTCAGG-3�. The chi-

meric proteins were tagged with a FLAG-epitope at the C terminus to

allow facilitated detection. All constructs were verified by sequencing.
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Cell culture and transfection
HEK-293 cells were grown in DMEM supplemented with

10% fetal calf serum, 4.5 g/liter glucose, 50 U/ml penicillin/strep-
tomycin, 2 mM glutamine, and 10 mM HEPES (pH 7.4). The
mouse Leydig cell line MA-10 [kindly provided by Professor
Mario Ascoli, University of Iowa, Iowa City, IA(37)] was culti-
vated on 0.1% gelatin-coated cell culture dishes in DMEM/F12
medium containing 20 mM HEPES (pH 7.4), 15% horse serum,
and 50 �g/ml gentamicin. MA-10 cells were transfected using
Lipofectamine reagent as described by the manufacturer (Life
Technologies, Zug, Switzerland).

Measurement of 17�-HSD3 and 11�-HSD1 enzyme

activity
Endogenous 17�-HSD3 activity of MA-10 cells was mea-

sured by incubating cells in serum- and steroid-free (doubly char-
coal treated) DMEM/F12 medium containing 200 nM [1,2,6,7-
3H]-AD for 2–4 h. Reactions were terminated by adding 2 mM

unlabeled AD and testosterone dissolved in methanol. Steroids
were extracted with ethylacetate and separated on plastic coated
UV-sensitive silica TLC plates using chloroform-methanol at a
ratio of 9:1 as solvent system. Bands corresponding to the re-
spective steroid were excised and transferred to tubes containing
scintillation cocktail, and radioactive decay was analyzed on a
�-counter. The percentage of conversion was obtained by divid-
ing product counts by total counts. Quenching of the scintillation
by the added plastic/silica matrix was less than 2%.

Endogenous 11�-HSD1 activity in intact MA-10 cells was
determined by adding radiolabeled cortisone at a final concen-
tration of 200 nM. After incubation at 37 C for 12–24 h, the
amount of converted cortisone was assessed by ethylacetate ex-
traction of steroids from the medium, TLC separation and scin-
tillation counting.

Activities of recombinant enzymes expressed in HEK-293
cells were measured essentially as described earlier (5, 31). Cells
were transiently transfected by the calcium-phosphate precipi-
tation method with human recombinant 11�-HSD1 or 17�-
HSD3, containing a C-terminal FLAG or myc epitope, respec-
tively. The rates of conversion of cortisone to cortisol and AD to
testosterone were determined. Reactions were terminated after
6 h by adding 2 mM unlabeled cortisol and cortisone and after 90
min by adding 2 mM unlabeled AD and testosterone dissolved in
methanol.

The data were analyzed using multiple unpaired t tests, with
Benjamini Hochberg FDR multiple testing correction (*, P �

0.05; **, P � 0.01; ***, P � 0.001).

Down-regulation of H6PDH and glucose-6-

phosphate dehydrogenase (G6PDH) by small

interfering RNA (siRNA)
MA-10 cells were cultured in 12-well plates. Cells were trans-

fected with 20 nM of H6PDH siRNA (QIAGEN, Valencia, CA;
Entrez Gene ID: 100198) or G6PDH siRNA (Dharmacon,
Lafayette, CO; Entrez Gene ID: 2539) and retransfected with
another 20 nM siRNA after 24 h. At 48 h after transfection, total
RNA was extracted from adherent cells using Trizol reagent,
followed by reverse transcriptase using Superscript II reverse
transcriptase (Invitrogen). The mRNA levels were analyzed on a
Rotor-Gene 6000 light cycler (Sydney, Australia). Reactions
were performed in a total volume of 10 �l containing 20 ng

cDNA, KAPA SYBR master mix (Kapasystems, Boston, MA)
and specific primers and probes from Assay on Demand (Invit-
rogen). Expression levels relative to that of the internal control
glyceraldehyde-3-phosphate dehydrogenase were determined
using the ��CT-method. H6PDH and G6PDH mRNA levels
were decreased by 73 and 70%, respectively. Transfection of
cells with scrambled control siRNA did not affect H6PDH and
G6PDH mRNA expression. Enzyme activities were measured as
described above. Experiments were performed in triplicates,
with at least three independent experiments.

Selective permeabilization and

immunofluorescence analysis
For immunofluorescence analysis, HEK-293 cells were trans-

fected with the corresponding construct, fixed 48 h after trans-
fection with 4% paraformaldehyde for 10 min, followed by
washing three times with a buffer of 150 mM sodium phosphate
(pH 7.4) and 120 mM sucrose (NAPS), as described earlier with
minor modifications (29). Cells were incubated in blocking so-
lution (NAPS containing 3% fetal bovine serum) for 30 min. For
complete permeabilization of membranes, cells were incubated
for another 30 min in blocking solution containing 0.5% Triton
X-100. For selective permeabilization of the plasma membrane,
cells were incubated for 1.5 min in blocking solution containing
25 �M digitonin. After washing three times with NAPS, cells were
incubated in blocking solution (NAPS containing 3% fetal bo-
vine serum) for 30 min. Enzymes were detected upon incubation
with mouse monoclonal anti-FLAG antibody and rabbit poly-
clonal antimyc antibody overnight at 4 C, followed by three
times washing, and incubation for 1 h at 25 C with ALEXA-488
goat antimouse and ALEXA-594 goat antirabbit antibody (Life
Technologies, Zug, Switzerland), respectively. After washing,
samples were mounted and analyzed on an Olympus FV1000-
IX81 confocal microscope (Olympus, Volketswil, Switzerland)
or on a Cellomics high-content imaging system according to the
manufacturer’s protocol (Cellomics ThermoScientific, Pitts-
burgh, PA).

Preparation of microsomes
HEK-293 cells (five 10 cm dishes each transfected with 5 �g

of the corresponding expression plasmid) were collected 48 h
after transfection, washed twice with PBS, and resuspended in
1.5 ml of ice-cold lysis buffer [10 mM 3[N-morholino]propane-
sulfonic acid (MOPS), pH 7.5; 0.5 mM MgCl2; and Complete
protease inhibitor (Roche Diagnostics, Rotkreuz, Switzerland)]
and kept on ice for 5 min for cell lysis. The lysate was transferred
into a Potter-Elvehjem homogenizer (Gerber Instruments, Effre-
tikon, Switzerland). Samples were homogenized by 20 strokes,
followed by addition of 2 ml of solution A (0.5 M sucrose; 10 mM

MOPS, pH 7.5; 20 mM NaCl; 100 mM KCl; 1 mM dithiothreitol)
and centrifugation at 11,000 � g for 15 min at 4 C. The super-
natant was transferred into a new tube and centrifuged at 8800 �

g for 20 min at 4 C. After centrifugation of the supernatant at
100,000 � g for 1 h at 4 C, the pellet was resuspended in 500 �l
of buffer A and centrifuged again at 100,000 � g for 1 h at 4 C.
The washed microsomal pellet fraction was resuspend in buffer
B containing 10 mM MOPS (pH 7.5), 250 mM sucrose, 10 mM

NaCl, 50 mM KCl, and 0.5 mM dithiothreitol. The protein con-
centration was determined by bicinchoninic assay protein detec-
tion assay. Microsomal preparations were shock frozen and
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stored at �70 C until analysis. The described procedure yields

almost exclusively inside-out microsomal vesicles (34), i.e. the

cytoplasmic side is exposed to the aqueous solution and the ER-

lumenal side is protected by the microsomal membrane.

Proteinase K protection assay and immunoblotting
The proteinase K protection assay was performed as described

earlier (29). Microsomes (30 �g of total proteins) were incubated in

a total volume of 25 �l with 0.5 �g/�l of proteinase K (Roche

Diagnostics) for 15 min on ice in the presence or absence of 0.5%

Triton X-100. Proteinase K was inactivated by adding 0.6 �l of 200

mM phenylmethylsulfonyl fluoride in isopropyl alcohol solution for

2min, followedbyaddingSDS-PAGEsamplebufferandimmediate

boiling for 5 min. Proteins were subjected to SDS-PAGE and West-

ern blot analysis using anti-FLAG antibody M2 or antimyc anti-

bodyasprimaryantibodiesandhorseradishperoxidase-conjugated

secondary antibody.

Deglycosylation assay
For deglycosylation of luminal proteins, microsomes (5 �g

total proteins) were permeabilized with 0.5% Triton X-100, fol-

lowed by boiling for 10 min in glycoprotein denaturation buffer.

After cooling, microsomes were incubated for 1 h at 37 C in a

final volume of 20 �l containing 500 U of peptide-N-glycosidase

F (PNGaseF; New England Biolabs, Beverly, MA). The reaction

was stopped by adding SDS-PAGE sample buffer, and samples

were analyzed by SDS-PAGE and subsequent immunoblotting.

Results

Lack of a direct functional interaction between

17�-HSD3 and 11�-HSD1

The hypothesized functional interaction between 17�-

HSD3 and 11�-HSD1, by competing for the same NADPH/

NADP� pool, is based on the assumption of a luminal ori-

entation of the catalytic moiety of 17�-HSD3. To test the

existence of a functional coupling between the two enzymes,

wecoexpressed17�-HSD3and11�-HSD1eitheraloneor in

combination in HEK-293 cells and measured the respective

enzyme activity. To assure that the transfected cells indeed

coexpress FLAG-tagged 11�-HSD1 and myc-tagged 17�-

HSD3, we analyzed the expression of each enzyme by con-

focal microscopy. In total, approximately 30% of cells

were transfected, whereby 82% expressed both enzymes,

10% expressed myc-tagged 17�-HSD3 only, and 8% ex-

pressed 11�-HSD1 only. Similar coexpression experi-

ments in HEK-293 cells were previously performed to

demonstrate the functional impact of H6PDH on 11�-

HSD1 (32). Thus, coexpression of both enzymes in HEK-

293 cells should potentially reveal a functional interaction

if it exists.

At a physiologically relevant concentration of 200 nM,

neither cortisone nor cortisol affected the 17�-HSD3-de-

pendent conversion of AD to testosterone upon incuba-

FIG. 1. 17�-HSD3 and 11�-HSD1 do not functionally interact in MA-

10 cells and in transfected HEK-293 cells. A, HEK-293 cells were

transfected with 17�-HSD3 alone or together with 11�-HSD1. At 48 h

after transfection, 17�-HSD3-dependent conversion of 200 nM AD to

testosterone (90 min incubation) was determined in the presence of

vehicle, 200 nM cortisone or cortisol, and 5 �M of the 17�-HSD3

inhibitor benzophenone-1 (BP1), respectively. B, 17�-HSD3-dependent

conversion of 200 nM AD to testosterone (2 and 4 h incubation) was

determined in MA-10 mouse Leydig cells in the absence or presence of

1 �M cortisone or cortisol. C, HEK-293 cells were transfected with

11�-HSD1, followed by measuring the conversion of 200 nM cortisone

to cortisol (incubation 6 and 24 h) in the presence of vehicle, 200 nM

testosterone, or 200 nM AD. Data represent mean � SD from three

independent experiments.

208 Legeza et al. Membrane Topology of 17�-HSD3 Endocrinology, January 2013, 154(1):205–213
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tion for 90 min in cells expressing 17�-HSD3 alone or

upon coexpression with 11�-HSD1 (Fig. 1A). Also, inhi-

bition of 17�-HSD3 by the known inhibitor benzophe-

none-1 (5) was not affected upon coexpression with 11�-

HSD1. Similar observations were made in MA-10 mouse

Leydig cells expressing endogenous levels of the two en-

zymes (Fig. 1B). Due to the longer incubation time (2 and

4 h), 1 �M of cortisone and cortisol was used to avoid a

substantial decrease in concentrations due to metabolism.

Similarly, at 200 nM final concentration, neither AD nor

testosterone affected the 11�-HSD1-dependent reduction

of cortisone in HEK-293 cells in the presence or absence of

17�-HSD3 (Fig. 1C).

H6PDH does not modulate 17�-HSD3 activity

To investigate the impact of H6PDH on 17�-HSD3

activity, we expressed 17�-HSD3 in the absence or pres-

ence of H6PDH in HEK-293 cells and determined the con-

version of AD to testosterone. Coexpression with H6PDH

did not affect 17�-HSD3 activity (Fig. 2A). We also tested

whether overexpression of H6PDH in MA-10 cells might

affect the activity of endogenous 17�-HSD3 (Fig. 2B). The

fact that we could not detect an increased 17�-HSD3 ac-

tivity might be due to substantial endogenous H6PDH

expression. Therefore, we treated MA-10 cells

with siRNA against H6PDH. The 17�-HSD3-

dependent reduction of AD was not altered

(Fig. 2C); however, the 11�-HSD1-dependent

reduction of cortisone was significantly de-

creased, as expected (Fig. 2D). These experi-

ments suggested that 17�-HSD3 either has a

luminal orientation but is independent of

H6PDH-generated NADPH or that it is ori-

ented toward the cytoplasm.

Determination of the membrane

topology of 17�-HSD3

To determine the orientation in the ER mem-

brane of 17�-HSD3, we transfected HEK-293

cells with C-terminally myc epitope-tagged 17�-

HSD3 and analyzed the intracellular localization

by fluorescence microscopy. As controls, FLAG-

tagged 11�-hydroxysteroid dehydrogenase 2

(11�-HSD2) (with cytoplasmic orientation) and

myc-tagged H6PDH (with luminal localization)

were used. Analysis of 5000 cells per well and

measurement by Cellomics ArrayScan high-

content imaging revealed a transfection rate of

approximately 30%, with comparable num-

bers of positive signals for 17�-HSD3 upon

selective permeabilization of the plasma mem-

brane with 25 �M digitonin and complete per-

meabilization using 0.5% Triton X-100 (Fig.

3A). These observations indicated that the catalytic moi-

ety of 17�-HSD3 protrudes into the cytoplasm. 11�-

HSD2 and H6PDH showed cytoplasmic and luminal ori-

entation, respectively, as previously reported (27, 32). To

assess the role of the N-terminal transmembrane helix, we

constructed two chimeric proteins. N17–11HSD1 con-

sisted of the N-terminal membrane anchor of 17�-HSD3,

followed by the cytoplasmic moiety of 11�-HSD1. N11–

17HSD3 had the N-terminal helix of 11�-HSD1 fused to

the catalytic domain of 17�-HSD3. As shown in Fig. 3A,

the C-terminal tag of N17–11HSD1 was accessible to an-

tibody in digitonin-treated cells, whereas N11–17HSD3

was protected. Thus, the N-terminal transmembrane se-

quence of 17�-HSD3 and 11�-HSD1 determines the cy-

toplasmic and luminal orientation, respectively. In addi-

tion to high-content imaging, cells treated with either

Triton X-100 or digitonin were also analyzed by confocal

microscopy by counting fluorescence positive cells among

500 cells randomly chosen in phase contrast. Despite dif-

ferences in the transfection rates and/or threshold of flu-

orescence detection with the different constructs, similar

rates of positive cells than with high-content imaging were

obtained (Table 1).

FIG. 2. Coexpression with H6PDH does not affect 17�-HSD3 activity. A, HEK-293

cells were transfected with 17�-HSD3 and either pcDNA3 vector control or H6PDH.

At 48 h after transfection, 17�-HSD3-dependent reduction of AD (200 nM) to

testosterone was measured for 20 and 40 min. B, MA-10 cells with endogenous

17�-HSD3 expression were transfected with pcDNA3 control or H6PDH. Conversion

of AD (200 nM) to testosterone was determined after 2 and 4 h. To investigate the

impact of H6PDH knockdown, MA-10 cells were transfected with scrambled control

siRNA or siRNA against H6PDH. At 48 h after the transfection, 17�-HSD3 activity (C)

and 11�-HSD1 (D) was determined. Data represent mean � SD from three

independent experiments. ***, P � 0.001.
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To confirm the membrane topology of 17�-HSD3 and

the chimeric proteins, we incubated microsomal vesicles

expressing the respective protein for 15 min with protei-

nase K in the absence or presence of 0.5% Triton X-100.

In the absence of detergent, the chimera N11–17HSD3

was protected from degradation by proteinase K, as ex-

pected (Fig. 3B). 11�-HSD1 and H6PDH were also pro-

tected from degradation [not shown (27)]. In contrast,

both 17�-HSD3 and N17–11HSD1 were readily de-

graded, indicating cytoplasmic orientation. Additionally,

because luminal but not cytoplasmic proteins can be gly-

cosylated, we employed a deglycosylation assay. Treat-

ment of microsomal preparations with PNGaseF for 1 h at

37 C did not alter the mobility of 17�-HSD3 and N17–

11HSD1 protein on SDS-PAGE but led to a band that

migrated faster in case of H6PDH (not shown), 11�-

HSD1, and N11–17HSD3 (Fig. 3C).

Glucose and cytoplasmic NADPH generation

stimulate testosterone formation in MA-10 Leydig

cells

A cytoplasmic orientation of 17�-HSD3 implies a de-

pendence of the enzyme on the cytoplasmic NADPH pool.

To test this assumption, we incubated MA-10 cells in nor-

mal medium containing 1 g/liter glucose and in low-glu-

cose (0.1 g/liter) medium. A significantly decreased 17�-

HSD3-dependent testosterone formation was found

under low glucose conditions (Fig. 4). Moreover, knock-

down of the cytoplasmic NADPH-generating enzyme

G6PDH by siRNA significantly reduced 17�-HSD3 ac-

tivity, an effect that was more pronounced under low-

glucose conditions in which cytoplasmic glucose-6-phos-

phate production is less efficient.

Discussion

In the present study, we could not observe a functional

coupling between 17�-HSD3 and 11�-HSD1. Coexpres-

sion with 11�-HSD1 and/or the addition of glucocortico-

ids did not alter 17�-HSD3 activity. Furthermore, 17�-

HSD3-dependent reduction of AD was not affected by

overexpression or knockdown of the luminal NADPH

generating H6PDH, but it was decreased by knockdown

of the cytoplasmic NADPH source G6PDH, suggesting

cytoplasmic orientation of 17�-HSD3.

The intracellular localization of human and zebrafish

17�-HSD3 has been localized to the ER (35); however, the

membrane topology was not resolved. Using selective per-

meabilization of the plasma membrane, proteinase K di-

gestion, and analysis of glycosylation patterns of wild-

type and chimeric enzymes, we demonstrate a cytoplasmic

orientation of 17�-HSD3. Importantly, we could show

that the N-terminal membrane anchor sequences of 17�-

HSD3 and 11�-HSD1 are sufficient to determine their

cytoplasmic and luminal orientation, respectively. This re-

sembles previous observations with 11�-HSD2 (27),

Rdh1, and Crad1 (38). Thus, 17�-HSD3 and 11�-HSD1

are facing different compartments and use distinct NA-

DPH pools (Fig. 5).

FIG. 3. Determination of the membrane topology of 17�-HSD3. HEK-

293 cells were transfected with different constructs. A, After 48 h,

cells were fixed with 4% paraformaldehyde, followed by blocking for

30 min and selective permeabilization of the plasma membrane by

incubation with 25 �M digitonin for 1.5 min or full permeabilization of

membranes by incubation with 0.5% Triton X-100 for 30 min.

Fluorescence was analyzed using Cellomics ArrayScan high-content

screening system by staining nuclei with Hoechst 33342 and counting

cells yielding a positive signal with the respective anti-tag antibody.

Results were normalized to Triton X-100-positive control. B,

Microsomal preparations of cells expressing the respective C-terminally

myc- or FLAG-tagged wild-type or chimeric protein were analyzed

before any treatment (MS) or after incubation for 15 min on ice with

0.5 �g/�l proteinase K in the absence (PK) or presence of 0.5% Triton

X-100 (PK � T). Proteins were analyzed by Western blotting using

mouse monoclonal anti-tag antibody and secondary antimouse

horseradish peroxidase antibody. C, For deglycosylation of proteins,

microsomes were incubated with 500 U of PNGaseF for 1 h at 37 C,

followed by analysis of samples by SDS-PAGE and Western blotting.

Representative experiments are shown. N11–17HSD3, Chimera

consisting of the N-terminal membrane anchor of 11�-HSD1 and the

catalytic moiety of 17�-HSD3; N17–11HSD1, chimera consisting of the

N-terminal membrane anchor of 17�-HSD3 and the catalytic moiety of

11�-HSD1. 11�-HSD1, 11�-HSD2, N11–17HSD3, and N17–11HSD1

have a C-terminal FLAG-tag. 17�-HSD3 and H6PDH have a C-terminal

myc-tag.
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That 17�-HSD3 is dependent on cytoplasmic and not

luminal NADPH is supported by the fact that both

H6PDH-deficient mice and H6PDH/11�-HSD1 double

knockout mice are fertile and do not seem to have im-

paired male development (39–41). Patients with cortisone

reductase deficiency have increased rather than decreased

androgen production (42), indicating that 17�-HSD3

function is not abolished by impaired H6PDH/11�-HSD1

activity.

The present study emphasizes the importance of the

knowledge of intracellular localization and membrane to-

pology to understand enzyme function. Nevertheless, this

information is available only for very few of the micro-

somal short-chain dehydrogenase/reductase enzymes (43,

44), and resolving the membrane topology might provide

further insight into the physiological roles of these

enzymes.

To further study a potential interference of glucocor-

ticoids with 17�-HSD3-dependent testosterone forma-

tion, we recently began to investigate its transcriptional

regulation. Despite the known suppressive effect of ele-

vated glucocorticoids on testosterone production by Ley-

dig cells, incubation of MA-10 Leydig cells with 100 nM of

the potent glucocorticoid dexamethasone did not affect

17�-HSD3 mRNA expression. Expression of the GR was

verified by RT-PCR. Furthermore, 100 nM dexametha-

sone did not alter HSD17B3 promoter-driven luciferase

reporter expression in HEK-293 cells cotransfected with

GR (data not shown). Therefore, the suppressive effect of

glucocorticoids on androgen production is most likely

caused by inhibition of steroidogenesis. Reduced expres-

sion of steroidogenic acute regulatory protein (45), cyto-

chrome P450 side-chain cleavage enzyme (17), and cyto-

chrome P450–17 (16) upon treatment with elevated

glucocorticoids have been reported. Also, glucocorticoid-

dependent apoptosis of testosterone producing Leydig

cells has been reported (46, 47).

In conclusion, glucocorticoids do not seem to modulate

17�-HSD3 expression and activity. Reduced steroidogen-

FIG. 4. Modulation of 17�-HSD3 activity by glucose and cytoplasmic

NADPH. HEK-293 cells were transfected with 17�-HSD3 and either

scrambled control siRNA or siRNA against the cytosolic NADPH

generating enzyme G6PDH. Before incubation with the respective

medium, the cells were preincubated with carbohydrate-free medium

for 2 h, followed by incubation in low (0.1 g/liter) or high (1 g/liter)

glucose medium and determination of 17�-HSD3 activity for 30 min at

a supplied AD concentration of 200 nM.

FIG. 5. Model of 17�-HSD3 and 11�-HSD1 localization and their

respective NADPH-supplying enzymes. The cytoplasm and ER maintain

independent NADPH/NADP� pools that are dependent on cytoplasmic

G6PDH and luminal H6PDH, respectively. 17�-HSD3 is anchored by its

N-terminal transmembrane helix in the ER membrane and protrudes

into the cytoplasm, and its activity is stimulated by G6PDH-generated

NADPH, whereas 11�-HSD1 faces the ER-lumen and interacts with the

NADPH supplying H6PDH. G6P, Glucose-6-phosphate; G6PD, G6P

dehydrogenase; G6PT, G6P (6-phosphogluconate) translocase of the

ER membrane; H6PD, hexose-6-phosphate dehydrogenase.

TABLE 1. Topology of 17�-HSD3, chimeric proteins, and controls

Expressed protein Triton X-100 Digitonin Relative rate of positive cells with digitonin

11�-HSD2, C-terminal FLAG 27 � 2 26 � 2 96 � 2
H6PDH, C-terminal myc 23 � 2 2 � 1 9 � 1
17�-HSD3, C-terminal myc 18 � 1 15 � 1 84 � 1
N11-17HSD3, C-terminal FLAG 22 � 3 5 � 1 26 � 2
N17-11HSD1, C-terminal FLAG 26 � 2 18 � 1 72 � 1

Transfected HEK-293 cells were either fully permeabilized with 0.5% Triton X-100 or the plasma membrane was selectively permeabilized with 25
�M digitonin, allowing restricted access of the antibody to the cytosolic compartment. Cells were incubated with primary anti-tag and
fluorescence-labeled secondary antibody, followed by analysis of fluorescent cells using confocal microscopy. Numbers represent the percentage of
fluorescent cells relative to total cells from three independent experiments. In each experiment 500 cells were counted. Data represent mean � SD.
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esis may be responsible for the observed glucocorticoid-

mediated suppression of androgen production.
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