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The HSD17B12 gene belongs to the hydroxysteroid (17␤) dehydrogenase superfamily, and it has
been implicated in the conversion of estrone to estradiol as well as in the synthesis of arachidonic
acid (AA). AA is a precursor of prostaglandins, which are involved in the regulation of female
reproduction, prompting us to study the role of HSD17B12 enzyme in the ovarian function. We
found a broad expression of HSD17B12 enzyme in both human and mouse ovaries. The enzyme was
localized in the theca interna, corpus luteum, granulosa cells, oocytes and surface epithelium.
Interestingly, haploinsufficiency of the HSD17B12 gene in female mice resulted in subfertility,
indicating an important role for HSD17B12 enzyme in the ovarian function. In line with significantly
increased length of the diestrus phase, the HSD17B⫹/- females gave birth less frequently than WT
females, and the litter size of HSD17B12⫹/- females was significantly reduced. Interestingly, we
observed meiotic spindle formation in immature follicles, suggesting defective meiotic arrest in
HSD17B12⫹/- ovaries. The finding was further supported by transcriptome analysis showing differential expression of several genes related to the meiosis. In addition, polyovular follicles and
oocytes trapped inside the corpus luteum were observed, indicating a failure in the oogenesis and
ovulation, respectively. Intraovarian concentrations of steroid hormones were normal in
HSD17B12⫹/- females, whereas the levels of AA and its metabolites (6-keto PGT1a, PGD2, PGE2,
PGF2alfa and TXB2) were decreased. In conclusion, our study demonstrates that HSD17B12 enzyme
plays an important role in female fertility through its role in AA metabolism.

H

ydroxysteroid (17beta) dehydrogenase (HSD17B)
enzymes are characterized by their ability to catalyze
the conversion between 17-ketosteroids and 17beta-hydroxysteroids. For example, the enzymes convert estrone

(E1) to estradiol (E2), androstenedione (A-dione) to testosterone (T), and 5a-androstanedione (5alfa A-dione) to
dihydrotestosterone (DHT). Thus, 17beta-HSD- activity
is essential for the production of the highly active sex ste-

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in USA
Copyright © 2016 by the Endocrine Society
Received April 22, 2016. Accepted July 29, 2016.

Abbreviations:

doi: 10.1210/en.2016-1252

Endocrinology

press.endocrine.org/journal/endo

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 05 August 2016. at 03:20 For personal use only. No other uses without permission. . All rights reserved.

1

2

HSD17B12 is essential for ovarian function

roids. At present, 14 HSD17B enzymes have been characterized in mammals. Most of the HSD17B enzymes belong to the short-chain dehydrogenase/ reductase family,
while HSD17B5 is a member of the aldoketo reductase
family (1). These enzymes possess variable sequence identities and present with differential expression patterns,
variable cofactor preferences, substrate specificities and
subcellular localizations (2–9). In addition to being necessary in steroid metabolism and synthesis, the HSD17B
enzymes are involved eg, in the metabolism of fatty acids,
sterols and retinoids (10).
Although HSD17B12 presents with a potential to convert E1 to E2 (11, 12), a controversy exists as to its involvement in E2-production. The mammalian HSD17B12
was initially described as a 3-ketoacyl-CoA reductase, and
an enzyme involved in the long-chain fatty acid synthesis
(13). Studies on zebra fish, C. elegans and mollusks further
supported its role in fatty acid synthesis and lipid metabolism (14 –16). HSD17B12 expression was also shown to
be regulated by sterol regulatory element binding proteins,
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similar to several other genes involved in fatty acid and
cholesterol biosynthesis (17). We have previously shown
that HSD17B12 deficiency in embryonic stem cells resulted in a reduced production of arachidonic acid (AA),
a precursor of prostaglandins. Mice lacking HSD17B12
(HSD17B12KO) were embryonic lethal, dying latest at
E9.5, and they lacked all normal morphological embryonic structures (18). Furthermore, a reduced expression of
HSD17B12 in breast cancer cells inhibited cell proliferation that is recovered by supplementation of AA (17),
while data have shown that neither overexpression nor
reduced expression of HSD17B12 altered E2 production
in cultured breast cancer cells (19).
AA is a well-known precursor of prostaglandins. In the
previous studies, prostaglandins, especially PGE2 and
PGF2a, were shown to regulate oogenesis, ovulation and
luteolysis (20, 21). Therefore, the aim of the present study
was to investigate the role of the HSD17B12 enzyme in the
ovarian function and female fertility by localizing the protein in human and mouse ovaries, and by studying the
consequences of HSD17B12 haploinsufficiency in female mouse fertility. These data indicate that
HSD17B12 is essential for normal
ovarian function, due to its role in
the formation of prostaglandins, and
consequently due to its involvement
in the regulation of estrus cycle, oogenesis, meiosis and ovulation.

Materials and Methods
Experimental animals

Figure 1. Localization of the expression of HSD17B12 enzyme in mouse and human ovaries.
The HSD17B12 enzyme was detected by immunohistochemical staining in the cytoplasm of
several cell types in human (A-D) and mouse (E-L) ovaries: In the oocytes (A, E and I), in the theca
interna (arrows) and granulosa cells (asterisks), (B, F and J), in the luteinized cells of the corpus
luteum (arrows), (C, G and K) and in the surface epithelium (D and H). The expression of
HSD17B12 enzyme was weaker in all follicular cell types in HSD17B12⫹/- mice as compared with
WT females (I, J and K). No staining was observed with the antibody after preincubation with
HSD17B12 protein fragment (L).

The generation of HSD17B12⫹/- mice
with one functional HSD17B12 allele
has been previously described (18). The
mice used were of mixed (129/C57BL/
6N) genetic background, and wild type
(WT) littermates were used as controls in
all studies. The mice were housed in specific pathogen-free conditions at Central
Animal Laboratory, University of
Turku, complying with international
guidelines on the care and use of laboratory animals. All animal handling was
conducted in accordance with Finnish
Animal Ethics Committee and the Institutional animal care policies of the University of Turku (Turku, Finland). The
mice were given soy-free natural ingredient feed (Special Diets Services,
Witham, UK).
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Breeding test and estrous cycle determination
The fertility of HSD17B12⫹/- mice was analyzed by breeding
10 HSD17B12⫹/- females with WT males, 10 WT females with
HSD17B12⫹/- males and four WT females with WT males. Litter
sizes and the frequency of litters born were followed for 5
months. Vaginal smears were collected into PBS from 10
HSD17B12⫹/- and 10 WT females for a period of 50 days in
order to determine the estrous cycle. The smears were air dried
on microscopic slides, fixed with ethanol and stained with Mayer’s hematoxylin. The phase of the estrus cycle was then detected
by cytology. Mammary glands were collected from 3 months
mice and spread out on microscope slides to mimic the normal
shape of the tissue in mouse. The glands were fixed with 3:1
mixture of 100% ethanol and acetic acid at ⫹4°C overnight.
Next day, the glands were washed with 70% ethanol for 30
minutes, rinsed in water and stained with Carmine Alum (1g
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carmine and 2.5g aluminum potassium sulfate, Sigma, St Louis,
MO in 500ml water) at ⫹4°C overnight. The tissues were dehydrated with increasing concentrations of alcohol and finally
with xylene for three days. Slides were mounted with PERTEX®
(Histolab Products AB, Gothenburg, Sweden). For quantification, the glands were pictured with stereomicroscope, and the
branches of the mammary gland duct were counted by using
ImageJ program.

Ovarian histology
Ovaries from 3 month-old mice (8 HSD17B12⫹/- and 9 WT)
were collected at diestrous, fixed in 10% formalin at RT overnight, dehydrated and embedded in paraffin. Thereafter, serial 4
m-thick sections were cut, deparaffinized, rehydrated and
stained with hematoxylin and eosin (HE). For quantitation, all
the ovarian samples were cut through (WT, 220 ⫾ 16 sections
per ovary; HSD17B12⫹/-, 217 ⫾ 15 sections per ovary). All the sections were analyzed to count the histological changes
in the HSD17B12⫹/- ovaries (polyovular
follicles - POFs, trapped oocytes – TOs
and meiotic spindles). Human ovarian
tissue samples were collected from consenting women undergoing elective caesarean sections at the Karolinska University Hospital Huddinge (Sweden). The
thin cortical tissue samples were freshly
fixed in 4% PFA at ⫹4°C overnight, dehydrated, embedded in paraffin, and
processed to serial 4 m-thick tissue sections. The study protocol was approved
by the Stockholm region ethics board.
Stained slides were digitized with Pannoramic 250 Flash scanning microscope
(3Dhistech, Budapest, Hungary) and
viewed and analyzed with Pannoramic
Viewer software (3Dhistech, Budapest,
Hungary).

Immunohistochemistry and
immunofluorescence

Figure 2. Protein and mRNA expression of HSD17B12 in mouse ovaries and human oocytes. (A)
Native western blot analysis showed one strong 68 kDa protein in the WT (line 1) and
HSD17B12⫹/- mouse ovaries (line 2). B, A quantitative RT-PCR analysis showed that Hsd17b12
mRNA expression in the wild type ovaries varies between different cycle phases, and the
strongest expression was detected at diestrus, and in the ovaries of pseudopregnant females
(mean⫾SEM). C, According to RNAseq data HSD17B12 is expressed in human oocytes (n ⫽ 22).
cpm, counts per million reads. D, The quantitative RT-PCR analysis further showed significantly
reduced Hsd17b12 mRNA expression in the HSD17B12⫹/- (n ⫽ 10) ovaries as compared with the
wild type (WT, n ⫽ 10) ovaries (mean⫾SEM). *** P ⬍ .001.

Both human and mouse ovarian sections were deparaffinized and rehydrated using a series of 5 minutes washes
in xylene (x3), 100% ethanol (x2), 96%
ethanol (x2), 70% ethanol (x2) and
dH2O (x3). Heat-induced epitope retrieval (HIER) was performed on a pressure cooker (2100-RETRIVER, PickCell
Laboratories, Amsterdam, Netherlands)
for 2.5 hours in citrate buffer (pH 6.0),
and the slides were washed twice for 5
minutes in PBST (1x PBS ⫹ 0.05%
Tween). The sections were then circumscribed with an ImmEdge™ Pen (H4000, Vector Laboratories, Burlingame,
CA) and incubated for 10 minutes with
3% BSA ⫹ 10% NGS (normal goat serum) in PBST at RT in a humid chamber.
The sections were then incubated
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overnight
with
anti-HSD17B12
primary
antibody
(HPA016427, polyclonal, rabbit IgG, Atlas Antibodies, Stockholm, Sweden) at 4°C. For human samples, the antibody was
diluted to 1.7 g/ml and for mouse samples to 0.8 g/ml in 3%
BSA ⫹ 10% NGS in PBST. Instead of the primary antibody
alone, a mixture of purified protein fragment (PrEST Antigen
HSD17B12, Atlas Antibodies, Stockholm, Sweden) and an excess of antigen were used to test unspecific binding of the primary
antibody. On the following day, endogenous peroxidase activity
was blocked with 3% H2O2 (Sigma-Aldrich, St. Louis, MO)
treatment (20 minutes, RT). After washings, the sections were
incubated for 1 hour with secondary antibody (EnVision ⫹ System- HRP Labeled Polymer Anti-Rabbit, DAKO, Copenhagen,
Denmark) at RT. To detect peroxidase, 3,3⬘-diaminobenzidine
(DAB) was used (Liquid DAB ⫹ Substrate Chromogen System,
DAKO, Copenhagen, Denmark), and the sections were counterstained with MAYERS HTX Histolab (Histolab Products AB,
Gothenburg, Sweden). Finally, the sections were dehydrated using a series of washes in 96% ethanol (2 ⫻ 3min), 100% ethanol
(2 ⫻ 3 minutes) and xylene (3 ⫻ 5 minutes) and mounted with
PERTEX® (Histolab Products AB, Gothenburg, Sweden).
For immunofluorescence, mouse ovarian sections were incubated overnight with primary antibody against ␣-tubulin (Tubulin-alpha Ab-2, Clone DM1A, LabVision-NeoMarker (Fremont, CA), 1:1000 in 3% BSA ⫹ 10% NGS in PBST) at 4°C. On
the following day, the sections were washed with PBST and incubated for 1 hour with secondary antibody (Alexa Fluor 488
goat-antimouse IgG, Life Technologies (Paisley, UK), 1:500 in
PBST) at RT. Slides were washed with PBST and finally mounted
with VECTASHIELD® Hard Set Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA).
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tific, Waltham, MA) according to the manufacturer’s instructions. Samples were diluted to receive equal protein concentrations, combined with 4x SDS sample buffer without
␤-mercaptoethanol (125 mM Tris-HCL, pH 6.8, 300 mM SDS,
40% glycerol, 0.6 mM bromophenol blue). Protein samples (30
g/well) and molecular weight marker (Precision Plus Protein™
Standard, Dual Color, BIO-RAD, Berkley, CA) were separated
by using commercial precast gels (Mini-Protein® TGX™ Gels,
BIO-RAD, Berkley, CA) first for 10 minutes at 50V, followed by
60 minutes at 100V. Proteins were transferred to PVDF blotting
membrane (Amersham™ Hybond™ P 0.45 PVDF, GE Healthcare, Life Science, Buckinghamshire, UK) using the BIO-RAD
TRANS-BLOT® TURBO™ transfer system for 30 minutes at
25V. All the following steps were made with gentle agitation.
Membranes were blocked with 5% nonfat milk (Fat-Free Milk
powder, Valio, Finland) in PBST (PBS ⫹ 0.1% Tween) for 60
minutes in RT. Membranes were then incubated with primary
antibody (HPA016427, polyclonal, rabbit IgG, Atlas Antibodies, Stockholm, Sweden, 1 g/ml) or with housekeeping protein
antibody (anti-GAPDH, cat.5G4, Mab 6C5, HyTech Ltd.,
Turku, Finland, 0.3 g/ml) in 5% nonfat milk in PBST at ⫹4°C
overnight. Membranes were taken to RT and incubated for 60
minutes, and then washed three times for 10 minutes with PBST
at RT. The secondary antibody (antirabbit IgG, HPR-linked secondary antibody, Cell Signaling Technology, Danvers, MA) diluted 1:3000 in PBST was incubated with the membranes for 60
minutes at RT. Finally, the membranes were exposed to Western
Lightning® ECL Pro reagent (PerkinElmer, Inc., Waltham, MA)
for 1 minute at RT and visualized by using a LAS-4000
(FUJIFILM).

RNA isolation and quantitative real-time RT-PCR
Western blot analysis
For native Western blotting, tissues (mouse WT ovary and
HSD17B12 ⫹/- ovary) were homogenized in cold homogenization buffer (RIPA –150 mM Tris-HCl, pH7.4; 1% NP-40, 150
mM NaCl, 0,5% NaDeoxycholate, 1 mM EDTA and 1 mM
SDS) with ULTRA-TURRAX® on ice. Homogenates were incubated on ice for 30 minutes and mixed occasionally. The lysates
were centrifuged at 12 000 g for 20 minutes at ⫹4°C. Supernatants were removed and protein concentration was determined
with BCA kit (Pierce™ BCA Protein Assay Kit, Thermo Scien-

For quantitative real-time RT-PCR (qRT-PCR) analyses,
mouse ovaries were collected at the diestrous phase of the estrus
cycle. Total RNA was extracted using TRIsure reagent according
to the manufacturer’s instructions (Bioline reagents, London,
UK), and the RNA was treated with deoxyribonuclease (DNase)
I (DNase I Amplification Grade Kit; Invitrogen Life Technologies, Paisley, UK). Reverse transcription PCR was carried out by
using the DyNAmo cDNA synthesis kit (Thermo Scientific,
Waltham, MA), and the quantitative PCR by using the DyNAmo
Flash SYBR Green qPCR kit (Thermo Scientific, Waltham, MA).
Primers for Hsd17b12 were the following; fwd: 5⬘-ACC AAA ACG TGG AAT
GAA GAT T-3⬘and rev: 5⬘-TTT CTT
GAT GGT GTT GTC CAA G-3⬘. L19
(fwd
CTGAAGGTCAAAGGGAATGTG and rev GGACAGAGTCTTGATGATCTC) was used as an endogenous
control.

Gene expression analyses

Figure 3. The frequency of deliveries by HSD17B12⫹/- females is not constant. The day of
delivery (filled squares) was recorded in individual WT (n ⫽ 8) and HSD17B12⫹/- (n ⫽ 10) females
during normal mating. For the WT mice the litters were born with a constant frequency, about
every 22 days. In contrast, HSD17B12⫹/- females presented with a more random frequency
between the deliveries, accompanied with a longer average time between the mating plugs.

The microarray analyses were made
for WT (n ⫽ 6) and HSD17B12⫹/- (n ⫽
6) mice at the diestrous at age of 2
months. The microarray experiments
were carried out at the Finnish DNA Microarray and Sequencing Centre, Turku
Centre
for
Biotechnology
using
MouseWG-6 v2 Expression BeadChip
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(Illumina, San Diego, CA) which contains a total of 48 000
probes (22). Normalization of the microarray data was performed using quantile normalization. Differentially expressed
genes were identified using Limma-package in the statistical software R (http://r-project.org). The level of statistical significance
was set at P ⬍ .05 to identify up- and down-regulated genes.
Pathway analyses were carried out at the Finnish DNA Microarray and Sequencing Centre using the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, where false discovery rate
(FDR) was used as cut-off for pathway enrichment. Data from
single cell human oocytes DNA sequencing were acquired from
the European Nucleotide Archive (accession code PRJEB8994)
and aligned to the human genome (version hg18) using tophat2/
bowtie2 (23, 24). Tags were annotated and counted within the
gene bodies using Homer and then imported into R (25). Tag
counts were transformed to log2 counts per million reads and
plotted with ggplot2.

Measurement of reproductive hormones
We measured uterus wet weight, ovarian weight and collected
blood samples from WT (n ⫽ 10) and HSD17B12⫹/- (n ⫽ 10)
female mice at the age of 3 months at diestrus, and the serum was
stored at –20°C until used. Serum follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) concentrations were measured by immunofluorometric assays as described previously
(26, 27) and prolactin (PRL) using DuoSet® ELISA Developmental kit (R&D Systems, Inc.) for mouse prolactin (28). E2, E1,
A-dione, T and progesterone (P4) were analyzed from serum and
ovarian samples using a gas chromatography tandem mass spectrometry method (29). For the intra tissue measurement of the
E2, E1 and P4 the ovaries (10 HSD17B12⫹/- and 8 WT) were
collected at diestrous, homogenized in sterile water (1 whole
ovary/0.5 ml), and the homogenates were used for analysis.

Measurement of eicosanoids and oxidized fatty
acids (prostaglandins)
Ovarian samples from 3 months mice (10 HSD17B12⫹/- and
10 WT) were collected at diestrous, snap frozen in liquid nitrogen
and stored at – 80°C for further analyses. Eicosanoids and other
oxidized polyunsaturated fatty acids were extracted from samples with aqueous acetonitrile that contained deuterated internal
standards. The metabolites (arachidonic acid (AA), 6-keto prostaglandin F1alpha (6 keto PGF1␣), prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), prostaglandin F2alpha (PGF2␣), and thromboxane B2 (TXB2) were determined by HPLC-tandem mass
spectrometry (LC-MS/MS) with Multiple Reaction Monitoring
(MRM) in negative mode using a ABSciex 4000 QTrap® mass
spectrometer with electrospray ionization (Applied Biosystems/
MDS Analytical Technologies, Darmstadt, Germany). The LCMS/MS method used for the analytical determination of eicosanoids has been published (30).

Statistics
Hotelling’s T2 -test was used to evaluate differences in multivariate means of AA, 6 keto PGF1a, PGD2, PGE2, PGF2a, and
TXB2 concentration in the ovary, between the WT and
HSD17B12⫹/- mice. Testing was conducted using the R statistical software (R Development Core Team. R: A language and
environment for statistical computing. R statistical software version 3.0.1; 2013. Available from: http://www.R-project.org)

press.endocrine.org/journal/endo

5

with the package ‘Hotelling’ (Curran, JM. Hotelling: Hotelling’s
T-squared test and variants; R package version 1.0 –2; 2013.
Available from: http://cran.r-project.org/web/packages/Hotelling/). Significance of the presence and absence of PO (polyovular
follicle), M (meiotic spindle) and TO (trapped oocyte) in WT and
HSD17B12⫹/- mice was tested using Fisher’s Exact Test. Due to
the frequent absence of the occurrences in the WT mice, data was
binarized into observed/nonobserved occurrence of an event.
Other statistical analyses were carried out with Microsoft Excel
or SigmaPlot/Stat (Systat Software, Erkrath, Germany). Statistical significances between groups were determined with Student’s t test, the Mann-Whitney test or ANOVA. Significance
level was determined as P ⬍ .05, and the results were presented
with means ⫾ standard error of mean (SEM).

Results
The HSD17B12 gene is broadly expressed in the
mouse and human ovaries
Immunohistochemical
analyses
localized
the
HSD17B12 expression in the oocytes (Figure 1 A and E),
theca interna and granulosa cells (Figure 1 B and F), corpus
luteum (Figure 1 C and G) and surface epithelium (Figure
1 D and H) in both human and mouse ovaries. In somatic
cells, the most prominent staining was detected in the luteinized cells of the corpus luteum in both species and in
the theca interna of the human ovary. Furthermore, the
immunostaining showed weaker expression of
HSD17B12 in the HSD17B12⫹/- than in WT ovaries (Figure 1 I-K). Western blot analysis with antibody against
HSD17B12 showed a strong 68 kDa size protein in WT
mouse ovary (Figure 2A), and in line with immunohistochemical staining, the staining intensity was approximately half of that detected in WT ovary. Quantitative
RT-PCR analysis further confirmed the expression of the
HSD17B12 in the mouse ovary (Figure 2D), and the data
obtained from the expression databases indicated that the
enzyme is expressed in the human (Figure 2C) (31) and
mouse
(http://www.ncbi.nlm.nih.gov/geoprofiles/)
oocytes. The expression level varied during the different
phases of the estrus cycle, and the highest expression was
detected at the diestrous and pseudopregnant ovaries (Figure 2B), which was in line with the strong immunostaining
observed in the corpus luteum (Figure 1C and G). Haploinsufficiency of the HSD17B12 gene reduced
HSD17B12 mRNA expression, measured at diestrus, to
approximately half of that measured in the WT mouse
ovaries (Figure 2D).
HSD17B12ⴙ/- females are subfertile
HSD17B12⫹/- males were fully fertile (data not shown),
while the reproductive performance of HSD17B12⫹/- females was reduced as compared with the WT females. In
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the WT females the born litters were observed with constant frequency every 22 days. In contrast, in the
HSD17B12⫹/- females a more random frequency between
the litters were observed, accompanied with a longer average time between the plugs (Figure 3). In addition, the
litter size observed after breeding the HSD17B12⫹/- female with WT male was smaller than in those produced by
WT females (Table 1). In accordance with the increased
time between the litters, analysis of the vaginal smears
indicated that HSD17B12⫹/- females presented with a significantly prolonged estrous cycle (Figure 4A). Especially,
the diestrus phase was prolonged (Figure 4B), varying
from 2 days to 45 days. Furthermore, the length of the
metestrus was decreased. The ductal branching of the
mammary gland is known to be regulated by the cyclic

Endocrinology

changes of estradiol and progesterone during development. Accordingly, the presence of increased length of the
diestrus with reduced number of cycles was indicated by
the reduced number of the ductal branches (Figure 4C, D)
analyzed at 3 months of age in the HSD17B12⫹/- mice.

Oogenesis and ovulation are disturbed in
HSD17B12ⴙ/- females
There were no differences in the size and weight of
ovaries between WT and HSD17B12⫹/- mice (data not
shown). Furthermore, both WT and HSD17B12⫹/- ovaries presented with follicles at all the different stages, and
the corpora lutea were also present. However, a detailed
analysis of histology revealed several abnormalities in the
HSD17B12⫹/- mouse ovaries. More poly-ovular follicles
(POFs) in HSD17B12⫹/- females was evident (Figure 5A
and G, P ⬍ .005). In the WT mice, we could detect only one
Table 1. Days between the pregnancies and litter
⫹/POF in 1 of the 9 ovaries studied, while in the
sizes of HSD17B12 and WT females
HSD17B12⫹/- mice, 7 out of the 8 ovaries studied exhibNo of
Days between
Mean of
ited POFs with the range of 1 to 3 POFs/ ovary (Figure 5G).
females
pregnancies
litter size
The possible defect in germ cell nest breakdown and in the
WT
8
22 ⫾ 0.3
77 ⫾ 0.39
formation of primary follicles was studied using mice at
ⴙ/32 ⫾ 2.0
6.6 ⫾ 0.42
HSD17B12 10
the postnatal day 3. However, no difference was observed
p-value
⬍0,0001
⬍0,05
between WT and HSD17B12⫹/mice (data not shown). Furthermore,
in HSD17B12⫹/- ovaries we also
identified increased number of
oocytes trapped inside the corpus luteum (P ⬍ .001). One to 3 trapped
oocytes were identified the corpus
luteum in 7 of the 8 HSD17B12⫹/ovaries studied (Figure 5B and H),
while none were found in the 9 WT
ovaries analyzed. This indicated a
defect in the breakdown of the theca
cell layer during ovulation.
In addition, we observed a disturbance in the regulation of the meiosis
in HSD17B12⫹/- ovaries. Normally
the meiosis of the oocytes is arrested
at the prophase I until the preovulatory stage, during which they respond to the LH, and mature towards ovulation. Interestingly, in
HSD17B12⫹/- ovaries, meiotic spindle formation was observed in the
secondary follicles, indicating that
the transition from prophase I to
Figure 4. Prologned estrus cycle in HSD17B12⫹/- females. (A) The length of the estrus cycle
was prolonged in HSD17B12⫹/- females as compared with the WT littermates (mean⫾SEM). B,
metaphase had occurred (Figure 5CHSD17B12⫹/- females presented with a prolonged diestrus as compared with the WT mice
F). The presence of atretic follicles is
(mean⫾SEM). (C and D) In line with the prolonged estrus cycle, the ductal brancing was reduced
a rare but ordinary ovarian feature.
in the mammary gland of HSD17B12⫹/- females as compared with the WT females (mean⫾SEM).
However, in HSD17B12⫹/- females
** P ⬍ .01, *** P ⬍ .001.
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the meiotic spindles were found only in the atretic follicle,
suggesting that meiotic resumption leads to follicular atrophy. To further confirm the abnormal spindle formation
observed in growing follicles (Figure 5I, P ⬍ .001), we
measured the largest surface area of the mature antral
follicles in WT ovaries (mean 420 m2 ⫹/- 4.4 m2), and
compared that with the surface area of follicles in
HSD17B12⫹/- mice containing meiotic spindles (mean
130 m2 ⫹/- 10.4 m2). Based on these data, the follicles
containing meiotic spindles were not maturated. Furthermore, the analysis was carried out at diestrus, at a stage of
the estrous cycle where no transition from prophase I to
metaphase should occur. Despite this, in the histological
analysis of HSD17B12⫹/- ovaries, the transition was frequently observed (Figure 5I), and in one of the
HSD17B12⫹/- ovaries analyzed, we identified up to 24
follicles with meiotic spindles. Few oocytes with a transition even to the anaphase were observed (Figure 5E). To
further confirm the presence of meiotic spindle formation,
a double immunofluorescence staining with ␣-tubulin and
DABI well indicated the spindle formation in metaphase
(Figure 5D) and anaphase (Figure 5F).
Whole genome microarray analysis for the mouse tran-
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scriptome further supported our finding of disrupted meiotic arrest, as pathway analysis revealed that expression of
genes related to meiotic regulation (103 genes studied)
were signifficantly affected in the HSD17B12⫹/- ovaries
(P ⫽ 3.75 ⫻ 10-5). Interestingly, the data indicated that
several genes related to meiotic activation were up-regulated (such as Mos, Aurka and Cdc20), while genes related
to stabilization of the meiotic arrest (such as Cul1, Skp1a
and Anapc4) were down-regulated (Figure 6).
HSD17B12 enzyme is not involved in the
production of reproductive hormones in female
mice
Because of the disturbance observed in the reproductive
phenotype of the HSD17B12⫹/- females and the suggested
role of the HSD17B12 enzyme in the steroid biosynthesis,
we measured the serum and intra-ovarian concentrations
of various reproductive hormones. Interestingly, there
were no differences in serum LH, FSH or prolactin (Supplemental Table 1) concentrations, or in the concentrations of ovarian E1, E2, P4, A-dione or T production,
measured at diestrus (Supplemental Table 2). Notably, the
E1 to E2 and A-dione to T ratios were neither significantly
different between HSD17B12⫹/- and
WT mice (Figure 7A), indicating that
the
reduced
expression
of
HSD17B12 enzyme in the ovary did
not result in lower sex steroid production. In line with normal estrogen
levels, there was no difference in the
uterus wet weight at diestrous at the
age of 3 months between WT and
HSD17B12⫹/- females (2.9 ⫾ 0.80
mg/g of body weight and 2.7 ⫾ 0.58
mg/g of body weight, respectively).

Figure 5. Ovarian histology in HSD17B12⫹/- females revealed polyovular follicles, trapped
oocytes and failure in the meiotic arrest of the oocytes. A, In the ovary of HSD17B12⫹/- mice,
polyovular follicles (HE stained) and (B) and oocytes trapped inside the corpus luteum (HE stained)
were common findings. Furthermore, a meiotic spindle formation was detected in the secondary
follicles of HSD17B12⫹/- mice due to a failure in the meiotic arrest. Meiosis was found in the
metaphase (C) and anaphase (E), and confirmation of the metaphase (D) and anaphase (F)
spindles was carried out with double immunofluerescense staining with ␣-tubulin and DAPI.
Arrows indicate the chromosomes. G, Number of polyovular follicles (POF), (H) trapped oocytes
(TO) and (I) spidles detected per ovary in WT and HSD17B12⫹/- mice.

The concentrations of
arachidonic acid and its
downstream eicosanoids are
decreased in the ovaries of
HSD17B12ⴙ/- females
To find out the potential role of
HSD17B12 enzyme in the biosynthesis of AA in the ovary, the concentration of AA and its downstream
metabolites in the eicosanoid pathway (6-keto PGF1a, PGD2, PGE2,
PGF2␣, TXB2) were measured from
HSD17B12⫹/- and WT ovaries (Figure 7B, C). The pathway analysis indicated a statistically significant reduction in the concentration of the
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pathway metabolites in the HSD17B12⫹/- mice as compared with the WT (Hotelling’s T2 -test P ⬍ .005, Figure
6). Furthermore, no differences were observed in the expression of PTGS1 and 2 (data not shown). These data,
thus, indicated that HSD17B12 enzyme was involved in
the synthesis of AA in the mouse ovary.

potential contraceptive targets in females (34). The aim of
the present study was, thus, to study the role of HSD17B12
enzyme in female fertility.
The expression of HSD17B12 enzyme in almost all
ovarian cell types both in human and mouse suggested an
important role for the enzyme in the ovarian function. In
line with this, the female mice with genetic ablation of a
single HSD17B12 allele (HSD17B12B⫹/- mice) were subfertile. Notably, the HSD17B12B⫹/- mice presented with
Discussion
normal intra-ovarian steroid concentrations and normal
The function and physiological role of HSD17B12 en- circulating steroid and gonadotropin levels, indicating no
zyme, a member of HSD17B enzyme family, has remained alteration in steroid hormone production. Furthermore,
a controversial issue. Some studies (11) supported its role the E1/E2 and A-dione/T levels were not significantly difin the E1 to E2 conversion, whereas others suggested that ferent from those measured in WT mice, suggesting that
the enzyme was involved in the fatty acid, especially in AA HSD17B12 was not essential for ovarian steroid synthesis.
synthesis (17, 32). AA is a precursor of prostaglandins, This was supported by our recent study showing that
which are known to be involved in the regulation of nor- HSD17B1 is the main enzyme with HSD17B activity in the
mal ovarian function (33), and thus, different players in mouse ovaries (35). However, the AA acid production
the prostaglandin pathway have even been considered as
together with its downstream eicosanoid metabolites such as 6-keto
PGF1␣, PGD2, PGE2, PGF2␣, and
TXB2 were diminished. This was in
line with the previous studies showing that HSD17B12 enzyme was involved in the AA production (5, 18,
36), and consequently in prostanoid
production. Prostanoids are synthesized from AA via two well-characterized subtypes of prostaglandinendoperoxidase synthase (PTGS)
enzymes, ie, PTGS-1 and PTGS-2. In
the ovary, PTGS-2 is the critical
prostaglandin-endoperoxidase synthase, and PTGS-2 deficient female
mice are infertile (37). However, also
PTGS-1 has an important role in the
ovary by its role in the induction of
luteolysis and parturition (38). Intracellular AA concentration is largely
regulated by phospholipase A2
(PLA2) enzymes, which hydrolyze
free fatty acids from the sn-2 position
of the membrane phospholipids
(39). Mice lacking the PLA2G4A enzyme, which have a substrate preference for AA containing glycerophospholipids, have also fertilization and
Figure 6. Pathway analysis and hierarchical clustering of microarray data in HSD17B12⫹/- and
ovulation defects, probably through
WT ovaries. (A) KEGG pathway analysis of microarray data indicated significant alteration in the
pathways regulating cell cycle, oocyte meiosis and oocyte maturation. B, Unsupervised
the induction of and metabolic couhierarchical clustering of the microarray profiles for the 34 meiosis associated genes expressed in
pling with PTGS-2 (40). Our data inthe WT and HSD17B⫹/- ovaries. The color coding below the heatmap indicates a clear separation
dicate that in addition to the release
between the two genotypes, while they do not form two fully separate subclusters as indicated
by the dendrogram over the heatmap.
of AA from the glycerophospholip-
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ids, de novo AA synthesis in the ovaries is required for
optimal ovulation and fertility.
In HSD17B12B⫹/- females, the estrus cycle, specifically
the diestrus phase, was prolonged referring to defects in
the luteolysis of the corpus luteum (CL), regulated mainly
by prolactin and PGF2␣ (21, 41, 42). The level of prolactin
was normal, while PGF2␣ was decreased in the ovaries of
HSD17B12B⫹/- females. The strong expression in the CL
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of mouse and human ovaries further suggested that
HSD17B12 enzyme has an important role in the luteolysis.
This was further supported by the finding that mRNA
expression of HS17B12 was high in the mouse ovaries
having relatively high amounts of CL, such as ovaries at
the diestrus phase and pseudopregnant ovaries.
In the presence of normal levels of LH and LH receptors
(data not shown), HSD17B12B⫹/- mice were observed to

Figure 7. Steroid hormone ratios and AA pathway metabolite levels in the mouse ovaries. (A) The ratios of 17-keto estrone (E1) and
androstenedione (A-dione) to 17-hydroxysteroids estradiol (E2) and testosterone (T) were not altered in the HSD17B12⫹/- mouse ovaries as
compared with WT ovaries. B, Scatter plot for the measured metabolites. Hotelling T2-test provided evidence for a significantly reduced amount of
the pathway metabolites (P ⬍ .005) in HSD17B12⫹/- mice (gray circles) as compared with the wild type littermates (black circles). The both X- and
Y-axes are log10-transformed values from the original measured values (fmol/mg). C, Schematic view of the eicosanoid pathway with measured
metabolites indicated by the gray boxes.
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present with polyovular follicles (POFs) and oocytes
trapped inside the CL, as indicating a failure in follicle
development and ovulation. Prostanoids, especially PGE2,
are key mediators of the ovulation after gonadotrophin
release (33, 43), and mice deficient in PTGS-2 (44) or prostaglandin E receptor (EP2) (41, 45, 46) showed defective
ovulation. In rats treated with indomethacin, an inhibitor
of prostaglandin synthesis, oocytes were released to the
ovarian interstitium in addition to periovarian space, and
few follicles remained trapped inside the CL indicating
that prostaglandins are necessary for the spatial targeting
of the follicle rupture (21). In contrast to trapped oocytes,
the development of POFs has not been connected to prostanoid synthesis or action, while their incidence increased
after exposure to estrogenic compounds such as diethylstilbestrol, estradiol benzoate or genistein (47, 48). Thus,
the mechanism resulting to the appearance of POFs in
HSD17B12B⫹/- females needs further investigation.
In both mouse and human ovaries, meiosis is initiated
during fetal life but is arrested at the prophase I of the first
meiotic division until the LH surge induces ovulation in
fully matured Graafian follicles. Interestingly, in the
HSD17B12B⫹/- mice, meiotic spindle formation and even
transition of the meiosis to the anaphase were detected in
the secondary follicles, and in line with this, microarray
analysis revealed altered expression of genes involved in
the regulation of meiosis in HSD17B12⫹/- mice, analyzed
at diestrus. According to our immunohistochemical studies, the HSD17B12 enzyme was expressed in all follicular
cells, ie, in the theca interna, granulosa cells and oocyte.
The maintenance of meiotic arrest requires interaction between theca cells, mural granulosa cells, cumulus cells and
oocyte, and has been shown to be tightly controlled by
elevated levels of cAMP in the oocyte (49 –51). Thus, our
results indicated that HSD17B12 enzyme is critical for
inhibition of the meiotic resumption, while the role of each
of the cell type/types involved needs to be characterized
further. A direct effect of PGE2 on the oocyte has been
suggested, as specific reseptors for PGE2 have been found
in the mouse and monkey oocytes, and PGE delayed the
oocyte maturation by increasing cAMP levels, especially in
monkey (52). Interstingly, using the expression databases
we were able to identify the expression of HSD17B12 in
the human (31) and mouse oocytes. Thus, the proper expression of HSD17B12 enzyme inside the oocyte might be
essential for the stabilization of the meiotic arrest in both
mouse and human ovaries.
In conclusion, our study demonstrates that the
HSD17B12 enzyme plays an important role in the ovarian
function. The decreased expression of the enzyme in
mouse ovaries resulted in compromised female fertility, as
shown by prolonged estrus cycle and reduced litter size,

Endocrinology

presence of polyovular follicles, and failures in the ovulation and meiotic arrest. Furthermore, hormonal assays
indicated that a reduced HSD17B12 expression did not
alter the ovarian E2 production. On the other hand, our
data indicated a role for HSD17B12 in the synthesis of AA
and its downstream eicosanoid metabolites, namely prostanoids that are well-known regulators of ovarian function. While HSD17B12 is expressed both in the oocytes
and in the ovarian somatic cells, further studies with cellspecific knockout mouse models are essential to address
the involvement of various cell types in the phenotype
observed.
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